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Chapter 1 
 

Comprehensive Review 

When I take a little time to think about all that is around us, I’m always amazed 
at it. To think that billions of years ago earth was only a lifeless uninhabitable 
planet circling the sun and now we have a planet booming with life. Mother 
Nature has done an amazing job and created a system where everything is 
dependent on everything else, from viruses to mammals. It is dazzling to think 
about the complex nature of the ties that bind all life on earth together. ‘The ties 
that bind’ is a concept that can be applied to just about everything in nature, from 
the interactions between organisms, to the interactions between organs, to the 
interactions between cells, to the interactions between molecules in and around 
cells. It is impossible for one person to study life in all of its magnificent splendor 
in detail. Therefore choices are made and many people pick a very small part in 
this study of life and make it their own, hoping to be able to contribute their small 
piece to the great puzzle that is life. For my small piece I crossed paths with the 
‘Photoactive Yellow Protein’ and made part of its study my own. 

This chapter is composed of a comprehensive review of the Photoactive 
Yellow Protein. With all the recent developments in the study of this protein, the 
time seems right for such a review. 



Chapter 1  Introduction 

1 Introduction 

All life forms react to each other and/or their environment in one way or another. This means signals have 
to be detected and relayed to make this possible. One could argue that the gathering and the subsequent relay 
of information is vital to life on earth. Also, most life forms on earth are dependent on electromagnetic 
radiation for energy and information (with the exception of organisms thriving in extreme environments, such 
as thermal vents on the bottom of the ocean). The ‘Photoactive Yellow Protein’ can be seen as an information 
gatherer that detects blue light. Additionally, it has characteristics that are similar to many other proteins that 
are part of the greater whole that gathers and relays information, not necessarily limited to those that detect 
electromagnetic radiation, nor limited to specific life forms. 

In a world where economics seems to rule, the first question from many people is what is the relevance of 
your research for ‘real life’ applications and how can it benefit Homo sapiens. Though it is possible to think 
of interesting applications for the ‘Photoactive Yellow Protein’ in the ‘real’ world, those are still far away, 
and most likely economically uninteresting. Also the ‘Photoactive Yellow Protein’ is not a cure for some 
disease. This does in no way mean that this research is obsolete and a waste of time and money. It should be 
conceived as fundamental research. Research that generates knowledge, knowledge that can lead to new ideas 
and insights that in turn can lead to ‘real life’ applications or cures for diseases. 

1.1 The roots of the Photoactive Yellow Protein 

In 1985 Terry E. Meyer published an article with the title ‘Isolation and characterization of soluble 
cytochromes, ferredoxins and other chromophoric proteins from the halophilic phototrophic bacterium 
Ectothiorhodospira halophila’ (Meyer 1985). One of the ‘other chromophoric proteins’ was yellow and was 
named ‘Photoactive Yellow Protein’ in a subsequent study (McRee et al. 1986). The organism from which 
the Photoactive Yellow Protein was purified was reclassified in 1996 and is now named Halorhodospira 
halophila (Imhoff and Suling 1996). H. halophila is a unicellular prokaryotic organism, or more specifically, 
a phototrophic purple sulfur 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 (Raymond and 
Sistrom 1967, 1969). Later it was also isolated from the extremely saline lakes of the Wadi el Natrun in Egypt 
(Imhoff et al. 1978). Both locations are salt lakes and indeed H. halophila only thrives in a halophilic 
environment. In the lab environment H. halophila requires a minimum of 9% sodium chloride in its medium 
to grow and is still able to grow with 30% sodium chloride (Raymond and Sistrom 1969). Compared for 
example to sea water, which has a salinity of 3-4%, that is very extreme. It is however necessary to have such 
a high salt tolerance to be able to survive in an environment like the salt lakes of Wadi el Natrun, which can 
have a total salinity of up to 40%. 

As a phototrophic organism H. halophila requires light to survive, and there is more than enough at the 
salt lakes where it thrives. Like most organisms H. halophila is not immune to the effects of UV-radiation, of 
which there is also more than enough at salt lakes. It is therefore essential for H. halophila to find a place to 
live where there is enough light to live, 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 which steers it away 
from potentially harmful places rich in blue light. This blue-light response has a wavelength dependence that 
fits the absorption spectrum of the Photoactive Yellow Protein (Sprenger et al. 1993). This is the first 
evidence that the Photoactive Yellow Protein is the sensor in the blue-light response of H. halophila. Further 
evidence for the function of the Photoactive Yellow Protein in H. halophila can be provided via genetic 
techniques. However, their application in extremophilic prokaryotes like H. halophila is not well developed, 
which is why clear genetic proof for the function of the Photoactive Yellow Protein is not yet available. 

Interestingly, the function of the Photoactive Yellow Protein seems to be similar to that of the sensory 
rhodopsins, and in particular to sensory rhodopsin II, which is also a sensor for a negative tactile response to 
blue light. The family of the rhodopsins is a large family. Its members are found in all kingdoms of life, from 
unicellular organisms to complex organisms such as Homo sapiens sapiens. It is the most extensively studied 
family of photoactive proteins around. The most famous members of the family are the eye rhodopsins, which 
allow us to see, and bacteriorhodopsin, which is a light-activated proton pump found in Halobacterium 
salinarum, an archaebacterium that can also be found in salt lakes. Sensory rhodopsins are close relatives to 
bacteriorhodopsin and can be found in the same organism. In fact, the most notable difference between 
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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 location where bacteriorhodopsin can do its work safely. The possible similarity 
between the Photoactive Yellow Protein and the sensory rhodopsins was already noted after the first 
characterization of the Photoactive Yellow Protein (McRee et al. 1986). There is however one major 
difference with the sensory rhodopsins which has boosted the study of the Photoactive Yellow Protein. The 
Photoactive Yellow Protein is highly water soluble, whereas the rhodopsins, being membrane proteins, are 
not. As we shall see later, the Photoactive Yellow Protein and the sensory rhodopsins are structurally two 
completely different proteins, which are only similar in function. For more information on the rhodopsins the 
reader is referred to several excellent reviews on this topic (Balashov 1995; Hoff et al. 1997b; Spudich et al. 
2000). 

1.2 Xanthopsins: the Photoactive Yellow Protein in other 
organisms 

Halorhodospira halophila is not the only organism in which a photoactive yellow protein has been 
discovered. There are five other organisms, all purple bacteria, that also contain a protein that is similar to the 
Photoactive Yellow Protein from H. halophila. This family of photoactive yellow proteins has been named 
the Xanthopsin family (Kort et al. 1996b). Presently, the six known Xanthopsins can be divided into three 
sub-groups, according to their mutual similarity in primary structure. The first group is formed by proteins 
found in Halorhodospira halophila (synonymous to Ectothiorhodospira halophila) (Meyer 1985), 
Rhodothalassium salexigens (synonymous to Rhodospirillum salexigens) (Meyer et al. 1990), and 
Halochromatium salexigens (synonymous to Chromatium salexigens) (Koh et al. 1996). The second group is 
formed by proteins found in Rhodobacter sphaeroides (Kort et al. 1996b), and Rhodobacter capsulatus (Jiang 
and Bauer 1998). The third group consists of a single protein found in Rhodospirillum centenum (Jiang et al. 
1999). In the latter the Xanthopsin is the amino-terminal domain of a larger phytochrome-like protein. 

Though all these Xanthopsins can absorb blue-light, their role in the various organisms differs. In H. 
halophila it is accepted that the Photoactive Yellow Protein induces a photophobic tactile response (Sprenger 
et al. 1993). However, for the Xanthopsin found in Rb. sphaeroides genetic evidence is available that 
indicates that the photophobic tactile response in that organism is not mediated by a Xanthopsin, provided a 
genetic redundancy does not exists (Kort et al. 2000). The Xanthopsin found in Rs. centenum regulates 
chalcone synthase gene expression (Jiang et al. 1999). These different functions of the Xanthopsin members 
coincide with the sub-group assignments. Though the function of all the known Xanthopsins has not been 
elucidated yet, it is likely that the members within the different sub-groups of Xanthopsins, distinguished 
based on sequence similarity, have the same function, while these functions differ between the sub-groups. 

Generally, to produce a desired function, a sensor has to interact with a transducer protein. As of yet, a 
transducer protein has not been found for the stand alone Xanthopsins (i.e. Xanthopsins that are not part of a 
larger protein). Such a transducer protein can influence the characteristics of the protein it interacts with. E.g. 
it is known that the characteristics of Sensory Rhodopsin I change once its transducer protein interacts with it 
(Spudich and Spudich 1993). Though it is important to keep this in mind, the information obtained on 
purified Xanthopsins, that do not interact with a transducer, is very valuable. 

1.3 Photoactive Yellow Protein: the prototypical PAS domain 

As described above, the Photoactive Yellow Protein is part of a family of proteins named Xanthopsins, 
which thus far have only been identified in proteobacteria. However, the Photoactive Yellow Protein also 
shows similarities with PAS domains. These PAS domains have been identified in proteins from all three 
kingdoms of life, i.e. 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: 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 200 proteins 
have been identified that contain (a) PAS domain(s) (Taylor and Zhulin 1999). Most of the PAS domain 
containing proteins, for which a function is either known or suggested, are receptors, signal transducers, or 
transcriptional regulators. At present PAS domains have only been identified in cytoplasmic proteins and in 
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the cytoplasmic domain of membrane proteins. Although the PAS domain has been found in organisms from 
all three kingdoms of life, not all organisms in these kingdoms contain proteins with a PAS domain. 

PAS domains are usually present in proteins with a multidomain architecture. Furthermore, a single 
protein can have more than one PAS domain. In fact, proteins have been identified containing up to six PAS 
domains. In contrast, the entire Photoactive Yellow Protein from H. halophila can be considered a single PAS 
domain. It also is the first protein from the PAS domain family for which the 3D structure was elucidated. 
Consequently, it was proposed that the Photoactive Yellow Protein is the structural prototype of the PAS 
domain fold in PAS domain containing proteins (Pellequer et al. 1998). 



Chapter 1  Structure 

2 Structure 

In photoactive proteins the chromophore is usually at the heart of the functional characteristics that have 
to do with the absorption of photons. The chromophore is usually – the green fluorescent protein is an 
exception – a prosthetic group which is bound to the apo-protein to form the holo-protein. The type of 
chromophore in a photoactive protein is dependent on the wavelength range in which the holo-protein needs 
to be active. With activity in the red and infrared part of the spectrum, tetrapyrroles are found as 
chromophore. With activity in the green part of the spectrum polyenes (and to a certain extent, flavines) are 
found as chromophore. With activity in the blue and UV part of the spectrum aromatic chromophores are 
found (Hellingwerf et al. 1996). The Xanthopsins are active in the blue part of the spectrum and, in 
agreement with the above, use an aromatic chromophore. This chromophore was identified for the 
Photoactive Yellow Protein from Halorhodospira halophila in 1994. By using a combination of techniques, it 
was shown that this chromophore is a 4-hydroxycinnamic acid moiety that is covalently bound to the protein 
in a thiol ester linkage with Cys69 (Baca et al. 1994; Hoff et al. 1994b). 

A high resolution structure of the Photoactive Yellow Protein from Halorhodospira halophila became 
available in 1995 (Borgstahl et al. 1995) and has proven to be an important tool in the study of this protein. A 
thorough understanding of this structure is an asset that allows unique insights into experimental results. As 
such, the structure of the Photoactive Yellow Protein will be discussed first. 

2.1 Primary, secondary, and tertiary structure 

It is impossible to show all important features of the structure in a single picture. Therefore, several views 
of the structure are presented here, each with its own strengths. The schematic drawing shown in Figure 1 
contains the full primary structure, shows the position of the main secondary structural elements (the α-
helices and β-strands), and reflects the tertiary structure as well. A complete list of secondary structural 
elements can be found in Table 1. The Photoactive Yellow Protein has an α/β-fold containing a six stranded 
anti-parallel β-sheet as a scaffold, which is flanked by several helices. The loop containing helices α3 and α4, 
and the loop containing helix α5, fold on top of the central β-sheet to form a hydrophobic core and a pocket in 
which the chromophore resides. The N-terminal segment, containing helices α1 and α2, folds behind the 
central β-sheet to form a smaller hydrophobic core. The tertiary structure is shown more clearly in Figure 2, 
where in panel a the structure is oriented such that the β-sheet is oriented similar to the schematic drawing 
shown in Figure 1. The view in panel b of Figure 2 shows how the different α-helix containing loops fold 
around the β-sheet. 

The chromophore plays a crucial role in the activity of the Photoactive Yellow Protein. In panel a of 
Figure 3 the residues that contain atoms that line the chromophore pocket are shown (see also Table 2). A 
superposition of a ribbon representation of the protein is added for reference. The chromophore pocket that is 
formed by the atoms listed in Table 2 is completely buried and has no direct contact with solvent. Figure 4 
provides a view of the walls of the chromophore pocket in two panels, where in panel a the surface of atoms 
that lie above the plane of the chromophore, as presented in Figure 2, is shown and in panel b the surface of 
atoms that lie below the plane of the chromophore is shown. In the ground state of the Photoactive Yellow 
Protein the hydroxy-group of the chromophore is deprotonated (Baca et al. 1994; Kim et al. 1995). The 
resulting negative charge is completely buried in the protein and is stabilized via a hydrogen-bonding network 
and by the positive charge of the nearby Arg52 (Borgstahl et al. 1995; Yoda et al. 2001; Groenhof et al. 
2002a) as is schematically shown in panel b of Figure 3. Additionally, the negative charge is delocalized over 
the chromophore via an extensive π-orbital system. The hydrogen-bonding network is made up of the 
residues Tyr42, Glu46, and Thr50, where Oη from Tyr42 and Oε,2 from Glu46 form a direct hydrogen bond 
with the chromophore, which is also inferred in panel a of Figure 4. Oγ,1 from Thr50 hydrogen-bonds with Oη 
from Tyr42 but does not line the chromophore pocket. 

The chromophore pocket is probably the most important part of the Photoactive Yellow Protein and is 
consequently also its best studied part. E.g. the optical tuning of the protein, certain pH dependent behavior, 
and global structural changes of the protein can all be traced back to events that occur in and around the 
chromophore pocket as will become clear later. 
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Figure 1. Schematic representation of the sequence and structure of the Photoactive Yellow Protein. 
The amino acid sequence of PYP from Halorhodospira halophila is represented schematically, reflecting secondary and tertiary structural 
elements. This figure was prepared using the information contained within the structure coordinate file deposited at the Protein Data Bank 
(Berman et al. 2000) (http://www.rcsb.org/pdb/) with PDB ID: 2PHY (Borgstahl et al. 1995). β-strands are indicated in dark gray 
arrows, where the dotted lines represent hydrogen bonds between residues within the β-sheet. α-helices are indicated in light gray rods, 
where the line type (solid, dotted, dashed, dot-dashed) of the circle encompassing the residue name and number indicates which residues 
hydrogen bond with each other, i.e. a residue hydrogen bonds with the closest residue(s) with the same line type that is (are) within the same 
α-helical element. Other structural elements (π-helix; Type I and II turns) are not depicted. A summary of all secondary structural elements 
is presented in Table 1. 
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Figure 2. Tertiary structure of the Photoactive Yellow Protein. 
Two orientations of a ribbon representation of the Photoactive Yellow Protein from Halorhodospira halophila are presented. Panel a has 
the β-sheet oriented similar to the schematic representation in Figure 1. Panel b is a side view, of the orientation in panel a, visualizing both 
sides of the β-sheet. The figure was prepared using the program MOLMOL (Koradi et al. 1996) using the structure coordinate file deposited 
at the Protein Data Bank (Berman et al. 2000) (http://www.rcsb.org/pdb) with PDB ID: 2PHY (Borgstahl et al. 1995). The program POV-
RayTM (http://www.povray.org) was used to render the images. 
 

Table 1. Secondary structural elements of PYP in crystal and solution. 
The secondary structural elements of PYP from Halorhodospira halophila were obtained from the structure coordinate files as deposited in 
the Protein Data Bank (Berman et al. 2000) (http://www.rcsb.org/pdb/). For the structural information in the crystal the file with PDB ID: 
2PHY (Borgstahl et al. 1995), based on X-ray diffraction data, was used. For the structural information in solution the file with PDB ID: 
3PHY (Dux et al. 1998), based on NMR data, was used. 
 

crystal solution 
name type start end name type start end 

helices helices 
α1 α-helix Ile11 Leu15 α1 α-helix Ile11 Leu15 
α2 α-helix Asp19 Leu23 not defined in PDB ID: 3PHY 
α3 α-helix Asn43 Thr50 α3 α-helix Asn43 Thr50 
α4 α-helix Asp53 Val57 α4 α-helix Asp53 Ile58 
α5 α-helix Phe75 Gly86 α5 α-helix Phe75 Gly86 

 π-helix Asn61 Ala67 not defined in PDB ID: 3PHY 

β-strands β-strands 
β1 β-strand Lys60 Phe62 β1 β-strand Lys60 Phe62 
β2 β-strand Gly37 Gln41 β2 β-strand Asn38 Leu40 
β3 β-strand Gly29 Asp34 β3 β-strand Ala27 Asp34 
β4 β-strand Ser117 Val125 β4 β-strand Trp119 Val125 
β5 β-strand Thr103 Ala112 β5 β-strand Thr103 Lys111 
β6 β-strand Leu88 Phe96 β6 β-strand Leu88 Phe96 

Turns Turns 
T1 Type II Ala5 Ser8 
T2 Type I Ser8 Ile11 
T3 Type I Leu15 Met18 
T4 Type I Leu23 Leu26 
T5 Type I Asp34 Gly37 
T6 

no turns defined in PDB ID: 3PHY 
Type II Val57 Lys60 

T7 Type I Ala67 Thr70 
T8 Type I Pro68 Asp71 
T9 Type I Ser72 Phe75 
T10 Type II Asp97 Met100 
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Figure 3. Residues in the chromophore pocket of the Photoactive Yellow Protein. 
Panel a shows a representation of the chromophore together with all the residues that contain an atom that is part of the chromophore 
pocket (see also Table 2) with superposed the ribbon representation of the protein. The chromophore and Cys69 are shown as Ball and Stick. 
The other residues are shown as Sticks only, with the atoms that are part of the chromophore pocket shown as Balls. Hydrogen bonds are 
shown as dashed sticks. Color coding is as follows: Carbon - light gray (darker in Sticks not part of the active site), Nitrogen - dark gray, 
Oxygen - black, Sulfur - medium gray. The figure was prepared using the program MOLMOL (Koradi et al. 1996) using the structure 
coordinate file deposited at the Protein Data Bank (Berman et al. 2000) (http://www.rcsb.org/pdb) with PDB ID: 2PHY (Borgstahl et al. 
1995). The program POV-RayTM (http://www.povray.org) was used to render the images. The orientation of the molecule is similar to that in 
panel a of Figure 2. 
Panel b is a schematic representation of the hydrogen-bond network formed by residues Tyr42, Glu46, and Thr50 that help to stabilize the 
buried negative charge on the phenolic hydroxy-group of the chromophore together with the positive charge on Arg52. Hydrogen bonds are 
represented by dashed lines. Numbers next to the chromophore carbon atoms are used to identify these carbon atoms throughout the text. 
 

 

Figure 4. Chromophore pocket of the Photoactive Yellow Protein. 
A surface representation of the atoms lining the chromophore pocket is shown. The surfaces were created by probing the van der Waals radii 
of the atoms with a 1.4 Å probe. The solid surface represents the contact surface using the outside of the 1.4 Å probe. The dotted surface 
represents the solvent surface using the center of the 1.4 Å probe. The chromophore and Cys69 are shown in a Ball and Stick representation. 
In panel a the atoms from residues Tyr42, Glu46, Thr50, Arg52, Phe96, Asp97, Tyr98, Met100, and Val122 that are part of the chromophore 
pocket (see Table 2) were used to make the surface behind the chromophore. In panel b the atoms from residues Ile31, Tyr42 (only Cε,2), 
Phe62, Val66, Ala67, Thr70, Val120 that are part of the chromophore pocket (see Table 2) were used to make the surface behind the 
chromophore. Color coding is as follows: Carbon - light gray, Nitrogen - dark gray, Oxygen - black, Sulfur - medium gray. The figure was 
prepared using the program MOLMOL (Koradi et al. 1996) using the structure coordinate file deposited at the Protein Data Bank (Berman 
et al. 2000) (http://www.rcsb.org/pdb) with PDB ID: 2PHY (Borgstahl et al. 1995). The program POV-RayTM (http://www.povray.org) was 
used to render the images. 
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Table 2. Chromophore pocket. 
The atoms that line the chromophore pocket were determined via a CASTp analysis (Liang et al. 1998) (http://cast.engr.uic.edu/cast/). The 
analysis was performed on the structure coordinate file deposited at the Protein Data Bank (Berman et al. 2000) (http://www.rcsb.org/pdb/) 
with PDB ID: 2PHY (Borgstahl et al. 1995). In the CASTp analysis the chromophore pocket received the pocket/cavity ID 13. This pocket 
has no mouth openings and has a solvent accessible surface volume of 27.164 Å3 (molecular surface volume is 226.54 Å3). 
 

Residue Atoms Residue Atoms 
Ile31 Cδ,1 Cys69 Sγ 

Tyr42 Cε,2 ; Oη Thr70 Cγ,2 
Glu46 Oε,2 Phe96 Cβ ; Cγ ; Cδ,1 ; Cδ,2 ; Cε,1 ; Cε,2 ; Cζ 
Thr50 Cβ ; Cγ,2 Asp97 N 
Arg52 Cγ ; Cδ ; Nε ; Cζ ; Nη,1 ; Nη,2 Tyr98 N ; Cβ 
Phe62 Cε,1 ; Cζ Met100 Sδ ; Cε 
Val66 O ; Cγ,1 Val120 Cγ,1 
Ala67 Cα ; Cβ Val122 Cγ,2 

2.2 Solution structure vs. crystal structure 

Up till now we have only looked at the structure of the Photoactive Yellow Protein in the confines of a 
crystal lattice. In vivo the protein is located in the cytoplasm, where it may have more freedom to move, and 
which is more like the conditions used for most in vitro 
experiments. It is therefore important to know what the 
differences are between the crystal structure and the 
solution structure of the Photoactive Yellow Protein. On the 
other hand, the protein may still be confined or partly 
constrained in its movement in vivo by e.g. a transducer 
protein. The in vivo situation may therefore be a situation 
that is a hybrid of the situation in the crystal lattice and the 
situation in solution. 

The ground state structure of the Photoactive Yellow 
Protein has also been determined via multi-dimensional 
NMR spectroscopy (Dux et al. 1998). The NMR structure 
of the Photoactive Yellow Protein may be considered to be 
the solution structure of the Photoactive Yellow Protein. 
This solution structure is very similar to the structure found 
with X-ray crystallography. Where with X-ray 
crystallography usually one structure is generated from the 
data, with NMR usually an ensemble of structures is 
generated that are all compatible with the NMR data (see 
Figure 5). In Table 1 the secondary structural elements from 
the crystal structure and the solution structure are 
compared. Most are present in both structures though they 
may start/end 1 to 2 residues earlier or later. Notable are the 
helix α2 and the π-helix, which are not defined in the 
solution structure. There are three poorly defined regions in 
the solution structure comprising of residues 1-5, 17-23, and 
113-117. In Figure 5 this is characterized by a bad overlap 
of the different structures, most notable on the left side of 
the structure. This is caused by lack of structural constraints 
in the NMR dataset, which might be brought about by fast 
internal motions in those regions, or in other words, by high 
mobility in those regions (Dux et al. 1998). In the crystal 
structure the same regions also have higher values for the 
B-factor, which is related to mean-square fluctuations of the 
atoms from their average position. 

Figure 5. NMR structures 
A representation of the 26 NMR structures of Photoactive 
Yellow Protein from Halorhodospira halophila is presented. 
Shown are the backbone, chromophore and Arg52 side 
chain of the 26 NMR structures. Just bonds are shown 
which are colored according to the atoms they connect. For 
the backbone and the Tyr98 side chain, carbon is coded 
gray, for the chromophore the carbons are coded white, 
nitrogen is coded dark gray, and oxygen is coded black. For 
Arg52 the color code is split into two, reflecting the two 
orientations that Arg52 is found in. The carbons of models 
1,3,4,5,7,8,9,17,18,23,24, and 25, from the structure 
coordinate file deposited at the Protein Data Bank (Berman 
et al. 2000) (http://www.rcsb.org/pdb) with PDB ID: 3PHY 
(Dux et al. 1998), are colored black. These Arg52 side 
chains are clustered with the guanidinium group above the 
aromatic ring of Tyr98. The carbons of Arg52 of the 
remaining models are colored gray. These Arg52 side 
chains are clustered above the chromophore ring. The 
bonds of Arg52, Tyr98 and the chromophore are shown with 
a larger radius than the other bonds. The figure was 
prepared using the program MOLMOL (Koradi et al. 1996). 
The program POV-RayTM (http://www.povray.org) was used 
to render the image. 

 9 

http://www.rcsb.org/pdb/
http://www.rcsb.org/pdb/
http://www.povray.org/


Chapter 1  Structure 

From an ensemble of structures, such as obtained with NMR or via molecular dynamics, it is possible to 
determine eigenvectors that describe the path along which the different protein elements move (van Aalten et 
al. 1998; Van Aalten et al. 2000). Using these eigenvectors, or modes of flexibility, it is possible to transform 
the solution structure into the crystal structure, indicating that the observed differences are within the confines 
of the natural movement (or intrinsic flexibility) of the protein. This is further corroborated by the fact that 
when the Photoactive Yellow Protein is crystallized in the P65 space group (Van Aalten et al. 2000), instead 
of the P63 space group (Borgstahl et al. 1995), its structure is different, but within the confines of the intrinsic 
modes of flexibility of the protein. 

The structure determined with NMR confirms the presence of the hydrogen-bonding network in the 
chromophore pocket. However, there is one striking difference with the crystal structure. Residue Arg52 is 
present in two conformations (see Figure 5). One where Arg52 is clustered about 4 Å above the aromatic 
chromophore ring, which is indicated by the gray colored Arg52 side chains in Figure 5. The other 
conformation has the guanidinium group of Arg52 positioned about 4 Å above the aromatic ring of Tyr98, 
which is indicated by the black colored Arg52 side chains in Figure 5. This is in line with the observation that 
positively charged amino groups like to pack within 3.4 to 6 Å of the centroids of aromatic rings (Scrutton 
and Raine 1996). The conformation for Arg52 and Tyr98 found in the crystal is different from the two 
conformations for Arg52 and the conformation of Tyr98 found in solution. 

2.3 The Xanthopsins compared 

In section 1.2 it was noted that the Xanthopsins can be divided into three sub-groups based on their 
primary structure. Sub-group I contains Xanthopsins found in Halorhodospira halophila, Rhodothalassium 
salexigens, and Halochromatium salexigens. Sub-group II contains Xanthopsins found in Rhodobacter 
sphaeroides and Rhodobacter capsulatus. Sub-group III contains the Xanthopsin found in Rhodospirillum 
centenum. In Figure 6 the primary structures of all Xanthopsins currently known are shown in an alignment. 
Table 3 list the percentages of conserved residues between the different Xanthopsins. The primary structures 
within the sub-groups are indeed very similar with identities around 75% (87% similarity, i.e. including 
conserved substitutions) in pair wise alignments. In a comparison of Xanthopsins from sub-group I with 
Xanthopsins from other groups the alignments become worse with identities around 45% (67% similarity). 
Comparison of Xanthopsins from sub-group II with the one from sub-group III provides even poorer results 
with identities around 33% (57% similarity). When all currently known Xanthopsins are aligned an identity 
of 23% (46% similarity) is obtained. 

Since, the Xanthopsin sub-groups were defined based on sequence similarity these results should not be 
very surprising. However, by looking at sub-domains 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. In section 1.3 the Photoactive Yellow Protein was proposed to 
be a prototype for the PAS domain. The family of PAS domains is a very large one that 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 sub-domains, the N-terminal cap, 
the PAS core, the helical connector, and the β-scaffold. In the Photoactive Yellow Protein from 
Halorhodospira halophila these sub-domains comprise residues 1-28, 29-69, 70-87, and 88-125 respectively 
(Pellequer et al. 1998). 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 (see also Figure 6). The residues that form the chromophore pocket are 
all contained within the PAS core and β-scaffold, which are sandwiched together. Table 4 list the percentages 
of conserved residues in the different PAS sub-domains of the Xanthopsins. Within the Xanthopsin sub-
groups no real distinction can be made between the different PAS sub-groups, indicating that the mutations 
are spread evenly over the entire protein. However, in a comparison of all Xanthopsins a clear distinction can 
be made between the PAS sub-groups, when looking at the percentage of similarity. The PAS-core and β-
scaffold have a similarity of 66 % and 50% respectively, whereas the N-terminal cap and helical connector 
only have a similarity of 25% and 34% respectively. This suggest that the PAS-core and β-scaffold are what a 
Xanthopsin makes a Xanthopsin and that the N-terminal cap and the Helical connector determine the function 
the Xanthopsin has in the organism it resides in. When the same analysis is done with only the Xanthopsin 
sub-groups I and II, the picture becomes slightly different. The PAS-core is best conserved with a similarity 
of 71%, the N-terminal cap and β-scaffold have a similarity of 50% and 53% respectively, and the Helical 
connector has a similarity of 33%. The most remarkable difference here is that the N-terminal cap has a 
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considerably increased similarity that has become similar to the one of the β-scaffold. This difference can be 
explained by the fact that Xanthopsins from both sub-group I and II are complete proteins whereas the 
Xanthopsin from sub-group III is a sub-domain of a larger protein. This could indicate that the N-terminal cap 
may play an important part in signal transduction, since this is probably one of the biggest differences 
between Xanthopsins from sub-group I and II, and the Xanthopsin from sub-group III. 

               1         2         3         4         5         6 
 ---1234567--89012345678901234567890123456789012345678901234567890 

Hrh_hal ---MEHVAFG--SEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGK 
Hch_sal ---MDIVHFG--SDDIENSLANMSDQDLDQLAFGAIQLDASGKVLQYNAAEGGITGRDPKSVIGK 
Rth_sal ---MEMIKFG--QDDIENAMADMGDAQIDDLAFGAIQLDETGTILAYNAAEGELTGRSPQDVIGK 
Rba_sph ---MEIIPFG--SADLDNILARE-PQRAEYLPFGAVLLDRTGTILKYNRAEGGIANRNPADVIGK 
Rba_cap ---MEIIPFG--TNDIDNILARE-PARAESLPFGAVLLDRMGRIAKYNKAEGLIAGRDPSTVIGR 
Rsp_cen MPDRTTDDFGPFTEQIRGTIDGMGTAEFDALPVGAIQVDGSGVIHRYNRTESRLSGRIPERVIGR 

  
  α1 α2 β1 β2 α3 α4 
  N-terminal cap | PAS core 

                                        1         1         1      
          7         8         9         0         1         2      
 12345678901234567890123456789012345678901234567890123456789012345 

Hrh_hal NFFKDVAPCTDSPEFYGKFKEGVASGNLNTMFEYTFDYQMTPTKVKVHMKKALSGDSYWVFVKRV 
Hch_sal NFFEDVAPCTKSQEFQGRFKEGVANGNLATMFEYVFDYQMKPTKVKVHMKKALVDDSYWIFVKRL 
Rth_sal NFFKDIAPCTDTEEFGGRFREGVANGDLNAMFEYVFDYQMQPTKVKVHMKRAITGDSYWIFVKRV 
Rba_sph NFFNEIAPCAKGKRFHGEFLRFHQTGQVNVMFDYKFAYKGANVGVKIHMKSQPDGQSCWLFVKRV 
Rba_cap DFFNEIAPCAKGKRFHGEFLKFNRTGQANVMLDYKFNYKGAEVAVKIHLKSQPDGQFCWLFVKRA 
Rsp_cen NFFTEVAPCTNIPAFSGRFMDGVTSGTLDARFDFVFDFQMAPVRVQIRMQNAGVPDRYWIFVRKL 

  
 β3 α5 β4 β5 β6 
  | helical connector | β-scaffold 

 
Figure 6. Sequence alignment of the Xanthopsins 
An alignment of all currently known Xanthopsins is presented where the following abbreviations stand for the organism in which the 
Xanthopsin was found with in parentheses the accession number for the primary sequence: Hrh_hal, Halorhodospira halophila (X98887); 
Hch_sal, Halochromatium salexigens (P81046); Rth_sal, Rhodothalassium salexigens (X98888); Rba_sph, Rhodobacter 
sphaeroides (AJ002398); Rba_cap, Rhodobacter capsulatus (AF064095); Rsp_cen, Rhodospirillum centenum (AF064527). Only the 
residues from Hrh_hal, Hch_sal and Rth_sal are correctly numbered, for the correct numbering of the other sequences you need to 
correct for deletions (residue 19 in Rba_sph and Rba_cap) and insertions (up to residue 8 in Rsp_cen) in the sequence. The location of 
the α-helices and β-strands for the Hrh_hal sequence are shown via cartoons below the sequence alignment (see also Figure 1 and Table 
1) together with the names of the PAS-domain, sub-domains. 
The color code for the alignment is as follows. The base color is a white highlight with black letter, any other color has a special meaning 
for the alignment. Residues that are conserved throughout the currently known Xanthopsins have a black highlight and white letter. Residues 
that have conserved substitutions are shown with a light gray highlight. Residues that are conserved for the Xanthopsin sub-group 
containing Hrh_hal, Hch_sal and Rth_sal, but are not conserved in all currently known Xanthopsins, have a medium dark gray 
highlight with white letter or if they are part of a conserved substitutions for all Xanthopsins have a light gray highlight with medium dark 
gray letter. Conserved substitutions in this sub-group are given a medium gray highlight. Residues that are conserved for the Xanthopsin 
sub-group containing Rba_sph and Rba_cap, but are not conserved in all currently known Xanthopsins, have a dark gray highlight with 
white letter or if they are part of a conserved substitutions for all Xanthopsins have a light gray highlight with dark gray letter. Conserved 
substitutions in this sub-group are given a medium light gray highlight. 
This figure was prepared using information obtained from several alignments performed with ClustalW (Thompson et al. 1994) 
(http://www.ebi.ac.uk/clustalw/). 
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Table 3. Xanthopsin alignments 
The percentage of conserved residues (straight numbers) and percentage of conserved residues together with conserved substitutions (italic 
numbers) is listed for alignments between all currently known Xanthopsins. The following abbreviations stand for the organism in which the 
Xanthopsin was found with in parentheses the accession number for the primary sequence and the number of amino acids in the sequence: 
Hrh_hal, Halorhodospira halophila (X98887; 125 aa); Hch_sal, Halochromatium salexigens (P81046; 125 aa); Rth_sal, 
Rhodothalassium salexigens (X98888; 125 aa); Rba_sph, Rhodobacter sphaeroides (AJ002398; 124 aa); Rba_cap, Rhodobacter 
capsulatus (AF064095; 124 aa); Rsp_cen, Rhodospirillum centenum (AF064527; 130 aa). The results from pair wise alignments are 
shown, where the sequence indicated in the left column was used as reference in the comparison with the sequence indicated in the top row. 
This induces a small difference in the obtained percentages for the comparison of the same two sequences, depending on which sequence 
was used as reference, when these sequences have a different length. Alignments within the Xanthopsin sub-group containing Hrh_hal, 
Hch_sal, and Rth_sal are shown with a light gray highlight. Alignments within the Xanthopsin sub-group containing Rba_sph, and 
Rba_cap are shown with a dark gray highlight. The last column list the alignment percentages of all sequences in a sub-group of the 
Xanthopsins. The percentages for the alignment of all Xanthopsins is presented on the bottom right of the table and is highlighted black with 
white text. This table was prepared using information obtained from several alignments performed with ClustalW (Thompson et al. 1994) 
(http://www.ebi.ac.uk/clustalw/). 

 Hrh_hal Hch_sal Rth_sal Rba_sph Rba_cap Rsp_cen  
100 % 76.80 % 71.20 % 47.20 % 43.20 % 43.20 % Hrh_hal 
100 % 85.60 % 86.40 % 68.80 % 67.20 % 71.20 % 

76.80 % 100 % 68.80 % 46.40 % 41.60 % 44.00 % 
64.80 % 

Hch_sal 
85.60 % 100 % 88.80 % 66.40 % 66.40 % 68.80 % 
71.20 % 68.80 % 100 % 48.80 % 43.20 % 44.00 % Rth_sal 
86.40 % 88.80 % 100 % 64.80 % 63.20 % 68.80 % 

81.60 % 

47.58 % 46.77 % 49.19 % 100 % 78.23 % 33.06 % Rba_sph 
69.35 % 66.94 % 65.32 % 100 % 88.71 % 56.45% 

78.23 % 

43.55 % 41.94 % 43.55 % 78.23 % 100 % 32.26 % Rba_cap 
67.74 % 66.94 % 63.71 % 88.71 % 100 % 58.06 % 

88.71 % 

41.54 % 42.31 % 42.31 % 31.54 % 30.77 % 100 % 23.20 % 
Rsp_cen 

68.46 % 66.15 % 66.15 % 53.85 % 55.38 % 100 % 46.40 % 

 

Table 4. PAS sub-domain alignment of the Xanthopsins 
The percentage of conserved residues (straight numbers) and percentage of conserved residues together with conserved substitutions (italic 
numbers) is listed for alignments between the PAS sub-domains of all currently known Xanthopsins. Here group I (highlighted light gray) 
contains Xanthopsins found in Halorhodospira halophila, Halochromatium salexigens, and Rhodothalassium salexigens; group II 
(highlighted dark gray) contains Xanthopsins found in Rhodobacter sphaeroides, and Rhodobacter capsulatus; group III contains the 
Xanthopsin found in Rhodospirillum centenum. Alignments of all currently known Xanthopsins are highlighted black with white text. Based 
on the situation in the Xanthopsin found in Halorhodospira halophila the N-terminal cap consists of residues 1-28, the PAS core consists of 
residues 29-69, the Helical connector consists of residues 70-87, and the β-scaffold consists of residues 88-125 (see also Figure 6). This 
table was prepared using information obtained from several alignments performed with ClustalW (Thompson et al. 1994) 
(http://www.ebi.ac.uk/clustalw/). 

Group 
N-terminal 

cap 
PAS core 

Helical 
connector 

β-scaffold 
complete 
sequence 

50.00 % 70.73 % 55.56 % 73.68 % 64.80 % I 75.00 % 82.93 % 77.78 % 86.84 % 81.60 % 
81.48 % 73.17 % 83.33 % 78.95 % 78.23 % II 88.89 % 85.37 % 100.00 % 86.84 % 88.71 % 
28.57 % 48.78 % 22.22 % 34.21 % 36.00 % I & II 50.00 % 70.73 % 33.33% 52.63 % 55.20 % 
10.71 % 41.46 % 22.22 % 13.16 % 23.20 % I-III 25.00 % 65.85 % 34.21 % 50.00 % 46.40 % 
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3 Photocycle: basics 

The photoactivity of the Xanthopsins expresses itself via a photocycle. When a Xanthopsin in a dark 
adapted 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. Next the Xanthopsin returns to its dark adapted 
state, which brings the cycle full circle. This self regenerative cycle only requires for the holo-protein to be in 
a hydrated form, and does not require the presence of a membrane, additional proteins, or co-factors, for the 
photocycle to be completed successfully. Most Xanthopsin research is focused on this photocycle or a part of 
it. The best studied Xanthopsin by far is the Photoactive Yellow Protein from Halorhodospira halophila, 
which is also the focus of this thesis. Therefore the photocycle of this protein will be discussed here in detail. 

3.1 How the photocycle is measured 

The techniques that are discussed here have all been used on the Photoactive Yellow Protein from 
Halorhodospira halophila, but can usually also be used on other photoactive proteins. One of the most 
attractive features of a photoactive protein is that it can be activated by light, which can be administered to 
the sample in a very controlled way, and with femtosecond precision if necessary. The characteristics of the 
light source used to excite the sample differs from experiment to experiment and is dependent on the type of 
experiment performed and type of light source available to the researchers performing the experiment. When 
comparing different experiments it is therefore also important to check if the light sources used to excite the 
sample are equivalent. 

Since the function of the chromophore in the Photoactive Yellow Protein is to catch photons from the 
visible region of the electromagnetic spectrum, UV/Vis absorption spectroscopy is one of the first techniques 
that comes to mind when studying this protein. Mostly the absorption features that are caused by the 
chromophore are the target for study. Any changes that are monitored in this way therefore are changes that 
occur in the chromophore itself and/or in the interaction of the protein with the chromophore. Kinetic studies 
are important and abundant, where the time scale of these studies ranges from femtoseconds to minutes (an 
hours to days time scale is also possible, but not common). What is often neglected in these kind of studies is 
that when absorption is observed it means that a population of the photoactive protein in the sample has 
absorbed a photon that may allow it to go into its photo activated state. Usually a separate high intensity light 
source or laser is used to activate the sample, before, during, and after which a low intensity probe light is 
used to monitor absorption changes. Usually the effect of the probe light can be neglected, but this is not 
always the case. It should therefore always be kept in mind that the light used to monitor changes in the 
protein, or characterize a specific state of the protein, may influence the data. 

Where there is absorption of photons, there is also a non-zero probability for emission of photons. 
Therefore, fluorescence spectroscopy is also one of the techniques that can tell us more about the 
chromophore, which is a photon absorbing part of the holo-protein. Fluorescence is a short lived phenomenon 
and is associated with relaxation of an excited state (usually caused by absorption of a photon) back to a non-
excited state (or ground state). The molecules that do fluoresce usually do not enter the photocycle, but emit 
most of the absorbed energy in the form of a photon. Non fluorescing molecules can use the absorbed energy 
to power the photocycle. Therefore when looking at the emission characteristics of the holo-protein only 
information on the initial photocycle events related to the excited state can be obtained. The processes 
monitored by fluorescence spectroscopy are therefore restricted to the time range of femtoseconds to 
nanoseconds. 

Other techniques that can provide/have provided information on photocycle events of the Photoactive 
Yellow Protein are Raman Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), Photoacoustic 
Spectroscopy (PAS), Nuclear Magnetic Resonance Spectroscopy (NMR), and X-Ray diffraction 
spectroscopy. These techniques can not only provide structural information on the chromophore, but also on 
other parts in the holo-protein, which are usually not observable via UV/Vis spectroscopy. 
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Irrespective of the technique used to measure 
photocycle events, they all use information obtained on the 
protein in the ground state as a reference. In Figure 7 
several basic characteristics of the protein in the ground 
state are collected that are used in many experiments, either 
as reference or as a control for the quality of the used 
sample. The most notable characteristics are the absorption 
maximum at 446 nm (Meyer 1985) and the purity index, 
which is the ratio between the peak height at 278 and 446 
nm. The latter is a measure for the purity of the protein, 
where a value lower than 0.50 is considered pure.  

3.2 The basic photocycle 
The photocycle of the Photoactive Yellow Protein has 

become more and more complex over the years. 
Nonetheless it can still be depicted as a simple scheme with 
only three species when put into terms of the essential 
chromophore events, as is shown in Figure 8. In the ground 
state or dark adapted state, pG, the chromophore is 
deprotonated and the isomerization state of the 
chromophore is trans, as explained in section 2.1. The 
second species, pR, is spectrally red-shifted with respect to 
the ground state and is formed on a nanosecond time scale. 
Here the chromophore is still deprotonated but its 
isomerization state has changed to cis. The third species, 
pB, is spectrally blue-shifted with respect to the ground 
state, and is formed on a microsecond time scale. This 
species is presumed to be the signaling state of the 
photoreceptor and can be considered as relatively stable (i.e. 
stable enough to allow for a signal to be processed by the 
organism). Here the chromophore has become protonated 
while its isomerization state remains cis. The holo-protein 
subsequently recovers to its ground state on a millisecond timescale. 

Property Value 

UV/Vis Absorption maxima 278; 446 nm 

Emission maximum† 495 nm 

Molar extinction coefficient 45,500 M−1·cm−1 

Purity index‡, pure sample ≤ 0.5 

† Excitation at 446 nm 
‡ ratio of peak maxima: OD278 / OD446 

Figure 7. Characteristic properties of 
the Photoactive Yellow Protein ground 
state 
In the graph the absorption spectrum (solid line) and the 
emission spectrum (excitation at 446 nm, dashed line) of the 
ground state form of the Photoactive Yellow Protein are 
shown. The absorption and emission spectrum were 
normalized to 1 at 446 and 495 nm respectively. Specific 
characteristics are listed in the table below the graph. 

These three major steps, isomerization, protonation change, and recovery are also observed in the sensory 
rhodopsins, which have a similar cellular function as the Photoactive Yellow Protein, but are structurally very 
different (see also section 1.1). It is interesting to note that though the Xanthopsins and the sensory 
rhodopsins have evolved separately, the mechanism they use to generate a signal from an absorbed photon is 
essentially the same. 

Figure 8. Basic photocycle of the 
Photoactive Yellow Protein 
Representation of the key intermediates and events in the
photocycle of the Photoactive Yellow Protein. The first
basic step represents the initial photocycle events, in which 
the chromophore undergoes photoisomerization. At the end
of this step the intermediate pR is formed. The second basic
step represents formation of the signaling state, in which the
chromophore is protonated, and the protein structure 
changes. At the end of this step the intermediate pB is
formed. The third basic step represents the recovery of the
ground state (pG), which completes the photocycle. 
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3.3 Photocycle nomenclature 

Over the years several nomenclatures for the photocycle intermediates have been created and are now 
used. As the photocycle is becoming more and more complex also the nomenclature is becoming more and 
more complex. There is not one nomenclature that is really able to handle all the new intermediates that are 
being discovered. Also, not all intermediates are related to changes of the chromophore and can only 
confidently be observed by a specific technique while there is very little or no detectable associated change in 
the UV/vis absorption spectrum. All the different nomenclatures contain the three basic photocycle species 
and can therefore be compared using these three species as reference. Originally, the ground, red-shifted, and 
blue-shifted state were called P, I1, and I2 by Meyer et al. (Meyer et al. 1989). In 1995 the names pG, pB, and 
pR were introduced by Hoff et al. (Hoff et al. 1995). Yet another nomenclature (Imamoto et al. 1996) was 
introduced in 1996, in which these species are called PYP, PYPL, and PYPM, a nomenclature that is borrowed 
from the photocycle nomenclature of bacteriorhodopsin. In order to be able to make sense of all these 
different nomenclatures, the photocycles depicted in Figure 9, Figure 10 and Figure 12 have the name of the 
intermediate that is used in the text in bold and the equivalent nomenclature, that has also been used in 
literature, below it in brackets. 

As if the use of three different nomenclatures is not enough, the nomenclature is made even more 
complicated by the use of additional subscripts that state a specific property of the species (e.g. the absorption 
maximum). Such a property can be dependent on the measurement conditions used, with as result that 
different subscripts are used for the same species. Additionally, more and more techniques are utilized to 
analyze the photocycle. As a result more and more photocycle species are discovered that were undetectable 
with previously used techniques. To provide these new intermediates a new name that fits logically within 
one of the existing nomenclatures is close to impossible. However, until a new nomenclature is created that is 
adopted by everyone in the field, the nomenclature confusion will remain. 

3.4 Experimental context 

The experimental context or conditions that are used in measurements can have pronounced effects on the 
data. It is therefore important to take the experimental context of an experiment in consideration when 
comparing different experiments. There are basically four different experimental parameters that are 
important: Temperature, Solvent, mesoscopic context (or phase), and illumination conditions. 

The first one, temperature, is obviously especially important when comparing kinetic experiments. But 
temperature may also allow one to trap certain photocycle species (Hoff et al. 1992; Imamoto et al. 1996) and 
prevent other photocycle species from being formed. The second one, solvent, is very important, and is 
usually different between experiments. Though pH is probably the most important solvent feature that has an 
effect on e.g. the kinetics of the photocycle (see Chapter 3 section 3 and (Genick et al. 1997a)), other solvent 
features such as hydrophobicity of the solvent (Meyer et al. 1989), type and concentration of solutes present 
(Meyer et al. 1987; Meyer et al. 1989), and the nature of the solvent itself (e.g. water vs. deuterium oxide (see 
Chapter 3 section 3)) also can have an effect on the data. The third experimental parameter, mesoscopic 
context or phase, also has an important effect on the protein under study. E.g. when the Photoactive Yellow 
Protein is in the crystal phase no significantly large overall 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 (Xie et al. 2001). Also more and more data is becoming available from computer 
simulations, where for practical reasons the effect of solvent is either not incorporated at all (simulation in 
vacuum) or is limited to a small amount of solvent molecules (usually water). When a solvent is used in the 
simulation it is usually in the absence of other molecules that are present in the solvent in real life 
experiments (e.g. buffer ions). With the steady increase in computer power the models that are used in 
simulations are becoming more and more complex though, and become better at representing the real world. 
The last of the four experimental parameters, illumination conditions, can also have pronounced effects on the 
data. Mostly the illumination conditions used to initiate the photocycle are important. The choice of 
wavelength can already have an effect on which photocycle species are formed (Hoff et al. 1992; Imamoto et 
al. 1996). Also the duration of the excitation pulse can have an effect. Longer illumination allows the 
possibility of photoactive events with photocycle species other than the ground state (Gensch et al. 1998). But 
also light intended to probe changes in absorption can influence the data (see section 3.1). 
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These experimental parameters have to be taken into account when comparing data, but are also 
extremely useful tools to get better insight into the protein under study. In other words, seemingly 
contradictory results may provide a greater understanding of the protein when the experimental context is 
taken into account. 

3.5 Mutants and hybrids 

Besides changing experimental parameters it is also possible to make changes to the holo-protein itself to 
obtain information on how the holo-protein works. There are two distinctive parts in a holo-protein, the 
protein part and the chromophore part. When a change is made in the protein part (the apo-protein) the 
resulting holo-protein is called a mutant. When a change is made in the chromophore part the resulting holo-
protein is called a hybrid. Lots of valuable information can be obtained via mutants and hybrids. Nonetheless, 
a change is made to the wild type holo-protein that can have unpredicted side effects, that can be useful, but 
also misleading. Proper control experiments are therefore essential when dealing with mutants and hybrids. 
E.g. when studying protonation changes within the holo-protein, there is usually more than one possibility to 
accomplish the protonation change on a specific group. When one possibility is taken away via a mutation 
other possibilities may take over. This may imply that the mutated residue has nothing to do with the 
observed protonation change, when in actuality it may be the main cause in the wild type holo-protein. 

Table 5. Mutants of the Photoactive Yellow Protein 
A list of all mutants of the Photoactive Yellow Protein together with references to literature. The absorption maximum (maxima) of each 
mutant is also presented. Background shading depict which PAS sub-domain (see section 2.3) of the Photoactive Yellow Protein contains the 
mutation. Light gray - N-terminal cap (residues 1-28). White - the PAS core (residues 29-69). Drak gray - the β-scaffold (residues 88-125). 
No mutations have been made to the Helical connector (residues 70-87). 
 

mutation λmax (nm) references 
Δ25 444  (van der Horst et al. 2001; Hendriks et al. 2002b) 
Δ27 444 (van der Horst et al. 2001) 

Tyr42Phe 391 / 458 
 (Mihara et al. 1997; Brudler et al. 2000; Demchuk et al. 2000; Devanathan et 

al. 2001; Imamoto et al. 2001c) 
Tyr42Ala 375 / 438 (Imamoto et al. 2001c) 
Glu46Asp 444 (Devanathan et al. 1999a) 

Glu46Gln 462 

 (Genick et al. 1997a; Imamoto et al. 1997; Mihara et al. 1997; Chosrowjan et 
al. 1998; Demchuk et al. 2000; Devanathan et al. 2000; Mataga et al. 2000; 
Brudler et al. 2001; Imamoto et al. 2001c; Imamoto et al. 2001d; Xie et al. 

2001; Zhou et al. 2001; Borucki et al. 2002; Mataga et al. 2002) 

Glu46Ala 365 / 465 
 (Devanathan et al. 1999a; Devanathan et al. 2001; Imamoto et al. 2001c; 

Borucki et al. 2002) 
Gly47Ser 446 (van Aalten et al. 2002a) 
Thr50Ala 454  (Mataga et al. 2000; Imamoto et al. 2001c) 

Thr50Val 457 
 (Mihara et al. 1997; Chosrowjan et al. 1998; Brudler et al. 2000; Mataga et al. 

2000; Imamoto et al. 2001c; Imamoto et al. 2001d) 
Glu46Gln / Thr50Val 472  (Chosrowjan et al. 1998; Mataga et al. 2000; Imamoto et al. 2001c) 
Glu46Gln / Arg52Gln ? (Mataga et al. 2002) 

Gly51Ser 446 (van Aalten et al. 2002a) 
Gly47Ser / Gly51Ser 446 (van Aalten et al. 2002a) 

Arg52Ala 452 (Genick et al. 1997a; Demchuk et al. 2000) 

Arg52Gln 447 
(Mihara et al. 1997; Chosrowjan et al. 1998; Mataga et al. 2000; Imamoto et 
al. 2001c; Imamoto et al. 2001d; Mataga et al. 2002; Takeshita et al. 2002a) 

Pro68Ala 446 (Mataga et al. 2002; Takeshita et al. 2002a) 
Cys69Ser - (Mihara et al. 1997) 

Met100Ala 446  (Devanathan et al. 1998; Kumauchi et al. 2002) 
Met100Glu 446 (Kumauchi et al. 2002) 
Met100Leu 446 (Kumauchi et al. 2002; Sasaki et al. 2002) 
Met100Lys 446 (Kumauchi et al. 2002) 
His108Phe 446 (Hendriks et al. 1999b; Kandori et al. 2000) 
Trp119Gly 445 (Mataga et al. 2002; Takeshita et al. 2002a) 
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In the study of the Photoactive Yellow Protein from Halorhodospira halophila many mutants and hybrids 
have been studied with variable success. A list of all mutants that have been studied is presented in Table 5. A 
list of all hybrids that have been studied is presented in Table 6. These mutants and hybrids provide 
information on different aspects of the Photoactive Yellow Protein and are therefore discussed in more detail 
in the sections that reflect those specific aspects of the Photoactive Yellow Protein. 

Table 6. Hybrids of the Photoactive Yellow Protein 
A list of all hybrids of the Photoactive Yellow Protein together with references to literature. When a hybrid protein has been proven to 
contain a photocycle similar to that of the wild type protein, it has been awarded the property photoactive. 
 

no. Name and properties Structure of free acid 

O

HO

OH

 

4-hydroxy cinnamic acid 
λmax 446 nm 
photoactive I 

(Baca et al. 1994; Hoff et al. 1994b; Imamoto et al. 1995; Kim et al. 1995; Hoff et al. 1996; 
Kort et al. 1996a; He et al. 2000; Sergi et al. 2001; Yoda et al. 2001) 

O

HO

OH

OH  

3,4-dihydroxy cinnamic acid 
λmax 457 nm 
photoactive 

II 

Chapter 4 section 1; (Kroon et al. 1996; Devanathan et al. 1997; van Aalten et al. 2002b) 

O

HO

OH

OCH3  

3-methoxy-4-hydroxy cinnamic acid 
λmax 460 nm 
photoactive 

III 

(Kroon et al. 1996) 

O

HO

OH

OCH3

OCH3

 

3,5-dimethoxy-4-hydroxy cinnamic acid 
IV λmax 488 nm 

Chapter 4 section 1; (Kroon et al. 1996) 

O

HO

NH2

 

4-amino cinnamic acid 
V λmax 405 nm (353 nm (Kroon et al. 1996)) 

Chapter 4 section 1; (Kroon et al. 1996) 

O

HO

N(CH3)2

 

4-dimethyl amino cinnamic acid 
VI λmax 436 nm 

(Kroon et al. 1996) 

O

HO

OCH3

 

4-methoxy cinnamic acid 
VII λmax 355 nm 

(Kroon et al. 1996) 

O

HO

F

 

4-fluoro cinnamic acid 
VIII λmax 317 nm 

Chapter 4 section 1 

O

HO  

Cinnamic acid 
IX λmax 317 nm 

Chapter 4 section 1 
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Table 6 continued 
 

no. Name and properties Structure of free acid 

O

HO

OH

O

O  

7-hydroxy-coumarin-3-carboxilic acid 
X λmax 443 nm 

(Cordfunke et al. 1998) 
O

HO

OH

 

4-hydroxyphenylpropiolic acid 
XI λmax 404 nm 

Chapter 4 section 1; (Cordfunke et al. 1998) 

O

HO

OH

Br  

4-hydroxy-α-bromocinnamic acid 
λmax 447 nm 
photoactive 

XII 

Chapter 4 section 1; (van der Meer 2000) 

O

HO

OH

D

D

 

4-hydroxy-α,β-dideuterocinnamic acid 
λmax 446 nm 
photoactive 

XIII 

(van der Meer 2000) 

O

HO

N

NH

 

Imidazole-4-acrylic acid 
XIV λmax 343 nm 

Chapter 4 section 1 

O

HO

OH

D

D

 

3,5-dideutero-4-hydroxy cinnamic acid 
λmax ? 

photoactive XV 

(Imamoto et al. 2001a) 

O

HO

OH

D  

4-hydroxy-α-deuterocinnamic acid 
λmax ? 

photoactive XVI 

(Imamoto et al. 2001a) 

13C

O

HO

OH

 

13C9-4-hydroxycinnamic acid 
λmax ? XVII photoactive 

(Unno et al. 2002) 
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4 Photocycle: initial events 

The initial photocycle events discussed in this section describe the first basic step in the photocycle (see 
Figure 9), i.e. photoisomerization of the chromophore. This first basic photocycle step takes place on a sub-
picosecond to nanosecond time scale. Several techniques have been utilized to study this part of the 
photocycle. The very first event of the photocycle is absorption of a photon and the subsequent excitation of 
the holo-protein. From this point on there are two basic routes the excited holo-protein can take. It can either 
return to its ground state, or it can enter the photocycle. A return to the ground state is possibly accompanied 
by the emission of a photon. Therefore fluorescence spectroscopy is ideally suited to obtain more information 
on the initial events of the photocycle, but is less well suited to obtain information on the remainder of the 
photocycle. However, after excitation of the holo-protein, the electronic environment of the absorbing part of 
the holo-protein (the chromophore) is changed. Furthermore, during the photocycle this electronic 
environment keeps changing. Absorption spectroscopy is ideally suited to monitor these changes and 
therefore complements the fluorescence spectroscopic data. Due to the high time-resolution needed to look at 
the initial photocycle events, measurements are complicated and one has to be very careful analyzing the 
results. Also, many aspects that are taken for granted or have no influence when measuring at lower time 
resolutions, start to become aspects that have to be taken into consideration. The most important limiting 
factor at high time resolutions is the speed of light. The distance traveled by a photon in 1 fs is only 300 nm. 
This is shorter than the wavelength of light in the visible region of the electromagnetic spectrum. This 
introduces challenges not only on the instrumentation side of the experiment, but also on the side of data 
interpretation, since classical mechanics is not always able to describe the observed events anymore. 

 

Figure 9. Primary photocycle events. 
The primary photocycle events of the Photoactive Yellow Protein at room temperature are depicted. For this, the basic photocycle was 
extended to include the photocycle intermediates of the first basic photocycle step. Alternative names of intermediates that are not used in the 
text, but can be found in literature, are depicted smaller and below the names used in the text. Only one excited state is shown for pG, 
however it has been shown that there are at least two different excited states. As probably only one of these results in induction of the 
photocycle, only one is shown. The existence of the PYPH intermediate at room temperature is under debate, therefore this intermediate is 
not depicted. 
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For many techniques the time resolution required to look at the initial photocycle events is either not 
practical, not obtainable yet, or not possible. An alternative way to obtain information on the initial events in 
the photocycle is via cryotrapping of photocycle intermediates. These cryotrapped species can be 
characterized with many different techniques, where the time-resolution obtainable with these techniques is 
no longer an issue. However, working at the extremely low temperatures necessary to trap early photocycle 
intermediates introduces new challenges and limitations. Cryotrapping in combination with X-ray 
crystallography has made it possible to obtain the crystal structure of an early photocycle intermediate. 
Recent developments should make it possible however, to obtain similar information in a time resolved 
manner also using X-ray crystallography. 

Besides these almost tangible characteristics (absorption/emission of photons, movement of atoms), the 
less tangible characteristic of change in energy (non-radiative deactivation, enthalpy change) can also be 
measured in a time resolved manner using photoacoustic and photothermal techniques. These techniques 
provide information not, or not easily, attainable with other techniques. Therefore, only by using the 
information obtained by many different techniques is it possible to create an accurate model of what occurs 
during the initial stages of the photocycle. 

Besides experiments on actual protein samples, it is also possible to perform in silico experiments, where 
real world events are modeled/predicted via quantum mechanical or other mathematical methods. The current 
state of computer technology only allows ab initio simulations of a system up to a few nanoseconds, which is 
also the time it takes for the initial photocycle events to take place. However, it is usually not possible to 
model the full complexity of the real world situation under study. As a consequence, simplifications are 
introduced that in turn can introduce a certain degree of inaccuracy. With computers becoming faster all the 
time, and the mathematical algorithms used becoming more accurate and/or faster as well, the use of these in 
silico experiments is received with less skepticism and is more and more seen as a real experiment. The 
barrier to use in silico experiments, as a valuable tool to gain more insight into the system under study, is 
becoming lower as well. In some cases it is even invaluable to be able to make sense of extremely complex 
data (e.g. X-ray crystallography, and NMR spectroscopy). 

4.1 Fluorescence spectroscopy 

The Photoactive Yellow Protein has an emission maximum of 495 nm (Meyer et al. 1991). This emission 
maximum is independent of excitation wavelength, while the excitation spectrum fits the absorption spectrum 
and is independent of detection wavelength (Changenet et al. 1998). The fluorescence quantum yield of the 
Photoactive Yellow Protein has been reported as 1.4·10−3 (Meyer et al. 1991), 3.5·10−3 (Hoff et al. 1992), and 
2·10−3 (Kroon et al. 1996) respectively. This low fluorescence quantum yield is not surprising for a protein 
that acts as a light sensor, however it is an additional complication for time-resolved measurement of the 
fluorescence signal. 

The fluorescence decay kinetics of the Photoactive Yellow Protein have been determined via time-
correlated single photon counting (Meyer et al. 1991; Changenet et al. 1998), and fluorescence upconversion 
(Chosrowjan et al. 1997; Changenet et al. 1998). The former is limited to a time-resolution around 16 ps, 
while with the latter a time-resolution in the order of 100 fs can be achieved. In practice these two techniques 
are complementary, since to get information up to the nanoseconds time range, the use of time-correlated 
single photon counting is more convenient than fluorescence upconversion. Using these techniques about 5 
kinetic components have been observed for the fluorescence decay kinetics of the Photoactive Yellow 
Protein. Two fast components with τ values around 0.8 and 4 ps (Chosrowjan et al. 1997; Changenet et al. 
1998), contribute around 80 % to the decay. A slower component with a τ value around 80 ps contributes 
around 20% to the decay (Meyer et al. 1991; Changenet et al. 1998), while the remaining two slow 
components, with τ values around 0.4 and 2.5 ns, jointly contribute around 7% (Changenet et al. 1998). The 
values presented here are averages from different sources, and serve only as an indication of the fluorescence 
decay kinetics of the Photoactive Yellow Protein. In a temperature dependent study using the fluorescence 
upconversion technique (Mataga et al. 2000), the activation energy of decay components in the 100 fs to 10 
ps time range was determined. Within the temperature range that was measured (274 to 308 K) normal 
Arrhenius behavior was observed. Here the fastest component (τ1 ≈ 430 fs) was found to have an activation 
energy of 0. The other fast component has an activation energy of 1.92 kcal·mol−1 (τ2 ~ 1 to 3 ps). For the 
third component observable in the 100 fs to 10 ps time range an activation energy of 6.8 kcal·mol−1 (τ3 ~ 10 to 
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30 ps) was observed. Though the relaxation time for this third component is most likely erroneous due to the 
limited measured time range, it is clear that the slower component(s) have an activation energy. 

Recently, time-resolved fluorescence spectroscopy based on the optical Kerr shutter technique was 
utilized to monitor the primary events in the photocycle of the Photoactive Yellow Protein (Hanada et al. 
2001). Here a time-resolution of 300 fs was achieved. The advantage of this technique is that whole spectra 
are recorded. Therefore the fluorescence spectra do not have to be reconstructed from individual single 
wavelength time-traces. The observed kinetics are similar to those observed with the fluorescence 
upconversion technique. The most interesting result from these experiments is that the spectral narrowing in 
the picoseconds time range is clearly shown. This effect was already noted in the fluorescence upconversion 
experiments, where faster decay kinetics were observed on both sides of the fluorescence peak (Chosrowjan 
et al. 1997). The spectral narrowing cannot (solely) be explained by a dynamic Stokes shift (Chosrowjan et 
al. 1997; Changenet et al. 1998; Hanada et al. 2001). It is therefore still unclear what exactly causes this 
spectral narrowing. 

The question now is, what do these results tell us about the primary events of the photocycle of the 
Photoactive Yellow Protein. Upon photo-activation of the Photoactive Yellow Protein, first the Franck-
Condon state is formed. Vibrational relaxation of the excited protein can either bring it to a fluorescent state, 
into the photocycle, or back to the ground state. The experiments described in this section only provide 
information of the instances when a fluorescent state is formed. The fluorescent state may be an intermediate 
on the route into the photocycle, and/or back to the ground state. Thus the observed fluorescence decay can 
be due to loss of the fluorescent state via vibrational relaxation, emission of photons, and internal reactions 
(e.g. isomerization). Thus far. only the 2 fast components have been confidently linked to pathways that lead 
the protein either into the photocycle or back to the ground state. One line of evidence comes from the study 
of a hybrid of the Photoactive Yellow Protein where the wild type chromophore, thiol ester linked 4-
hydroxycinnamic acid, is replaced by thiol ester linked 7-hydroxy-coumarin-3-carboxilic acid (see Table 6), a 
chromophore which is unable to isomerize. In this hybrid the two fast components are no longer present, 
while the three slower components are (Changenet et al. 1998). More evidence comes from comparison with 
studies using different techniques, which will be discussed later. It has been suggested that these fast 
fluorescent decay components are linked to the formation of a chromophore twisted state (Chosrowjan et al. 
1997; Changenet et al. 1998), which is an intermediate on the route to full trans to cis isomerization of the 
chromophore. It is still possible though that the protein relaxes to the ground state from this twisted state. 

The role of the protein environment or protein nanospace structure (Chosrowjan et al. 1998) on these 
primary events has been studied using mutant, hybrid, and denatured wild type holo-protein. For the 
denatured wild type holo-protein the influence of the protein nanospace structure is eliminated, and the two 
fast fluorescence decay components are not observed. Only a single decay component of 11 ps was observed 
in the measured 100 fs to 10 ps time range (Chosrowjan et al. 1998; Mataga et al. 2000). Several mutants, 
with mutations of residues that interact with or are near the chromophore, were also tested (Glu46Gln, 
Thr50Ala, Thr50Val, Glu46Gln/Thr50Val, and Arg52Gln). In none of these mutants the fastest component is 
present (Chosrowjan et al. 1998; Mataga et al. 2000). For the hybrid holo-protein with thiol ester linked 3-
methoxy-4-hydroxycinnamic acid (see Table 6), which has a more bulky chromophore with respect to wild 
type, the presence of the fast components is emission wavelength dependent, i.e. they are absent for 
wavelengths longer than 530 nm (Changenet et al. 1998). The hybrid holo-protein with thiol ester linked 3,4-
dihydroxycinnamic acid (see Table 6) shows similar behavior (van der Meer 2000). It thus seems that the 
protein nanospace is extremely important for the fastest fluorescent decay component, where any small 
change can have a destructive influence. The other fast component also depends on the protein nanospace, but 
is able to survive minor changes to the protein nanospace. The slow components hardly seem effected by the 
changes to the protein nanospace. These could then reflect relaxation routes back to the ground state, or 
alternative routes for chromophore isomerization that are more or less independent on the protein nanospace. 

The nature of the twisting motion required for the postulated formation of the twisted state has been 
studied using hybrid holo-proteins where the hydrogen atoms of the chromophore C7=C8 double bond are 
exchanged for heavier and more bulky atoms. Both in the thiol ester linked 4-hydroxy-α,β-dideuterocinnamic 
acid and 4-hydroxy-α-bromocinnamic acid (see Table 6) holo-protein, the fluorescence decay kinetics are 
similar to those of the wild type holo-protein (van der Meer 2000). This indicates that upon formation of the 
postulated twisted state, there is little or no rotation around the C7=C8 double bond, since such a rotation is 
expected to be slowed down in the presence of the deuterium and bromine atoms. 
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4.2 Absorption spectroscopy 

Ultra-fast absorption spectroscopy has been used extensively to monitor the primary steps in the 
photocycle of the Photoactive Yellow Protein. The first measurements done only monitored the first 14 ps of 
the photocycle. Here three relaxation times could be extracted from the data, i.e. the τ values 0.70 ps, 3.6 ps, 
and infinite (on the time-scale of the experiment) (Baltuška et al. 1997). Stimulated emission complicates the 
analysis of the observed absorption changes. The most concrete information from these measurements are the 
relaxation times, which are more or less identical to relaxation times observed with fluorescence 
upconversion, as discussed in section 4.1. The first 14 ps of the photocycle are not sufficient to monitor 
formation of the final product in the first basic step in the photocycle (pR). An experiment with picosecond 
time-resolution covering the first 4 ns of the photocycle, was able to provide this information. Two 
intermediates, I0, and I0

‡, were identified in this experiment. I0 is formed with a relaxation time of ≤ 3 ps, and 
decays with a relaxation time of ~220 ps to form I0

‡, which in turn decays with a relaxation time of 3.0 ns to 
form pR (Ujj et al. 1998). The absorption band of I0 has its maximum around 510 nm. The absorption band of 
I0

‡ is similar to that of I0, except that it is broader and has about 20 % less absorbtivity. The characteristics of 
the I0

‡ intermediate make it difficult to detect confidently. In a subsequent study the I0
‡ intermediate was not 

observed (Imamoto et al. 2001d). Yet another study did detect the I0
‡ intermediate, only here the absorbtivity 

of I0
‡ was found to be greater as that of I0 (Gensch et al. 2002). 

It is now clear that in order to study the events in the first step of the photocycle of the Photoactive 
Yellow Protein, it is necessary to study the complete femtoseconds to nanoseconds time range and not just a 
part of it. The complexity of the events in the first step have led to the proposition of several different models. 
In a study complementing the picosecond to nanosecond data described above (Ujj et al. 1998), the formation 
of the I0 intermediate was studied further (Devanathan et al. 1999b). Essentially, this study repeats the study 
on the first few picoseconds of the photocycle that was discussed earlier (Baltuška et al. 1997). The major 
difference is the analysis and interpretation of the data. In their model two different excited states exist from 
which either the ground state (τ ~ 3.4 ps), or the intermediate I0 (τ ~ 1.9 ps) is formed (Devanathan et al. 
1999b). However, more detailed analysis is necessary to confirm this hypothesis. 

A different model of the first step of the photocycle was obtained in a separate study spanning the 
femtosecond to nanosecond time domain (Imamoto et al. 2001b). In this study a multichannel spectrometer 
was used, allowing for a more precise spectral analysis not possible in previous studies. Also in this model 
two different excited states are postulated. One decays with a relaxation time of 7.1 ps back to the ground 
state, the other decays with a relaxation time of 950 fs to the photocycle intermediate I0. It is unclear if these 
two excited states are in thermal equilibrium with each other. I0 subsequently decays with a relaxation time of 
1.3 ns to form pR. Via a discrepancy between the amount of bleached ground state and formation of the 
amount of pR, the authors further claim the existence of a branched pathway between the excited state and 
pR, also observed at low temperature (Imamoto et al. 1996). In the other branch the intermediate PYPH (or 
PYPHL) is formed instead of I0, and subsequently decays to pR with a relaxation time of >5 ns. 

In a recent study where polarized transient absorption spectroscopy was used to investigate the primary 
photocycle events, two excited states were identified as well as the intermediates I0 and I0

‡ (Gensch et al. 
2002). The used observation time window was not large enough to confidently monitor pR formation. 
Anisotropy changes relative to the ground state were also monitored. An anisotropy change indicates a 
change in direction of the transition dipole moment, which can be interpreted as a sign that isomerization has 
occurred or is under way. Of the two observed excited states, only the second shows anisotropy changes with 
respect to the ground state. Anisotropy changes were also observed for the I0 and I0

‡ intermediates. In the 
model used to fit the data I0 is formed via the first excited state, while the second excited state is a photocycle 
dead end. From this same model it is evident that the formation of I0

‡ has a low quantum efficiency. As a 
result the spectrum of I0

‡ has a higher absorbtivity than I0 in this model, not a lower as described earlier (Ujj 
et al. 1998). Additionally, the wavelength dependence of photo-excitation was determined by comparing 
excitation at 400 and 485 nm. Other than some kinetic differences, no dramatic differences, such as a 
different pathway, was observed. However, due to limitations in the monitored wavelength range, any blue-
shifted intermediates, would not be observed. It is thus still possible that differences are present with respect 
to possible blue-shifted intermediates. 

To help understand what is going on in the first step of the photocycle, additional measurements on the 
free chromophore, and on mutants were performed. To obtain a good reference for the effect the protein 
nanospace has on the isomerization event, information on the isomerization event in the absence of the 
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protein nanospace is necessary. This reference is provided by a study on fully deprotonated 4-
hydroxycinnamic acid (Changenet-Barret et al. 2001). The photo-isomerization of fully deprotonated 4-
hydroxycinnamic acid is a kinetically simple event, where the trans excited state form decays to the cis form 
without a detectable intermediate with a relaxation time of 10 ps. This is very similar to the relaxation time of 
11 ps (Chosrowjan et al. 1998; Mataga et al. 2000) reported for chromophore trans to cis isomerization in the 
denatured protein, as described in section 4.1. This similarity validates the choice to take fully deprotonated 
4-hydroxycinnamic acid as a model compound for the chromophore of the Photoactive Yellow Protein in the 
absence of the protein nanospace. 

Several mutants of the Photoactive Yellow Protein have been studied with respect to the initial photocycle 
events, Glu46Gln (Devanathan et al. 2000; Zhou et al. 2001), Glu46Ala and Tyr42Phe (Devanathan et al. 
2001). All these mutants have been analyzed with the model including the I0

‡ intermediate. For all these 
mutants the formation of pR is considerably faster (5 times for Glu46Gln, 100 times for Glu46Ala and 
Tyr42Phe). Formation of the I0 intermediate is similar to the wild type situation in the Glu46Gln mutant, but 
about a factor of 2 slower in the Glu46Ala and Tyr42Phe mutants. The I0

‡ intermediate was only barely 
detectable (i.e. distinguishable from the I0 intermediate) in the Glu46Gln mutant, and not detectable at all in 
the Glu46Ala and Tyr42Phe mutants. A possible reason for this difficulty is that rate of formation of the I0 
and I0

‡ intermediates is similar in the mutants, while they are much further apart in the wild type situation. 
Another reason might be that the I0

‡ intermediate is not formed in the mutants. Nonetheless, it is clear that 
disruption of the hydrogen-bonding network either by weakening one of the hydrogen bonds (Glu46Gln 
mutant), or removing one of the hydrogen bonds (Glu46Ala and Tyr42Phe mutants) has a pronounced effect 
on the formation of pR. This is possibly caused by an increase in translational and vibrational freedom within 
the active site allowing the initial photocycle events to be faster (Devanathan et al. 2000). 

4.3 Photoacoustic and photothermal methods 

Non-radiative processes are not easily followed via absorption or emission techniques. Though they may 
coincide with events observed via absorption and emission techniques, this is not necessarily the case. These 
non-radiative processes can be followed in a time-resolved manner by photoacoustic and photothermal 
methods (Braslavsky and Heibel 1992; Gensch et al. 1999; Schulenberg and Braslavski 2001), that record 
among other phenomena the amount of heat released, i.e. changes in enthalpy. The time resolution in these 
techniques spans from picoseconds to seconds, depending on the particular method selected. These methods 
can be very sensitive since the energy released in non-radiative deactivation processes can easily amount to 
50 to 95 % of the absorbed energy. Although this principle has been known for a long time only a few 
experimental set-ups have been established in the past thirty years. Two of them have been used to 
characterize the enthalpy changes during the PYP photocycle, in the pG to pR transition, i.e. photoacoustic 
spectroscopy (PAS, also named light-induced optoacoustic spectroscopy (LIOAS)) and thermal grating (TG). 
Both methods suffer from the fact that processes other than heat release contribute to the signal generated, 
such as structural volume changes (PAS, TG) and absorption changes (TG). One can, however, separate the 
different contributions to the signal and obtain additional information about the structural volume changes. 
They reflect alterations of bond length, solvation, protonation state, and interactions of the chromophore with 
surrounding amino acid side chains. Under certain circumstances the structural volume change can be related 
to the difference in entropy between two photocycle intermediates (Borsarelli and Braslavsky 1998; Losi et 
al. 2001). The PAS and TG studies performed on the Photoactive Yellow Protein used nanosecond time-
resolution. Therefore, only information about the pR intermediate was obtained, with regard to the first basic 
step of the photocycle. Information on intermediates between the ground state and pR will require the use of 
picosecond time-resolution. 

In the first photoacoustic investigation the energy content of the pR intermediate was determined as 120 
kJ·mol−1. The formation of pR is accompanied by a large negative volume change (– 23 Å3) (van Brederode 
et al. 1995). For the estimation of the two values it was assumed that the photocycle quantum yield, enthalpy 
and structural volume changes are temperature independent. This is the standard procedure in PAS studies 
(Braslavsky and Heibel 1992) and was found valid for a vast amount of molecules. In a second study, PAS 
was applied in combination with TG (Takeshita et al. 2000b). With the TG technique it is possible to separate 
the heat dissipation in the first step of a reaction (pG to pR in this study) from the other contributions to the 
TG signal, due to the orders of magnitude faster heat diffusion compared to the sample molecule diffusion 
(Hara et al. 1996). In this way the structural volume change could be determined without the necessity to 
assume its temperature independence. A value of – 12 Å3 was found at 293 K, which is also a contraction but 

 23 



Chapter 1  Photocycle: initial events 

only half the value calculated from the results obtained with PAS (van Brederode et al. 1995). An energy 
content of 160 kJ·mol−1 was obtained for pR at this temperature. Furthermore, the structural volume change 
of pR formation was found to be temperature dependent. With decreasing temperature the magnitude of the 
contraction increases. At 273 K it amounts to –25 Å3, a value very similar to the one measured with PAS only 
(van Brederode et al. 1995). The TG signal was not large enough at temperatures lower than 293 K to decide 
whether or not the energy content of pR is temperature dependent as well. The unusual and strong 
temperature dependence of the structural volume change is attributed to changes in the void volume of the 
protein or a change in interactions of certain residues with the chromophore and/or the solvent in the pG to 
pR transition (Hara et al. 1996). 

TG and PAS measurements have also been performed on the free chromophore, 4-hydroxycinnamic acid 
(Takeshita et al. 2000a). It was revealed that the cis configuration has about 50 kJ·mol−1 more energy content 
than the trans configuration. Also a volume change of −1.2 Å3 was observed upon trans to cis isomerization. 
This is much smaller than the volume change observed in the Photoactive Yellow Protein. However, a direct 
comparison between the free chromophore and the protein is difficult, since the free chromophore was 
protonated, whereas it is deprotonated in the protein. Also, interactions of the protein with the chromophore, 
which most probably change the energetics and structural features of the chromophore, are absent in the free 
chromophore. 

So far, only results on the pG to pR transition as studied with photothermal methods have been published. 
New, results about the time scale of pR formation have been obtained recently. While pR formation is 
completed within 10 ns according to time-resolved absorption spectroscopy (Ujj et al. 1998), its rate of 
formation extends to several μs as measured with opto-acoustic methods (see section 5.3, Chapter 3 section 3, 
and (Takeshita et al. 2002a; Takeshita et al. 2002b)). 

4.4 Low temperature 

At low temperatures photocycle intermediates can be trapped. Assigning such trapped intermediates to 
intermediates observed at room temperature can be tricky. In several early studies assumptions were made 
about certain trapped intermediates that in later studies were found to be erroneous. Results from those early 
studies may therefore need to be reinterpreted. Most experiments were performed in the presence of 67% 
(v/v) glycerol, in order to obtain clear, crack free, glasses at the low temperatures. However, it is also possible 
to perform low temperature experiments on hydrated films of the Photoactive Yellow Protein. The presence 
of glycerol does have an influence on the characteristics of the Photoactive Yellow Protein (Meyer et al. 
1989; Hoff et al. 1992), this should be kept in mind when comparing results. At low temperatures the 
absorption spectrum of the Photoactive Yellow Protein narrows and a shoulder, on the short wavelength side 
of the absorption band, becomes clearly visible. 

In Figure 10 the low temperature photocycle of the Photoactive Yellow Protein is represented. Here we 
see that the first basic step of the photocycle proceeds via a branched pathway. A bias for one of the branches 
can be obtained via adjustment of the excitation wavelength. The branch with the I0 intermediate is preferred 
when shorter wavelengths are used for excitation (Hoff et al. 1992; Masciangioli et al. 2000). It is however 
unclear if this is caused by the characteristics of the Photoactive Yellow Protein or by the fact that the I0 
intermediate can be photo converted back to pG, which occurs at higher wavelengths. Similarly the PYPH 
intermediate can be photo converted back to pG, which occurs at lower wavelengths (Imamoto et al. 1996). 
Here we are confronted with one of the pitfalls of cryotrapping photocycle intermediates. The photoactivity 
of the protein is not limited to its ground state. Photocycle intermediates are also photoactive. To accumulate 
a cryotrapped intermediate the sample is usually illuminated for an extended period of time. As a result, the 
intermediate being cryotrapped is also illuminated and can thus be photoactively converted as well. In this 
case the intermediate is photoactively returned to the ground state. However, it is also possible that other 
intermediates, that normally are not part of the photocycle, are formed. Such an intermediate may be the 
fluorescent species F430, which possibly is formed from the PYPH intermediate (Hoff et al. 1992). 
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Figure 10. Low temperature photocycle 
The photocycle of the Photoactive Yellow Protein at low temperature. Alternative names of intermediates that are not used in the text, but 
can be found in literature, are depicted smaller and below the names used in the text. Temperatures at which reactions can occur are 
depicted next to the relevant arrow. 

From the two intermediates that are cryotrapped below 93 K, PYPH is slightly blue-shifted with respect to 
pG but still overlaps the pG spectrum considerably. The I0 intermediate is considerably red-shifted with 
respect to pG. It is therefore more easy to obtain a sample containing just pG and PYPH than a sample 
containing just pG and I0, since I0 can be photo converted back to pG selectively without exciting pG. With 
PYPH this is not possible, thus any cryotrapped pG/I0 sample will also contain a certain amount of PYPH. If 
one has cryotrapped I0 and/or PYPH and slowly heats up the sample to above 93/123 K, the intermediates 
PYPBL and PYPHL are trapped respectively. The PYPBL intermediate, formed from I0, is blue-shifted with 
respect to pG. The PYPHL intermediate, formed from PYPH, overlaps with pG. It is however very difficult to 
obtain samples containing pG and just one of these first thermal photocycle products (Imamoto et al. 1996; 
Imamoto et al. 2001a). When the sample temperature is subsequently brought above 183/193 K the two 
branches join and the intermediate pR is formed (Imamoto et al. 1996). Though it does not seem possible to 
trap pB in the presence of 67% (v/v) glycerol, it is possible to trap pB in a hydrated film of the Photoactive 
Yellow Protein at 233 K (Imamoto et al. 1997). Cryo-trapped pB is discussed in section 5.5. 

Low-Temperature FTIR measurements on the intermediates in the first basic step of the photocycle, show 
only minor differences between these intermediates (Imamoto et al. 2001a). These differences were attributed 
to the ethylene bond of the chromophore, by determining the deuterium isotope effect of two Photoactive 
Yellow Protein hybrids that contain differently deuterium labeled chromophores, 3,5-dideutero-4-
hydroxycinnamic acid, and 4-hydroxy-α-deuterocinnamic acid (see Table 6). Here only the latter hybrid 
showed a deuterium isotope effect in the characteristic bands in the 1020 - 960 cm−1 range, which distinguish 
the different intermediates in the first basic step of the photocycle. Furthermore, all these intermediates were 
shown to have the chromophore in the cis configuration. 
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Two more hybrids of the Photoactive Yellow Protein have been studied. In these hybrids the isomerizable 
bond of the chromophore is blocked by a ring structure, 7-hydroxy-coumarin-3-carboxilic acid, or by the 
exchange of the double bond by a triple bond, 4-hydroxyphenylpropiolic acid (see Table 6) (Cordfunke et al. 
1998). Unfortunately, we have since then discovered that the free acid of the latter chromophore was altered 
during the reconstitution procedure, which resulted in a hybrid holo-protein with an as of yet unknown 
chromophore (see Chapter 4 section 1). Analysis of the 7-hydroxy-coumarin-3-carboxilic acid hybrid of the 
Photoactive Yellow Protein revealed that illumination of this hybrid at 77 K with 460 nm light results only in 
depletion of the ground state absorption band. At 77 K the intermediates PYPH and I0 are cryotrapped with 
wild type protein, where the illumination conditions suggest a bias towards PYPH. It is clear that an I0 like 
intermediate is not formed in the hybrid. However, a PYPH like intermediate is possibly formed. At room 
temperature no photocycle has been observed for this hybrid, not with ms time-resolution (Cordfunke et al. 
1998), nor with nanosecond time-resolution (Hendriks et al., unpublished results). Further analysis is 
necessary to determine the exact nature of the cryotrapped intermediate of this hybrid to see if it actually 
resembles one of the wild type protein early intermediates, or if it is unique to this hybrid. 

For several mutants the absorption spectra of cryo-trapped PYPH, I0 an pR intermediates have been 
reported, i.e. Glu46Gln, Thr50Val, and Arg52Gln (Imamoto et al. 2001d). The absorption spectra of the 
intermediates for the Arg52Gln mutant are identical to those in wild type protein. The absorption spectra of 
the intermediates for the other two mutants were similarly red-shifted with respect to the wild type protein as 
is the case for these mutants in the ground state form. Though these results by themselves do not yet allow 
any definitive conclusions to be drawn, they do support the idea that during the first step of the photocycle 
any structural changes, linked to or around the phenolate oxygen of the chromophore, are minor ones. 

4.5 Structure 

The Photoactive Yellow Protein is the first protein for which the structure of photocycle intermediates has 
been determined with X-ray crystallography. Two intermediates from the first step in the photocycle have 
been determined, PYPBL and pR. For both intermediates the structural changes are limited to the immediate 
surroundings of the chromophore. The structure of the PYPBL intermediate was obtained via cryotrapping and 
resolved with a resolution of 0.85 Å. Based on the used temperature and illumination conditions, together 
with determination of the absorption spectrum of the cryotrapped sample, it was concluded that PYPBL was 
the cryotrapped intermediate (Genick et al. 1998). However, it can not be excluded that PYPHL is also formed 
and thus a mixture of intermediates was present. From this structure it is evident that the chromophore is in a 
cis configuration, be it a distorted one that has barely crossed the trans to cis transition point. The most 
important conclusion from this structure is that the chromophore is isomerized in such a way as to cause as 
little as possible movement of the chromophore within the chromophore pocket. As a result, the aromatic ring 
is almost exactly at the same position relative to the situation in pG (see Figure 11 e). This is achieved by 
rotating the carbonyl function 166.5°, with respect to the aromatic ring, breaking the hydrogen bond between 
the carbonyl function and the backbone amide group of Cys69 (see Figure 11 a, b, d). 

The structure of the pR intermediate was obtained via time-resolved X-ray crystallography, with 1.9 Å 
resolution (Perman et al. 1998). The structure was determined from the 1 ns time-slice of a dataset 
encompassing time-slices up to 1 ms. Though initially the obtained structure was assigned to pR, this was 
revised in a subsequent paper describing the full obtained dataset of the time-resolved X-ray diffraction 
experiment (Ren et al. 2001). The recorded 1 ns time-slice overlapped with the excitation laser pulse, which 
would/could result in the presence of multiple intermediates that are in photo-equilibrium. Besides pG and 
pR, intermediates that occur between these two in the photocycle could also be present. The structure 
deposited at the Protein Data Bank (Berman et al. 2000) (http://www.rcsb.org/pdb) with PDB ID: 2PYR 
(Perman et al. 1998) has since been refined, but has not been updated or replaced yet. In the refined structure 
the hydrogen bonding network stays intact. However, the position of the chromophore carbonyl function 
remains very similar. From the deposited pR structure one can see that the chromophore is no longer in a 
highly distorted cis configuration, but existing with a chromophore that has completed the isomerization of 
the C7=C8 double bond. In this structure the carbonyl function has rotated an additional 108.5° with respect to 
the cryo-trapped intermediate PYPBL (see Figure 11 b-d). This would allow a hydrogen bond to be formed 
between the carbonyl and the backbone amide of Tyr98. 
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What is clear from these results is that in the first basic step of the photocycle the chromophore is 
isomerized via a carbonyl flip which allows as little movement of the position of the chromophore as 
possible. This was already suggested from results obtained via FTIR spectroscopy on a mixture of cryo-
trapped early photocycle intermediates (Xie et al. 1996), which was, at that time, erroneously assigned to the 
pR intermediate. Here the hydrogen bond between the chromophore and Glu46 stays intact upon 
isomerization. Later this result was also obtained for the actual cryo-trapped pR intermediate (Imamoto et al. 
2001a) and the room temperature pR intermediate (Brudler et al. 2001; Xie et al. 2001). The carbonyl flip can 
be interpreted as a double isomerization around the C7=C8 double bond and C9-Sγ single bond, i.e. C7=C8-
trans C9-Sγ-cis to C7=C8-cis C9-Sγ-trans (Xie et al. 1996). 

 
Figure 11. Carbonyl rotation in first step of the photocycle 
Several representations of pG, PYPBL, and pR are shown that illustrate the manner in which the chromophore is isomerized during the first 
step of the photocycle of the Photoactive Yellow Protein. The chromophore, Cys69 and the backbone of Tyr98 are shown as Ball and Stick 
for the different structures. Hydrogen bonds are shown as dashed Sticks. Panel a: view of pG from behind the chromophore. Panel b: view of 
PYPBL from behind the chromophore. Panel c: view of pR from behind the chromophore. Panel d: view of the atoms O1 and C9 including 
bond (the carbonyl function) from behind the chromophore. The rotation of the carbonyl function, relative to the plane of the aromatic ring, 
was determined by comparing the angles between a plane through the aromatic ring atoms C1, C2 and C3, and a plane though the atoms O1, 
C9 and C1, which contains the carbonyl function (note: atoms C9 and C1 are not bonded to each other. Also C1, C2, C3 and C9 correspond to 
C1’, C2’, C3’ and C1 respectively in the structure coordinate files). Panel e: side view of all three structures overlaid. Color coding is as 
follows: Carbon light gray (three shades of light gray are used with the lighter of these used in pG, medium in PYPBL and Tyr98, the darker 
in pR), Nitrogen - dark gray, Oxygen - black, Sulfur - medium gray. The figure was prepared using the program MOLMOL (Koradi et al. 
1996) using the structure coordinate file deposited at the Protein Data Bank (Berman et al. 2000) (http://www.rcsb.org/pdb) with PDB ID: 
2PHY (Borgstahl et al. 1995), 3PYP (Genick et al. 1998), 2PYR (Perman et al. 1998). The program POV-RayTM (http://www.povray.org) was 
used to render the images. 

4.6 Modeling 

Besides information from measurements performed on the Photoactive Yellow Protein itself, information 
obtained via modeling of this protein has also become available. The first study reported the effect of photo 
excitation on the movement of amino acid residues via a molecular dynamics simulation of the complete 
protein in a box of water (Yamato et al. 1998). To achieve this, the partial charges on the chromophore in the 
ground state and the excited state were determined via semi-empirical quantum mechanical calculations. 
During the molecular dynamics simulation, encompassing 180 fs (excitation after 120 fs), the shape of the 
chromophore was fixed. Photo excitation was simulated by exchanging the partial charges of the 
chromophore in the ground state by those for the excited state. The result from this calculation is that only 
amino acid residues in proximity to the chromophore moved significantly. 

Unlike this first study, other modeling studies have used models limited to the chromophore and its 
immediate surroundings. The protein environment is then modeled via point charges and/or small molecules. 
This simplification allows ab initio calculations to be performed. The complexity of modeling is illustrated by 
a pilot study to determine the best algorithms and conditions to use to study the photo isomerization event 
(He et al. 2000). As this study is not complete yet, few answers were obtained save the algorithms and 
conditions to use. However, evidence was obtained that suggest that the electrostatic environment of the 
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Photoactive Yellow Protein is essential in stabilizing the lowest singlet excited state. Also, hydrogen bonds of 
the chromophore with Tyr42 and Glu46 exert minor influence on the lower excited states. 

The effect of deprotonation of the chromophore on bond lengths and angles, as well as the energy 
differences between the trans and cis isomeric forms, are other problems that lend themselves well for study 
via modeling. Such a study (Sergi et al. 2001) shows that deprotonation of the chromophore weakens the 
C7=C8 double bond, both for the trans and cis conformation. This effectively lowers the barrier for 
isomerization. It is also clear that the negative charge on the chromophore is delocalized over the entire 
chromophore, but it does not propagate past the sulfur atom of the thiol ester bond. Furthermore, it was 
shown that the chromophore model compounds are essentially planar in the trans configuration, but show a 
slight out of plane distortion in the cis conformation due to steric hindrance between the carbonyl oxygen and 
the hydrogen of the C6 ring carbon. Besides calculations on chromophore model compounds in vacuum, a 
more complex model incorporating modeled interactions with the protein environment was also tested in this 
study. A comparison was made between the ground state situation and a situation where isomerization has 
occurred. Here the available information from the crystal structures of the ground state and the PYPBL 
intermediate were used as starting points. Notably, after geometry optimization of the PYPBL configuration, 
the chromophore no longer shows a strong out of plane distortion, as it does in the PYPBL crystal structure. 
However, it is still slightly more distorted with respect to the model compound in vacuum. It is likely that the 
obtained model is similar to the situation in the pR intermediate and no longer resembles the situation in 
PYPBL. Since the possible hydrogen bond of the carbonyl with the Tyr98 backbone amide in pR was not part 
of the model it is not known what influence such a feature would have in such a model. The energy calculated 
for the pR-like model was 105 kJ·mol−1 higher than in the ground state model. This is similar to the value of 
120 kJ·mol−1 obtained via photoacoustic spectroscopy, which is associated with the energy storage in the pR 
intermediate (van Brederode et al. 1995). Note that for the model compounds in vacuum an energy difference 
of only 21 kJ·mol−1 is obtained, clearly showing the important role the protein environment has. 

Besides measuring absorption spectra, they can also be predicted using ab initio methods (Molina and 
Merchan 2001). As such, these predictions can test if structures have been assigned to the right photocycle 
species or if the obtained structure makes sense. All available structures involved in the first basic step of the 
photocycle have been tested in this way. For the electronic spectrum of the ground state a major band at 481 
nm and minor bands at 420 and 341 nm are predicted. The major band, though clearly overestimated, 
compares reasonably well with the experimental value. Furthermore, it is shown that the lowest excited state, 
giving rise to the major band, has a π-π* nature. The structure assigned to the PYPBL intermediate shows 
bands at 1000, 479, and 426 nm. The latter is a minor band with respect to the first two. For the PYPBL 
intermediate a band is expected at 400 nm, only the minor band comes close to that value. However, for 
PYPHL a band is expected at 447 nm, which is reasonably close to the predicted 479 nm band. Though, a 
400nm absorption band was observed in the crystals with cryo-trapped intermediate(s) (Genick et al. 1998), it 
is possible a significant amount of PYPHL was also present which is difficult to distinguish spectroscopically 
from pG. Thus the structure may resemble PYPHL or represent a sort of average structure between PYPBL and 
PYPHL. As one might expect, the predicted absorption bands from the deposited pR structure (Perman et al. 
1998) (without the later refinements (Ren et al. 2001)) showed no clear resemblance with the known 
absorption spectrum of pR. 

Very recently an extensive study on the photoexcitation and isomerization of the Photoactive Yellow 
Protein was published (Groenhof et al. 2002a). Here a combination of molecular dynamics simulation 
techniques and time-dependent density functional theory calculations were used. Several interesting results 
were obtained. Out of five separate simulations that were performed of the excited state, two showed a 
twisted configuration of the chromophore, and in three the chromophore retained its trans configuration. This 
could explain the two different excited sates observed in the ultra fast absorption measurement (see section 
4.2). The twisted state could lead to isomerization, while the other simply returns to the ground state. 
Furthermore, it seems that the Photoactive Yellow Protein selectively stabilizes the transition state which can 
lead to the isomerization of the chromophore, i.e. the internal barrier for isomerization is considerably 
lowered in the excited state. Also, the calculations revealed that isomerization of the chromophore does not 
lead to a change in protein stability. 
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4.7 Summary 

In the first basic step of the photocycle of the Photoactive Yellow Protein the chromophore is isomerized. 
The exact sequence of events describing this isomerization is still a puzzle. Though several models have been 
suggested, it is not clear which, if any, of these models is correct. However, several features are known. At 
least two different fluorescent states are formed after photo-excitation of the Photoactive Yellow Protein. One 
of these fluorescent states has a chromophore configuration which is different from the ground state 
configuration, which presents itself as an anisotropy difference with respect to the ground state. It is unclear if 
these fluorescent states are actual photocycle intermediates that lead to the progression of the photocycle, are 
photocycle dead ends, or both (i.e. upon formation they can return either to the ground state directly or 
indirectly via the photocycle). 

The first step in the photocycle is completed upon formation of pR. At least one photocycle intermediate 
is formed between the excited (fluorescent) state and pR at room temperature. This intermediate, called I0, is 
formed on a picosecond timescale and decays to pR on a nanosecond timescale. An additional intermediate 
with similar absorption characteristics as I0, called I0

‡, exists between I0 and pR. At cryogenic temperatures, 
more intermediates can be distinguished. Here a branched pathway exists where each branch contains two 
intermediates, one of which can be assigned to the room temperature intermediate I0. The two branches join 
upon formation of pR. Since the absorption characteristics of the intermediates of one of the branches are 
very similar to the ground state absorption characteristics, it is very difficult to confidently determine their 
existence without trapping them at cryogenic temperatures. However, the existence of at least one of these 
intermediates has been suggested to exist at room temperature. 

Though the correct spectroscopic identification of the different intermediates is important, it is more 
interesting to understand what happens structurally. From what is known it is clear that the protein part shows 
very little structural change during the first step of the photocycle. Also, the aromatic ring of the chromophore 
stays more or less at the same position. The only way to facilitate isomerization of the chromophore with 
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 C9–Sγ single bond, i.e. the chromophore configuration 
changes from C7=C8-trans C9–Sγ-cis to C7=C8-cis C9–Sγ-trans. 

As one would expect, the protein is rigged to facilitate this isomerization. Most notably, the deprotonated 
state of the chromophore weakens the C7=C8 double bond, lowering the activation energy barrier for 
isomerization. Furthermore, a twisted conformation of the chromophore seems to be stabilized in the excited 
state, possibly producing a bias towards full trans to cis isomerization of the C7=C8 double bond. 

The energy content of the Photoactive Yellow Protein has increased 120-160 kJ·mol−1 upon formation of 
pR. This means that about half the energy of an absorbed photon  is stored in the holo-protein at this point (a 
photon with wavelength 446 nm has an energy 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 e.g. 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. Thus small 
movements induced by thermal relaxations, may dictate the exact isomerization route of the chromophore. 
Here small, possibly insignificant, structural differences may produce different spectroscopic species, while 
the manner of isomerization is essentially the same. Additionally, such differences may already be introduced 
by small structural differences in the ground state, which are due to the natural movements of the protein. 

The Photoactive Yellow Protein is not the only protein that has a photocycle, and where a chromophore 
changes its isomerization state upon photo-activation. The families of rhodopsin and phytochrome proteins 
are others. Here many characteristics show definite similarities with those of the Photoactive Yellow Protein. 
Thus the lessons that are learned with the Photoactive Yellow Protein, may lead the way to a better 
understanding in these other proteins as well, and vice versa. 
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5 Photocycle: signaling state 

This section focuses on the signaling state of the Photoactive Yellow Protein. This state is involved in the 
last two basic steps of the photocycle (see Figure 8). The consensus is that in this state the protein interacts 
with a transducer protein to signal the cell that a blue photon has been absorbed. As such, this state needs to 
have a relatively long lifetime to allow for such a signal to be communicated. Since the interacting transducer 
protein has not been identified yet, all experiments have been performed on just the purified Photoactive 
Yellow Protein, i.e. the sensor protein. It is therefore possible that certain characteristics of the signaling state 
change, once the transducer protein is added. An example of the effect a transducer protein can have on a 
photo-sensor is the photo-sensor 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 (Spudich and Spudich 1993). Also, the pH dependence of the photocycle kinetics changes upon 
removal of the transducer protein (Spudich and Spudich 1993). This does not imply that measurements on 
just the isolated photo-sensor are obsolete. On the contrary, any differences between the characteristics in the 
absence and presence of the accompanying transducer may lead to a better understanding of how a signal 
might be transmitted. 

For the formation of the signaling state of the Photoactive Yellow Protein, two key events have been 
identified. One is protonation of the chromophore, neutralizing its negative charge, and the other is structural 
change of the protein. In the last basic step of the photocycle the ground state is recovered. i.e. the 
chromophore has to be deprotonated and re-isomerized, and the protein part has to return to its ground state 
structure. Though the knowledge about the formation of the signaling state has increased significantly over 
the past few years, little is yet known about the specifics of the recovery of the ground state. 

It is much more straight forward to do experiments in the nanoseconds to seconds time-domain than in 
the femtoseconds to nanoseconds time-domain. Many of the experimental problems mentioned in section 4 
are no longer an issue. The simplified experimental conditions allow for many routine like experiments to be 
performed. Nanosecond time-resolution is not employed in all cases though, microsecond and millisecond 
time-resolutions are also regularly used. To monitor formation of the signaling state at least microsecond 
time-resolution has to be used. However, in some cases nanosecond time-resolution is essential. To monitor 
ground state recovery the use of millisecond time-resolution is usually enough. Mostly, UV/Vis spectroscopy 
is utilized, though FTIR spectroscopy is becoming more common as well. Research is however not limited by 
these two commonly used techniques, and more and more other techniques are being utilized, resulting in 
many new insights. 

5.1 The photocycle model 

Recently the photocycle model has changed significantly with respect to events that occur after the 
formation of the pR intermediate (pre-pR events are discussed in detail in section 4). Much of the early work 
assumed a simple three state photocycle model, as depicted in Figure 8. Here, the formation of the signaling 
state, pB from pR has been described both as a kinetically bi-exponential and mono-exponential event. 
Actually, the first detailed analysis of the photocycle of the Photoactive Yellow Protein (Meyer et al. 1987) 
postulated a photocycle containing an additional intermediate with similar spectral properties as the pB 
intermediate. This was inspired by the observed bi-exponential kinetic character of pB formation from pR. 
However, this idea was abandoned in a subsequent paper (Meyer et al. 1989). Recently, the intermediate pB’ 
was introduced as an intermediate in the pR to pB photocycle step based on results obtained with FTIR 
spectroscopy (Xie et al. 2001). 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 (see Chapter 3 section 3). 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 (Meyer et al. 1987; Hoff et al. 1994a). 

Recovery of the ground state can be achieved either in the dark or photo-induced. In the latter, a photon 
absorbed by pB’ and/or pB, photo-isomerizes the chromophore allowing a thousand fold increase in the rate 
of recovery speed, with respect to the rate of recovery in the dark (see Chapter 3 section 2). This branching 
reaction can also be induced by measuring light and hence influence data. This has to be taken into account 
when analyzing and comparing data. Though for the dark recovery it has been suggested that before 
isomerization can take place the chromophore must first be deprotonated and thus an intermediate must exist 
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between pB and pG (Demchuk et al. 2000), this was not experimentally demonstrated until recently (see 
Chapter 3 section 3). The details of the second and third basic photocycle step are depicted in Figure 12. In 
the following sections the available data from literature will be evaluated with this photocycle model in mind. 

 

Figure 12. Detailed photocycle events after formation of pR. 
The photocycle events of the Photoactive Yellow Protein at room temperature after formation of pR are depicted. For this the basic 
photocycle was extended to include the photocycle intermediates of the second and third basic photocycle step. Alternative names of 
intermediates that are not used in the text, but can be found in literature, are depicted smaller and below the names used in the text. The 
typical time-scale of the different photocycle reactions are shown next to the arrow depicting that reaction. 

5.2 Influence of experimental conditions 

Many experiments have been performed that monitor the signaling state, under almost as many different 
solvent conditions. Since these solvent conditions can have pronounced effects on the properties of the 
Photoactive Yellow Protein, it is important to get a handle on these conditions. Especially, when seemingly 
contradictory results are obtained, the used experimental conditions may provide an explanation. However, 
comparing data obtained under different experimental conditions has lead to a better understanding of the 
Photoactive Yellow Protein as well. 

The effect of ionic strength, viscosity, hydrophobicity of the solvent, and the effect of denaturing agents 
on the photocycle kinetics were studied early on. With respect to the ionic strength, all reactions seem to slow 
down at higher ionic strengths, where recovery of the ground state seems to be affected most (Meyer et al. 
1987). However, viscosity and hydrophobicity have a larger effect on the photocycle kinetics, where rate of 
formation of the signaling state is decreased with increased viscosity and increased with increased 
hydrophobicity. Recovery of the ground state shows a complex viscosity dependence. Initially the rate 
increases and then decreases upon increase of the viscosity. The hydrophobicity dependence is relatively 
straightforward and shows a decrease in rate upon increase of hydrophobicity (Meyer et al. 1989). In the 
presence of the denaturing agent urea, a dark bleach of the protein is observed at urea concentrations above 5 
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M. Though the rate of signaling state formation seems hardly effected by increased urea concentrations, the 
rate of recovery of the ground state is dramatically decreased upon increased urea concentration (Meyer et al. 
1987). Combined these results suggest that formation of the signaling state involves a significant structural 
change of the protein, exposing hydrophobic areas in the process. Several other techniques have confirmed 
this hypothesis and will be discussed in section 5.5. 

In contrast, experiments on the Photoactive Yellow Protein in crystal form do not show a significant 
structural change. Since in these experiments the mesoscopic context is completely different, i.e. solution vs. 
crystal, it should not be a complete surprise that the observed amount of structural change upon formation of 
the signaling state is different in solution and crystal. Nonetheless, this issue became hotly debated. Not until 
it was confirmed with FTIR that in crystals only relatively small structural changes take place, while in 
solution these structural changes are much larger, this issue was resolved. Both descriptions are correct, 
where the mesoscopic context makes the difference. 

Possibly the most important experimental condition that can be changed is the pH. The pH dependence of 
the ground state recovery kinetics has a bell shaped form. Here the fastest recovery rates are observed around 
pH 8. At higher and lower pH values a slower rate is observed, where the pH dependence implies pKa values 
of 6.4 and 9.4 (Genick et al. 1997a). Recently, the pH dependence of the photocycle was refined for the 
formation and decay of the signaling state, incorporating new intermediates that were unknown at the time of 
the first analysis (see Chapter 3 section 3). When comparing data, the pH is a factor that definitely should be 
taken into account. In fact, the pH is frequently adjusted to obtain favorable photocycle kinetic properties for 
the specific measurement. E.g. at low pH more of the signaling state can be accumulated with continuous 
illumination. This practice leads to additional problems when comparing data, since recently it was shown 
that not only the photocycle kinetics are pH dependent, but as a consequence also the equilibrium between 
several photocycle intermediates (see section 5.4 and Chapter 3 section 3) and the extent of structural change 
in the signaling state (see section 5.4 and Chapter 2 section 3 & 4). 

FTIR spectroscopy is a technique that has become more and more popular to study the Photoactive 
Yellow Protein. In these experiments the use of deuterium oxide as solvent is common. When comparing 
those data with data obtained using water as solvent it is important to take into account that pH and pD values 
cannot always be simply compared directly, e.g. a pH of 8 is not necessarily similar to a pD of 8. Also, 
signaling state formation is slightly slower when deuterium oxide is used as solvent, while ground state 
recovery is slightly faster in deuterium oxide (see Chapter 3 section 3). Furthermore, with FTIR spectroscopy 
one should take into account the mesoscopic context of the sample. The following have been used, high 
concentration solutions (Hoff et al. 1999; Xie et al. 2001), hydrated films (Hoff et al. 1999; Kandori et al. 
2000; Brudler et al. 2001; Imamoto et al. 2001a), and crunched crystals (Xie et al. 2001). Special care should 
be taken with hydrated films, since the degree of hydration can have pronounced effects on the characteristics 
of the Photoactive Yellow Protein (Hoff et al. 1999). 

5.3 Structural relaxation of pR 

Recently it was found that additional relaxation events in the protein occur after pR has formed 
(Takeshita et al. 2002a; Takeshita et al. 2002b). Through the use of the transient grating and pulsed-laser 
photoacoustic method, it was shown that a μs dynamic component exists during the life-time of pR. This 
indicates that after the structural changes around the chromophore are finished, additional structural changes 
occur in the protein away from the chromophore. Thus pR can be split up into the two intermediates pR1 and 
pR2. Though, the transition from pR1 to pR2 is claimed to be spectrally silent, a similar transition was already 
observed earlier in UV/Vis data (Hoff et al. 1994a). However, as this transition only contributed a very small 
amount to the total signal, no confident assignment could be made and the feature was dismissed. With the 
recent proof of a relaxation in pR, this relaxation was incorporated into a photocycle model used to analyze 
UV/Vis data (see Chapter 3 section 3). From this analysis 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. 

 32 



Chapter 1  Photocycle: signaling state 
 

5.4 Protonation change upon pB’ formation 

The first event that takes place after the formation of the pR intermediate is protonation of the 
chromophore, which results in the formation of pB’. Since the UV/Vis spectroscopic properties of pB’ are 
very similar to those of pB, the first experimental evidence for the existence of this intermediate stems from 
FTIR measurements (Xie et al. 2001). In those measurements it was shown that deprotonation of Glu46 and 
protonation of the chromophore are simultaneous events, which are subsequently followed by a structural 
change of the protein. Since the absorption changes monitored with UV/Vis spectroscopy mainly represent 
changes of the chromophore and its immediate surroundings and not changes of the structure of the protein 
itself, it is very difficult to make a distinction between pB’ and pB on the basis of UV/Vis spectroscopy. With 
proof for the existence of this pB’ intermediate, it was subsequently incorporated in a photocycle model, 
which was used to analyze UV/Vis data in a study on the kinetic deuterium isotope effect in the photocycle of 
the Photoactive Yellow Protein (see Chapter 3 section 3). From these analyses it was evident that pR and pB’ 
exist in an equilibrium that shifts towards pB’ upon going to the pH extremes. The observed kinetic 
Deuterium Isotope Effect is in line with a proton transfer from Glu46 to the chromophore for the whole pH 
range that was investigated (pH 5 to 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. 

With the reversible character of the pR to pB’ transition, a plausible explanation for the bi-exponential 
behavior of pB formation, previously observed with UV/Vis spectroscopy (Meyer et al. 1987; Hoff et al. 
1994a), is now available. The shift of this equilibrium towards pB’, when going to the pH extremes, also 
explains the shift towards mono-exponential behavior for the formation of pB at these pH’s. Interestingly, 
from the Deuterium Isotope Effect data it has become evident that the pR to pB’ equilibrium kinetics are 
dependent on the concentration of the hydroxide ions, i.e. they are pOH dependent rather than pH dependent 
(see Chapter 3 section 3). 

In a recent molecular dynamics study (Groenhof et al. 2002b), protonation of the chromophore was 
studied. The calculations showed that due to the isomerization of the chromophore, the negative charge on the 
phenolate oxygen of the chromophore is increased. As a result, the protonation of the chromophore becomes 
energetically more favorable. The stability of the protein is not affected much by the isomerization of the 
chromophore (Groenhof et al. 2002b; Groenhof et al. 2002a). The chromophore thus stays buried inside the 
protein and as such it is unlikely that the chromophore is protonated by the solvent. It was noted that of the 
two residues that hydrogen bond with the phenolate oxygen of the chromophore (Glu46 and Tyr42), Glu46 is 
the most likely to donate a proton. As soon as the proton transfer to the chromophore has occurred, the 
hydrogen bonding network, which was still intact in pR, collapses. This explains why multiple reaction routes 
were observed for the reverse reaction, i.e. from pB’ to pR (see Chapter 3 section 3). Several mutants in 
Glu46 have been studied, i.e. Glu46Ala, Glu46Asp, and Glu46Gln. Of these Glu46Gln has the least dramatic 
consequences for the protein. In these Glu46 mutants the chromophore still becomes protonated. Tyr42 is the 
next logical proton donor candidate, based on the molecular dynamics study described above (Groenhof et al. 
2002b). Glu46Ala and Glu46Asp, have more severe effects in the protein (Devanathan et al. 1999a). In these 
mutants the formation of the pBdark form of the protein occurs with pKa values of 7.9 and 8.6 respectively 
(Glu46Gln has an apparent pKa of 4.2 (see Chapter 2 section 2)), compared to 2.7 in the wild type form of the 
Photoactive Yellow Protein (Hoff et al. 1997a). These mutants therefore nicely demonstrate the importance 
of Glu46 for the stability of the protein, but are not very useful for the study of the pR to pB’ step of the 
photocycle. 

5.5 Structural change upon pB formation 

In an early study on the temperature dependence of the photocycle of the Photoactive Yellow Protein, 
normal Arrhenius behavior was observed for the formation of the signaling state, whereas recovery of the 
ground state was shown to deviate from the normal Arrhenius behavior (Meyer et al. 1989). Upon increase in 
temperature the rate of signaling state formation decreases steadily in the temperature range of 5 to 62 ºC. 
The rate of recovery of the ground state increases in the temperature range of 5 to 35 ºC and decreases in the 
temperature range of 35 to 62 ºC. In a subsequent detailed study of this phenomenon, this temperature 
dependence was modeled with a model used to describe protein folding thermodynamics (van Brederode et 
al. 1996). In this model all thermodynamic parameters are assumed to be temperature independent for the 
temperature range of the experiment. With regard to the formation of the signaling state it was confirmed that 
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this reaction shows only a very small deviation from the normal Arrhenius behavior. However, it was also 
noted that below 31 ºC the formation of the signaling state showed bi-exponential behavior, whereas above 
this temperature mono-exponential behavior was observed. As the bi-exponential behavior is caused by the 
equilibrium between pR and pB’, it is likely that the equilibrium shifts towards pB’ at higher temperatures. 

With regard to the ground state recovery rate, the protein folding thermodynamics model is adequate to 
explain the deviation from normal Arrhenius behavior. The parameter that is responsible for this deviation is 
a difference of the heat capacity between different states of the Photoactive Yellow Protein (van Brederode et 
al. 1996). The interpretation is that in the ground state and in the intermediate pR the protein is folded, 
whereas in the signaling state the protein is at least partly unfolded. In a recent study the temperature 
dependence of the ground state recovery was determined for a mutant with the first 25 N-terminal amino 
acids removed (van der Horst et al. 2001). Here the deviation from normal Arrhenius behavior was largely 
demolished. It therefore seems that the N-terminal region of the Photoactive Yellow Protein is largely 
responsible for the deviation from normal Arrhenius behavior and thus that this part of the protein shows the 
largest structural change upon formation of the signaling state. 

Other methods, besides monitoring photocycle kinetics as a function of temperature or solvent condition, 
are available to monitor structural change of the protein as function of the photocycle. E.g. CD , NMR, 
fluorescence, and FTIR spectroscopy. Most of these methods can directly monitor structural changes and 
determine their accompanying kinetic behavior. An intrinsic characteristic of proteins, that can be utilized by 
several techniques to monitor structural change, is the presence of many exchangeable hydrogen atoms. 
Exchangeable hydrogen atoms can be exchanged for other hydrogen atoms in a reaction with water 
(Englander et al. 1972). Alternatively, these hydrogen atoms can be exchanged for deuterium and/or tritium 
atoms, making it possible to monitor the exchange with various techniques. All hydrogen atoms able to form 
hydrogen bonds can be considered exchangeable. Whereas a buried hydrogen atom may take hours to days to 
exchange, an exposed hydrogen atom may be exchanged within seconds or faster. Resistance against 
exchange is influenced by the formation of hydrogen bonds, solvent accessibility, and protein dynamics 
(Englander et al. 1972). 

The Photoactive Yellow Protein potentially contains 235 exchangeable hydrogen atoms, 42 of which are 
from (de)protonatable groups. In a study where Electrospray Ionization Mass Spectrometry was used to 
monitor the progress of hydrogen / deuterium exchange in the Photoactive Yellow Protein (Hoff et al. 1999), 
it was shown that in the dark 162 hydrogen atoms were exchanged for deuterium atoms within 10 minutes, 
and 177 after 30 minutes. The same experiment performed in the presence of light showed that 175 hydrogen 
atoms had exchanged after 10 minutes and 193 after 30 minutes. For apoPYP 217 hydrogen atoms are 
exchanged after 30 minutes, leaving 29 sites resisting exchange, which can be interpreted as that 29 or less of 
the 42 (de)protonatable groups are deprotonated. Additionally, it may mean that apoPYP has a certain degree 
of structure, depending on the actual number of deprotonated groups. The light induced hydrogen / deuterium 
exchange was independently confirmed by using FTIR difference spectroscopy (Hoff et al. 1999). Though 
these experiments show that there is a difference between the ground and signaling state of the Photoactive 
Yellow Protein 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 (Craven et al. 2000). 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, i.e. only two 
less than the number predicted by mass spectrometry, which was not limited to the backbone amide hydrogen 
atoms. The residues with the most significant loss in protection are Phe28, Glu46, and Thr70. The latter two 
are close to the chromophore, whereas Phe28 is close to Glu46. 

By monitoring pH changes as a function of signaling state formation it is possible to obtain information 
on hydrogen atoms from (de)protonatable groups (see Chapter 2 section 2). When the apparent pKa of such a 
group changes upon formation of the signaling state, it is possible that a net proton release into the solvent or 
proton uptake by the protein takes place, resulting in a small change in the pH of the sample. In such an 
experiment (see Chapter 2 section 2) only (de)protonatable groups are detected that undergo a significant 
change in their immediate surroundings, e.g. go from a buried state to a solvent exposed state. Residues 
Arg52, Asp34, Glu12, Glu46, His108, Lys110, Tyr42, Tyr94, and Tyr118 are all candidates that might be 
able to show such behavior, as they are all buried and able to change their protonation state. For the 
Photoactive Yellow Protein net proton uptake is observed at low pH and net proton release at high pH, with 
little change around the transition point at pH 7.9. Furthermore, it has been shown that the proton uptake 
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events follow the formation and decay of the signaling state (see Chapter 2 section 2 and (Meyer et al. 1993)). 
The analysis of the His108Phe mutant showed that His108 is involved in net proton uptake events around pH 
6.6 (see Chapter 2 section 2). In section 5.4, it was discussed that the residue Glu46 donates a proton to the 
chromophore upon formation of pB’. This does not lead to a net proton uptake or release. This proton 
donation route is blocked in the mutant Glu46Gln. In this mutant indeed an increased net proton uptake is 
observed, indicating that the chromophore is protonated via another route in this mutant, e.g. protonation via 
Tyr42, which then in turn quickly becomes protonated by solvent due to its typically high pKa of ~10.1. 
These experiments also indicate that in pB, Glu46 has a pKa of ~5.5 (see Chapter 2 section 2). 

Besides using the exchangeable hydrogen atoms as a build in probe for structural change, it is also 
possible to add a probe to monitor structural change. Two different external probes have been used on the 
Photoactive Yellow Protein, Nile Red and 8-anilinonaphthalene-1-sulfonate (ANS). Both probes are able to 
bind to hydrophobic patches on the surface of a protein. The Nile Red probe does not bind to the ground state 
of the Photoactive Yellow Protein, but does bind to its signaling state (see Chapter 2 section 3). From a 
kinetic comparison with a UV/Vis experiment it is clear that Nile Red binds to the signaling state pB, and not 
to pB’. The problem with many probe experiments of this kind is that it is unclear where on the protein 
surface the probe binds exactly. However, for Nile Red binding to the Photoactive Yellow Protein a probable 
binding location can be deduced. Initially one would expect that the binding site would be located near the N-
terminus, based on the large influence it has on the non-Arrhenius behavior described above. This was 
dismissed on the basis of results obtained with the mutant with the 25 N-terminal amino acids deleted. Based 
on NMR results (see below), this left only one area near the chromophore binding site, as a potential binding 
site for Nile Red in pB. Furthermore, with an apparent pKa of 5.5, this binding site becomes less accessible 
for Nile Red at low pH. This indicates less structural change around the chromophore binding site at low pH. 
Note that the Nile Red probe provides no information on structural changes around the N-terminus. 
Interestingly a pKa of 5.5 was assigned to the residue Glu46 in the pB state (see Chapter 2 section 2). As will 
be described below, this residue is involved in driving structural change upon formation of pB. 

With the ANS probe it was shown that more hydrophobic surface is exposed in pB compared to the 
ground state (Lee et al. 2001c). However, due to spectral overlap with the Photoactive Yellow Protein, the 
ANS probe is less suited to obtain detailed kinetic information. Also, possible binding site(s) of ANS have 
not been determined. This only leaves the basic conclusion that in pB hydrophobic surface becomes exposed. 
In addition to the ANS binding experiments, it was shown with Circular Diochroism spectroscopy that upon 
formation of pB a major loss in tertiary structure but little loss of secondary structure takes place. Increased 
fluorescence quenching of aromatic residues of the Photoactive Yellow Protein upon formation of pB is 
another sign of structural change. All indications that pB has a molten globule state like structure (Lee et al. 
2001c). Molten globule state like structures are often obtained with acid denatured proteins. The acid 
denatured form of the Photoactive Yellow Protein, also called pBdark due to its spectral and thermodynamic 
similarity to the pB photocycle intermediate (Hoff et al. 1997a), likely has a similar structure as the pB 
intermediate with the only major difference being the isomerization state of the chromophore, which is trans 
in pBdark and cis in pB. pBdark is formed with an apparent pKa of 2.7-2.8 (Hoff et al. 1997a). 

In an NMR study of the pB intermediate in solution it was shown that pB exhibits structural and dynamic 
disorder with respect to the ground state (Rubinstenn et al. 1998). Interestingly, a subsequent NMR study of 
pBdark formation (Craven et al. 2000) 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 perturbations, 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 above, the structural perturbations of the N-terminus are largely responsible for 
the observed non-Arrhenius behavior of the photocycle kinetics. The structural perturbation around the 
chromophore binding site are likely monitored by the Nile Red hydrophobicity probe (see above). 
Furthermore the NMR data suggests 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 (Genick 
et al. 1997b). This model is supported by the results obtained with the Nile Red hydrophobicity probe (see 
Chapter 2 section 3). 

As mentioned in section 5.2 the mesoscopic context influences the extent of structural change upon 
formation of pB. Under certain conditions little structural change is observed, whereas other conditions lead 
to large structural changes. Available FTIR data demonstrates the differences best since measurements with 
FTIR have been done under all the different conditions. The following sample contexts lead to little structural 
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change: crystalline lattice, low/cryogenic temperature, and dehydrated films. Sample contexts leading to large 
structural changes are: aqueous solution and hydrated films. The only known complete structure of pB is from 
pB in the crystalline form (Genick et al. 1997b). The only significant structural changes observed in this 
structure are around the chromophore pocket, with most notably the exposure of the chromophore to the 
solvent. The lack of major structural change of the protein backbone has been confirmed with FTIR (see 
Chapter 2 section 4, and (Xie et al. 2001)), where only a small difference signal was observed in the Amide I 
region of the ‘pB – pG’ difference spectrum, a region sensitive to structural changes of the protein backbone. 
For the cryotrapped pB intermediate the same lack of signal in the Amide I region is observed (Kandori et al. 
2000). Incidentally, pB has thus far only been cryotrapped in hydrated films in the absence of glycerol 
(Imamoto et al. 1997; Kandori et al. 2000; Imamoto et al. 2001a). It is not possible to cryotrap the pB 
intermediate in the presence of large amounts of glycerol (Imamoto et al. 1997). One of the possible key 
factors to whether or not a large structural change is observed seems to be the presence of water, and more 
specifically water molecules that are free to move. In crystals and at low/cryogenic temperatures water 
molecules are restricted in a lattice. In the absence of water, i.e. films with reduced hydration, also no major 
change is observed upon formation of pB in the Amide I region (Hoff et al. 1999; Kandori et al. 2000). The 
only conditions under which a major structural change is observed is in solution and hydrated films, i.e. in the 
presence of water molecules that are free to move. Interestingly, the structural water-200, from the crystal 
structure, has been implicated to change its hydrogen bonding character, upon formation of pB, only when a 
major structural change takes place (Kandori et al. 2000). This water-200 is located close to the His108 
residue, which has been shown to become exposed upon formation of pB when a major structural change 
takes place (see Chapter 2 section 2). 

It has been suggested that the trigger for the major structural change upon formation of pB is the 
formation of a buried negative charge on Glu46 when it donates its proton to the chromophore (Xie et al. 
2001). After formation of pB’ the buried negative charge, initially located on the chromophore, is centered on 
Glu46. Whereas on the chromophore the negative charge can be effectively neutralized by delocalization of 
the charge, a hydrogen bonding network, and possibly the positive charge on Arg52, on Glu46 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 section 5.4). 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 Glu46, 
but not via the chromophore since that would lead to the re-formation of pR. Once Glu46 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 Glu46 (see Chapter 2 section 4). 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 Glu46 may stay protonated, i.e. 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. Tyr42). 
Such a route would require little structural change of the protein, and might be preferable 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 Glu46 and the 
chromophore. In fact, it has been shown that for the Glu46Gln mutant in solution, the structural change upon 
formation of pB is significantly less compared to the wild type situation (see Chapter 2 section 4, and (Xie et 
al. 2001)). 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. E.g. His108 also has influence on the extent of structural change as it has been 
shown that the mutant His108Phe also exhibits less structural change compared to the wild type protein (see 
Chapter 2 section 4, and (Kandori et al. 2000)). 

Once pB is formed, via whichever route, it is likely that it exists in an equilibrium between an unfolded 
and folded form. This has been suggested on the basis of NMR data (Craven et al. 2000), and is corroborated 
by a molecular dynamics study on the crystal structure of pB in a box of water. This latter study shows that 
the structure can open up, or change, allowing water to enter the chromophore binding pocket and hydrate the 
Glu46 residue (Shiozawa et al. 2001). This process is reversible. The effect of possible (de)protonation events 
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of certain residues, such as Glu46, was not modeled, however, the fact that a water molecule can interact with 
Glu46 implies that such events could take place. This could then possibly lead to larger structural changes. 

In a recent molecular dynamics study, the effect of protonation of the chromophore by Glu46 on the 
stability of the protein was simulated (Groenhof et al. 2002b). Though the simulation was run for only 4 ns 
after the proton transfer, it is clear that this event induces structural changes in the protein. For one, the proton 
transfer causes the hydrogen bonding network with the chromophore to collapse, and results in a shift of the 
negative charge, which becomes localized on Glu46, an energetically unfavorable situation. Furthermore, the 
N-terminal domain is affected in the simulation, as well as α-helix 3. These, domains were also shown to be 
involved in structural change based on NMR measurements (see above and (Craven et al. 2000)). 

5.6 Recovery of the ground state 

During the recovery of the ground state of the Photoactive Yellow Protein, several events have to take 
place. The chromophore has to be re-isomerized to the trans form, the protonation states of several residues 
and the chromophore have to be changed, and the protein needs to return to its original fold. Though these are 
seemingly distinct steps, they have appeared to occur simultaneously, until recently. On the basis of 
measurements of the kinetic deuterium isotope effect (see Chapter 3 section 3) it was shown that 
deprotonation of the chromophore occurs before its isomerization. Hence, an intermediate named pBdeprot. is 
formed ‘en route’ from pB to pG. Though deprotonation of the chromophore aids the re-isomerization of the 
chromophore tremendously (Sergi et al. 2001), this re-isomerization is still a rate determining step, in which 
the protein fold likely plays a crucial part. The pBdeprot intermediate is therefore characterized by a 
deprotonated chromophore and a folding state that allows re-isomerization of the chromophore. This latter 
characteristic is important, as this intermediate possibly has an absorption spectrum similar to that of the 
ground state of the Photoactive Yellow Protein 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 (see Chapter 3 
section 3). An absorption spectrum similar to the ground state for the pBdeprot intermediate also explains why 
it has not been observed before. Furthermore, it is in line with the observation that recovery monitored with 
UV/Vis spectroscopy seems to be faster than recovery monitored with the Nile Red hydrophobicity probe, 
which probes structural changes around the chromophore (see Chapter 2 section 3). 

When re-isomerization of the chromophore is achieved photoactively, the rate of recovery of the ground 
state is increased a thousand-fold (see Chapter 3 section 2). In this branching reaction an intermediate pBt is 
formed instantaneously on the nanosecond time scale. A slight blue shift of pBt, with respect to pB, can be 
explained by the difference in isomerization state of the chromophore, i.e. cis (pB) vs. trans (pBt). No other 
intermediates are observed with UV/Vis spectroscopy in going from pBt to pG, indicating that change of the 
protein fold and the protonation state of several residues can be achieved quickly once the chromophore is 
isomerized. The existence of this branching reaction can influence data in that in the presence of light, that 
can be absorbed by any of the pB intermediates, may allow recovery kinetics to appear faster than they really 
are in the absence of this light (Miller et al. 1993). Although, this branching reaction can complicate matters 
in certain cases, it is also possible to utilize it to aid measurements. E.g. in the mutant Met100Ala the 
recovery rate is slowed down six orders of magnitude (Devanathan et al. 1998). Normally, it would not be 
practical to obtain data on the formation of pB in such a mutant, without replacing the sample after every 
photocycle activation. However, by invoking the branching reaction speed of recovery is increased 
tremendously and the sample would not have to be replaced after every photocycle activation, making it 
practical to obtain data on formation of pB in such a mutant. 

Several studies have been done to study refolding of the Photoactive Yellow Protein. Mostly, these 
studies employ a denaturant to aid the initial unfolding of the protein. The exception is an NMR study 
(Rubinstenn et al. 1998), where recovery of the ground state was measured solely on the bases of light 
induced unfolding of the protein. For the recovery a differential refolding was observed where the central β-
sheet and parts of the α-helical structure refold first, after which the region around the chromophore returns to 
the ground state fold. Though, the differences between the rates are small and it is unclear if the 
accompanying error allows one to differentiate between the rates, the observed trend is in line with the idea 
that in order to facilitate re-isomerization of the chromophore, the chromophore not only needs to be 
deprotonated, but also the protein needs to be in a relatively folded state. 
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In a study utilizing the denaturants urea and guanidinium·HCl, refolding was studied in unfolded ground 
state protein and in the unfolded signaling state (Lee et al. 2001a). 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 a bi-
exponential event. 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 under similar conditions. This 
indicates that after the signaling state renatures it recovers to the ground state through normal photocycle 
events. Interestingly, extrapolation of the obtained refolding kinetics to the absence of denaturant shows close 
to a thousand fold faster rate for refolding for protein with the chromophore in the trans state compared to 
protein with the chromophore in the cis state. This is similar to rate difference observed between the ground 
state recovery in the dark and photo activated ground state recovery via the branching reaction (see Chapter 3 
section 2). 

Similar experiments with the acid denatured state of the Photoactive Yellow Protein were also performed 
(Lee et al. 2001b). Similar results as with the denaturants as described above were obtained, where refolding 
from the acid denatured state with the chromophore in the trans state, i.e. pBdark, is 3 to 5 orders of magnitude 
faster compared to the acid denatured state with the chromophore in the cis state. Interestingly, it was shown 
with temperature denaturation that, when 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 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 the Photoactive Yellow Protein, a dramatic decrease in recovery rate has been 
observed, i.e. Glu46Asp (Devanathan et al. 1999a), Met100Ala (Devanathan et al. 1998), and Met100Leu 
(Sasaki et al. 2002). This indicates that Glu46 and Met100 are important for recovery. Met100 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 Met100Ala mutant (Devanathan et al. 1998). 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 Arg52 (Kumauchi et al. 2002). With the 
Glu46Asp mutant such a dramatic increase in recovery rate was not observed upon photochemical re-
isomerization of the chromophore (Devanathan et al. 1999a). As such it is likely that Glu46 is important for 
refolding of the protein, though it may still be involved in dark re-isomerization of the chromophore. 

5.7 Summary 

For the second step of the photocycle of the Photoactive Yellow Protein, i.e. formation of pB from pR, it 
has been shown that the different events that occur are heavily dependent on the environmental conditions. In 
pR the chromophore is isomerized, which does not result in a destabilization of the protein, but rather makes 
proton transfer of the phenolate oxygen of the chromophore by Glu46, energetically favorable. This proton 
transfer then leads to the formation of the pB’ intermediate, from which pB is then formed. Several 
techniques, have been used to arrive at this description. Most notably, FTIR experiments have sparked the 
idea (Xie et al. 2001), while molecular dynamics simulations (Groenhof et al. 2002b), and UV/Vis 
spectroscopy (see Chapter 3 section 3) have confirmed and built upon the idea. After the chromophore has 
become protonated, Glu46 obtains the negative charge. This charge is buried and localized, an energetically 
unfavorable situation. This unfavorable situation then can be resolved by either returning to pR or progressing 
towards pB. Molecular dynamics simulations have shown that directly after protonation of the chromophore 
the hydrogen bonding network collapses. This would suggest that a reverse reaction to form pR is unlikely. 
However, UV/Vis experiments have shown the reversible character of the pR to pB’ reaction. It was also 
shown with UV/Vis spectroscopy that several mechanisms are possible for the return reaction, dependent on 
the pH of the system (see Chapter 3 section 3). Furthermore, at low and high pH the equilibrium shifts toward 
pB’. 

Formation of pB from pB’ is usually accompanied by structural changes in the protein, where the N-
terminal domain shows most change as well as the domain around the chromophore. However, the extent or 
specifics of the structural change heavily depends on the sample conditions. The negative charge on Glu46, 
after it has donated its proton to the chromophore, has been suggested to be the major driving force for the 
structural changes. Protonation of Glu46 upon formation of pB therefore would lead to less structural change. 
The pKa of Glu46 in pB has been deduced to be ~5.5, a pKa also observed with respect to changes in the 
amount of structural change. In contrast, no major structural change is observed in crystals, at low 
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temperature, and insufficiently hydrated films. This suggests that water molecules also play an important role 
in the structural changes, as they are restricted in movement in all these latter conditions. In solution and 
sufficiently hydrated films water movement is not restricted and large structural changes of the backbone are 
observed. Also, the protonation state of several residues may play an important role in structural changes 
upon formation of pB. 

For the third and final basic step of the photocycle of the Photoactive Yellow Protein, i.e. recovery of the 
ground state, it has been shown that deprotonation of the chromophore precedes its re-isomerization. In order 
for re-isomerization to take place, not only the chromophore needs to be deprotonated, but the protein also 
has to have the correct folding state. The intermediate pBdeprot has been introduced to represent this state and 
is in equilibrium with pB. The absorption spectrum of the pBdeprot intermediate is likely very similar to that of 
the ground state. 
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6 Tuning 

Tuning of the absorption band of the Photoactive Yellow Protein has several aspects. There is the tuning 
of the absorption band of the ground state structure. Here, the contributions of specific structural 
characteristics are considered. However, during the photocycle of the Photoactive Yellow Protein, the 
absorption spectrum changes as well. These changes therefore contain valuable information regarding the 
chromophore and its surroundings. A proper understanding of the tuning of the Photoactive Yellow Protein, 
will therefore aid to understand events that occur during the photocycle. 

6.1 Ground state tuning 

The interaction of the chromophore and protein part of the Photoactive Yellow Protein produces an 
absorption band with 446 nm as its maximum. As the free chromophore, trans-4-hydroxycinamic acid, has an 
absorption maximum that lies at 284 nm (in aqueous solvent around neutral pH) (Aulin-Erdtman and Sandén 
1968), this interaction of the chromophore with the protein induces a large red shift. Several specific 
interactions can be distinguished. For one, the thiol ester link of the chromophore with Cys69, causes a red 
shift of ~5713 cm-1 (from 284 to 339 nm). This follows from a comparison of the absorption maximum of 4-
hydroxycinamic acid and the denatured form of the Photoactive Yellow Protein in aqueous solution at pH 7 
(Kroon et al. 1996). An additional red-shift of 4310 cm-1 (from 339 to 397 nm) occurs when the chromophore 
becomes deprotonated, which follows from a comparison of the absorption maximum of the denatured form 
of the Photoactive Yellow Protein in aqueous solution at pH 7 and 11 (Kroon et al. 1996). This leaves a red-
shift of ~2767 cm-1 (from 397 to 446 nm) that is due to interactions with the protein. Though this description 
is very illustrative, it does not provide specifics regarding the interactions between the chromophore and the 
protein. 

In a recent study, a closer look was taken at the mechanism(s) that lead(s) to the tuning of the Photoactive 
Yellow Protein in its ground state (Yoda et al. 2001). Two model compounds were used, a propyl ester and a 
propyl thiol ester of 4-hydroxycinnamic acid. Here the thiol ester model compound was consistently red-
shifted by ~1000 cm-1, with respect to the ester model compound, irrespective of the protonation state of the 
chromophore. With regard to tuning in the Photoactive Yellow Protein, three tuning contributions were 
considered, i.e. a medium effect of the protein matrix (700 cm-1), a counter ion effect (5300 cm-1), and a 
hydrogen bonding effect (–1600 cm-1). The medium effect of the protein matrix takes into account non-
specific solvent effects. For the model compounds the absorption maximum shifted dependent on which 
solvent was used, e.g. for the thiol ester model compound the absorption maximum ranged from 34800 cm-1 
(287 nm) in pentane to 31500 cm-1 (317 nm) in pyridine. This difference is mainly caused by differences in 
the dielectric constant and refractive index between the solvents. To determine the medium effect in the 
Photoactive Yellow Protein these values were estimated for the protein. Absorption maxima of the thiol ester 
model compound in hexane and protein were calculated. Note, that only the solvent properties of the protein 
are considered here and not counter ion and hydrogen bonding effects. This leads to a contribution of ~700 
cm-1 to the tuning of the chromophore. The counter ion effect considers the difference in position of the 
counter ion of the thiol ester model compound in solution (sodium ion at 2.5 Å in a straight line from the 
phenolate oxygen bond) and in the protein (position of Arg52 in the crystal structure PDB ID: 2PHY 
(Borgstahl et al. 1995)). Here protein solvent conditions were used in the calculation of the absorption 
maxima. This leads to a contribution of ~5300 cm-1 to the tuning of the chromophore. The hydrogen bonding 
effect was determined by placing methanol at the positions of the hydroxy groups of residues Tyr42, Glu46, 
and Thr50, which are involved in the hydrogen bonding network with the chromophore, in the calculations. 
By comparing the situation incorporating the medium effect of the protein matrix and the counter ion effect, 
with the situation that also takes into account the hydrogen bonding effect, the contribution of the latter was 
determined as –1600 cm-1, i.e. a blue-shift. With regard to the counter ion effect an interesting observation 
was made. The position of the Arg52 is such that it appears that the counter ion is infinitely apart from the 
chromophore, i.e. it does not contribute to the tuning. Furthermore, movement of the counter ion towards the 
thiol ester linkage results in a red-shift, whereas movement toward the phenolate oxygen results in a blue-
shift. 

From NMR measurements (Dux et al. 1998) and molecular dynamics studies (Groenhof et al. 2002a) it is 
evident that Arg52, may have two distinct positions in the ground state. Here the two distinct positions 
obtained with the molecular dynamics studies results in a difference of 20 nm between the absorption maxima 
of the two situations. Interestingly, in a low temperature study (Masciangioli et al. 2000), two peaks were 
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distinguished for the ground state, i.e. one at 425 nm and one at 452.4 nm, which could represent the two 
orientations of Arg52. Taking the positions for Arg52 obtained with NMR (PDB ID: 3PHY (Dux et al. 
1998)), neither of these overlaps with the position of Arg52 in the crystal structure (PDB ID: 2PHY 
(Borgstahl et al. 1995)). One of the orientations is closer to the thiol ester link, and one is closer to the 
phenolate oxygen, which is in line with the observation regarding the counter ion position described above. 
The position of Arg52 in the crystal structure therefore may represent an average between the two Arg52 
positions found for PYP in solution. 

The hydrogen bonding network in the Photoactive Yellow Protein has been adjusted in several ways. In 
one, the hydrogen bonding network was weakened by replacing the bridging hydrogen atoms with deuterium 
atoms (see Chapter 3 section 3). Indeed, a small red-shift was observed, which would be expected when the 
hydrogen bonding effect contributes a smaller blue-shift to the total tuning. Furthermore, the residues that are 
involved in the hydrogen bonding network (Tyr42, Glu46, and Thr50) have been altered through 
mutagenesis. Here mutants in Tyr42, Glu46, and Thr50 result in red-shifts (Tyr42Ala, Tyr42Phe, Glu46Gln, 
Glu46Ala, Thr50Val, and Thr50Ala (Genick et al. 1997a; Mihara et al. 1997; Devanathan et al. 1999a; 
Brudler et al. 2000; Imamoto et al. 2001c)) reflecting the weaker hydrogen bonding effect in these mutants. 
In some mutants though, protein stability has been severely affected as indicated by an additional blue-shifted 
absorption band (Tyr42Phe, Tyr42Ala, and Glu46Ala). 

Several mutants of residue Arg52 have also been prepared. The Arg52Ala mutant is slightly red-shifted 
(Genick et al. 1997a), while the Arg52Gln mutant shows no shift of the absorption maximum (Mihara et al. 
1997). As described above, removal of the counter ion, would not lead to a change in absorption maximum, 
which is exactly what is observed in the Arg52Gln mutant. A small red-shift that is observed in the Arg52Ala 
mutant may be explained by a more open structure of the chromophore binding pocket, possibly allowing a 
solvent cation to act as a counter ion. 

6.2 Tuning in photocycle intermediates 

In section 4 the initial photocycle events were discussed. Here a branched pathway was observed at low 
temperature. With what we have discussed in section 6.1, it is possible that these two pathways reflect 
isomerization of the chromophore, with different orientations of Arg52. The merger of the two different 
pathways at pR would then probably indicate that at the temperatures pR can be formed, enough thermal 
energy is present to allow Arg52 to switch between different positions. The two orientations of Arg52 may 
have as a consequence that in one orientation the isomerization is easier compared to when Arg52 is in the 
other orientation. This would have as a result that the measured ground state spectrum may differ from the 
bleached ground state spectrum (see Chapter 3 section 3). At room temperature, only one pathway has been 
observed, with all intermediates in this pathway red-shifted with respect to the ground state. The negative 
charge on the chromophore is most effectively delocalized if the chromophore is planar. During isomerization 
planarity is lost, and the negative charge is not as efficiently delocalized, which results in a red-shift of the 
absorption spectrum. This would explain why the intermediates I0 and I0

‡ are more red-shifted than pR, as in 
those intermediates, isomerization has not yet completed and the chromophore may be in a twisted form. In 
pR the chromophore is still not quite planar due to steric hindrance between the carboxylic oxygen and 
phenyl ring atoms (Groenhof et al. 2002b), explaining the red-shift. Additionally, in pR the chromophore has 
contracted ~0.5 Å (Groenhof et al. 2002b), while the structure of the protein is very similar to that of the 
ground state. Such a contraction could lead the counter ion Arg52 to become located closer to the phenolate 
oxygen of the chromophore, which would also lead to a red-shift (see section 6.1). 

When the chromophore becomes protonated in pR, pB’ is formed. As described in section 6.1, 
protonation of the chromophore leads to a large blue-shift, which is exactly what is observed. In pB’ the 
structure of the protein is still very similar to that of pR, and thus the ground state. Therefore, interactions 
with the protein are likely. When pB is formed, the structure of the protein has dramatically changed (in 
solution), where the interaction of the protein with the chromophore has likely diminished, which is also 
illustrated by the slight additional blue-shift of the pB intermediate with respect to pB’. However, even 
though the chromophore has become more exposed in pB, its absorption maximum is still slightly red-shifted 
compared to the situation in denatured protein (Lee et al. 2001a). The chromophore is therefore still tuned in 
pB, through interactions with the protein. The presence of these interactions is further demonstrated by the 
pKa of the chromophore in pB which is ~10 and not 8.7 as is the case in denatured protein (see Chapter 3 
section 3). 
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Before isomerization can take place the chromophore needs to be deprotonated first. This leads to a large 
red-shift, with respect to pB as is demonstrated by the pB spectrum at high pH where its absorption maximum 
shifts to ~430 nm (see Chapter 3 section 3). However, for isomerization to take place the folding state of the 
protein also needs to be correct. When that condition is also met we speak of the intermediate pBdeprot. As an 
intermediate with an absorption of 430 nm has not been observed during the recovery of the Photoactive 
Yellow Protein, it is unlikely that the absorption spectrum of pBdeprot is similar to that of pB at high pH. More 
likely is that, due to interaction with the protein, the absorption band of pBdeprot is similar to that of the ground 
state (see Chapter 3 section 3). 
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7 Final remarks 

The Photoactive Yellow Protein has become more and more popular as a model system. This is 
demonstrated by a literature search with the keyword ‘Photoactive Yellow Protein’. Where only a few years 
ago, the search result would contain mostly papers where a study on the Photoactive Yellow Protein is 
described. Now a search result also contains studies on many other proteins, for which the Photoactive 
Yellow Protein is seen as a model or reference system. Three areas of research can be distinguished where the 
Photoactive Yellow Protein is used as model system. One is the study of PAS-domains (see section 1.3). A 
second is the study of protein folding. A third is the study of the primary photochemistry of photoreceptors. 
The popularity of the Photoactive Yellow Protein stems from its favorable handling characteristics, the 
availability of high resolution structures, and its relatively simple chromophore, a thiol ester linked 4-
hydroxycinnamic acid moiety that is deprotonated in the ground state. In addition, recent studies have 
provided many new insights, providing a much better understanding of the photocycle. Though a detailed 
understanding of the physical properties of the Photoactive Yellow Protein is available, information regarding 
its function and activity in Halorhodospira halophila is relatively scarce. Basically all we know is that it is 
most likely the photosensor for a blue-light tactile response (photophobic response). 

A detailed description of the photocycle of the Photoactive Yellow Protein is shown in Figure 13. After 
excitation of the ground state two excited states may be formed, one in which the chromophore retains its 
trans configuration and one in which the chromophore adopts a twisted chromophore configuration. This 
latter excited state most likely results in formation of the I0 photocycle intermediate. In this I0 intermediate 
the chromophore has already achieved the cis configuration, though it still is twisted. Relaxations in the 
protein leads to the formation of I0

‡ and subsequently pR. In pR isomerization of the chromophore has been 
completed. Isomerization of the chromophore is achieved with a minimal amount of movement of the 
chromophore. This is achieved through a concerted rotation around several bonds that can be described by a 
C7=C8-trans C9-Sγ-cis to C7=C8-cis C9-Sγ-trans double isomerization, or a rotation of the chromophore 
carbonyl oxygen. Isomerization of the chromophore does not lead to a destabilization of the protein, but it 
does significantly increase the probability of a proton transfer from Glu46 to the chromophore. When this 
occurs the intermediate pB’ is formed. As a result, the negative charge – which was stabilized when it resided 
on the chromophore via delocalization, a hydrogen bonding network, and a counter ion – now resides on 
Glu46 where it is very localized. This is an energetically unfavorable situation which is resolved by either 
reformation of pR or formation of pB. Upon formation of pB the negative charge on Glu46 induces structural 
changes both in the N-terminal domain and around the chromophore binding pocket. The extent of these 
structural changes differs depending on the sample conditions and can range from no structural change in 
crystals, at low temperature, and insufficiently hydrated films, to large structural changes in solution, and 
sufficiently hydrated films. In solution the pH can have an influence on the extent of structural change. Here 
the protonation state of several residues (e.g. Glu46 and His108) may play an important role. With the 
formation of pB, or the signaling state, the photocycle now comes to the recovery phase. For recovery to take 
place the chromophore has to be re-isomerized, and the protein needs to return to its ground state fold. Before 
re-isomerization can take place, the chromophore needs to be deprotonated, and the protein needs to adopt a 
specific fold that allows for the re-isomerization to take place. This situation is represented by the pBdeprot 
intermediate, which is in equilibrium with pB. After the chromophore has re-isomerized the ground state is 
reformed and the photocycle has been completed. In addition to this recovery in the dark it is also possible to 
re-isomerize the chromophore photochemically, which results in a rate of recovery that is three orders of 
magnitude faster than dark recovery. 

With the full description of the photocycle of the Photoactive Yellow Protein the end of this first chapter 
has been reached. In the following chapters experiments that have aided in the better understanding of this 
photocycle, are discussed in detail. Chapter 2 focuses on the structural changes in the photocycle. Besides a 
general description of sample preparation, the net proton uptake / release experiments (Hendriks et al. 
1999b), Nile Red probe binding experiments (Hendriks et al. 2002b), and some FTIR experiments are 
described. Chapter 3 focuses on photocycle events or kinetics. Here a description of the laser set-up used for 
UV/Vis measurements in the nanosecond to seconds time domain is given. Furthermore, the characterization 
of the photocycle branching reaction (Hendriks et al. 1999a) and the (kinetic) deuterium isotope effect of the 
photocycle (Hendriks et al. 2002a) are discussed. In Chapter 4 some additional lines of research are discussed 
that warrant further study. In addition a general discussion of the work presented in this thesis is given. 
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Figure 13. Up-to-date complete description of the photocycle. 
An up-to-date complete description of the photocycle events at room temperature is shown. Here the information in Figure 9 and Figure 12 
has been combined. The route in the primary photocycle step that included PYPHL is not shown as it is unclear weather it really occurs. In 
addition, schematic drawings of the chromophore and its interactions with the protein, have been added. Here the drawings represent the 
situation in the intermediate its placed next to. 
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