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Summary 

All life forms interact with each other and/or their environment in one-way or another. Therefore, the 
gathering and subsequent relay of information may be considered a vital part of life. One important source of 
information is light or electromagnetic radiation. For the organism Halorhodospira halophila (formerly 
Ectothiorhodospira halophila), light first of all is an energy source. However, this organism also contains 
light sensing systems that not only guide it towards this energy source, but also steer it away from potentially 
harmful UV radiation. The Photoactive Yellow Protein (PYP) is a sensor for the latter, i.e. it is a sensor for 
the photophobic blue light response in H. halophila. Currently, PYP is the only identified component of this 
blue light sensing system. No transducer protein(s) that can relay the information from the sensor to the cell 
has/have been identified yet. Additional blue-light sensors, similar to PYP, have been identified in other 
organisms. This family of proteins is called Xanthopsins and can be divided into three sub-groups based on 
their primary structure. Though all Xanthopsins are blue-light sensors, they are not all involved in 
photophobic responses. It is likely that between the Xanthopsin sub-groups, the cellular response upon 
activation of their blue-light sensor is different. Of the Xanthopsins, PYP has been studied most extensively. 

PYP is a small (125 amino acids, 14 kDa) water-soluble protein, which, when activated by blue light, 
goes through a photocycle. The combination of favorable handling characteristics, a relatively high 
photostability, a relatively simple chromophore, and the availability of an overexpression system, have made 
this protein a popular subject of study. This popularity is further enhanced by the availability of large 
amounts of structural information (e.g. a high resolution crystal structure of the ground state (obtained with 
X-ray diffraction), a solution structure of the ground state (obtained with NMR), and high resolution crystal 
structures of several photocycle intermediates (obtained with X-ray diffraction)). In addition, PYP has been 
dubbed the prototype for the PAS-fold, a folding motive found in signal transduction proteins from all 
kingdoms of life. 

PYP has an α/β-fold. It contains a central β-sheet with an α-helical rich domain on each side. The 
chromophore, a thiol ester linked trans-4-hydroxycinnamic acid moiety, is deprotonated in the ground state 
and buried inside the protein. The negative charge of the chromophore is stabilized through delocalization of 
the charge, via a hydrogen-bonding network involving Tyr42, protonated Glu46, and Thr50, and ionic 
interaction with the positively charged Arg52. The photocycle of PYP can be divided into three basic steps. In 
the first the ground state (pG) is excited by blue light, after which the chromophore is isomerized from the 
trans to the cis configuration. At the end of this first basic step a spectrally red-shifted intermediate (pR) is 
formed. In the second basic step, the signaling state (pB) is formed. Here the chromophore becomes 
protonated and structural changes occur in the protein. In the third basic step, pG is recovered. 

The exact sequence of events describing the first basic photocycle step is not known yet. It is however 
clear that two different excited states are formed, only one of which appears to lead to progression of the 
photocycle. In addition, two intermediates, I0 and I0

‡, have been identified, which are formed on a femto- to 
picoseconds and picoseconds time scale respectively. Both have a red-shifted absorption spectrum relative to 
both pG and pR. pR is then formed on a nanoseconds time-scale. During this first basic step, the chromophore 
is isomerized in such a way as to minimize the movement of the chromophore. This is accomplished by 
flipping the carbonyl function of the chromophore, which can be seen as a double isomerization from C7=C8-
trans C9–Sγ-cis to C7=C8-cis C9–Sγ-trans. During this event the hydrogen-bonding network between the 
deprotonated chromophore, Tyr42, protonated Glu46, and Thr50 stays in tact. After pR has formed, some 
additional structural changes occur in the protein on a microseconds time scale. These changes only have a 
minor influence on the absorption spectrum of pR. During the second basic photocycle step, the chromophore 
is protonated by the nearby Glu46 and the intermediate pB’ is formed on a microsecond time scale. As a 
result, the hydrogen-bonding network is disrupted and a non-stabilized buried charge on Glu46 is obtained. 
This stressful situation is then resolved by either reforming pR or by formation of pB. In the latter the initially 
buried charge on Glu46 is exposed through a major structural change in the protein, or neutralized via 
protonation, depending on the conditions. As such the extent of structural change observed for this step 
differs depending on the conditions, from no structural change in crystals, at low temperature, and in 
insufficiently hydrated films, to large structural changes in solution, and sufficiently hydrated films. pB is 
typically formed on a milliseconds time scale. During the recovery of pG the chromophore is first 
deprotonated by solvent combined with a structural change of the protein to form the pBdeprot intermediate. 
From this intermediate the chromophore can be re-isomerized from cis to trans after which further structural 
changes occur quickly and pG is obtained. pG is typically recovered on a milliseconds to seconds time scale. 
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In recent years much progress has been made in PYP research. The comparison of data obtained with 
many different techniques has tremendously improved our understanding of the photocycle events in PYP. It 
also has aided the design and interpretation of new experiments. As such a comprehensive review on PYP 
research is given in Chapter 1 of this thesis, not only to familiarize the reader with the subject, but also to aid 
future work on PYP. 

In Chapter 2 several lines of research are presented that have been used to characterize the structural 
change that occurs during the photocycle of PYP. Due to these structural changes, residues buried in pG may 
become exposed. For those residues that contain a group that can be (de)protonated, the pKa of that group 
may change as a result. For those cases it is possible that that residue changes its protonation state during the 
photocycle. This may then be observed as a change in pH. Indeed, net protonation changes can be observed in 
PYP. It has been found that these changes are pH dependent and range from net proton uptake at acidic pH to 
net proton release at alkaline pH. His108 has been identified as the cause of net proton uptake around pH 6. 
Furthermore, the obtained results support the idea that the chromophore is protonated by Glu46 and not by 
solvent. Furthermore, through analysis of the ground state structure several other residues were identified as 
possible causes of the observed net proton uptake/release. 

Structural changes may also lead to the exposure of hydrophobic residues. By employing the fluorescent 
hydrophobicity probe Nile Red it was shown that upon formation of pB hydrophobic residues become 
exposed. Nile Red only seems to bind to the pB intermediate and not to pG, pR, or pB’. From NMR 
experiments it is known that in pB both the N-terminus and the area around the chromophore binding pocket 
are structurally perturbed. As in a N-terminally truncated from of PYP, the Nile Red binding behavior was 
similar to that of wild type PYP, it was possible to narrow down the Nile Red binding site to the area around 
the chromophore binding site. 

One of the major issues with regard to structural change upon formation of pB was the lack of major 
structural change in the crystal structure of the pB intermediate in contrast to the situation in solution. We 
resolved this issue using FTIR spectroscopy. It was confirmed that for PYP in crystalline form no major 
structural change occurs. However, it was also confirmed that for PYP in solution a major structural change 
does occur. Furthermore, in solution less structural change was observed for the mutants Glu46Gln and 
His108Phe compared to wild type PYP. Both Glu46 and His108 have previously been connected with events 
in which the structure of PYP changes considerably. Also, pH dependence in the extent of structural change 
was observed for wild type PYP, in which the protonation state of Glu46 seems to play a crucial role. 

In Chapter 3 two lines of research are presented that have been used to characterize the photocycle of 
PYP in the nanoseconds to seconds time range. The photoactivity of PYP is not limited to its ground state, the 
photocycle intermediates are also photoactive. By continuous actinic illumination of PYP a steady state 
sample, consisting mainly of pG and pB, is obtained. By specifically exciting the pB state, a photon-induced 
branching reaction from pB to pG was activated (and investigated). It was shown that this branching reaction 
leads to a 3 orders of magnitude faster dark recovery of pG. Here the intermediate pBt is formed 
instantaneously on a nanosecond timescale. In pBt the chromophore has been re-isomerized from cis to trans 
photoactively. This indicates that re-isomerization is one of the rate limiting steps in dark recovery. 

Through (kinetic) deuterium isotope effects it is possible to obtain further information about the 
mechanism of certain photocycle steps. As the photocycle of PYP is pH dependent, it is important to perform  
a pH-dependency analysis of both a deuterated and a non-deuterated sample. When comparing those data a 
distinction has to be made between comparing the data as function of pH and pOH. This distinction is no 
longer arbitrary in this case because of the difference in dissociation constant of water and deuterium oxide. 
From the comparison it is evident that most photocycle reactions of PYP are pOH dependent. Furthermore, 
with the recent improvement in the understanding of the photocycle, we were able to improve on an earlier 
pH dependent analysis of the photocycle. Here it has become clear that pB’ is in a pH dependent equilibrium 
with pR, providing an explanation for the earlier unexplained observation that the pR to pB reaction is bi-
exponential in some cases and mono-exponential in others. Additionally it was shown that the absorption 
spectra of pB’ and pB are similar and not identical. The observation that pG recovery shows an inverse 
kinetic deuterium isotope effect, allowed the introduction of a new intermediate pBdeprot, which is in 
equilibrium with pB. In pBdeprot the chromophore has become deprotonated by solvent and the protein has 
adopted a fold that can catalyze re-isomerization of the chromophore from cis to trans. The extensive pH 
dependent analysis, is not only an improvement on the previous analysis, but is also an important tool for 
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further study of the PYP photocycle, as it provides a way to determine the optimal conditions to study 
specific photocycle events in more detail. 

In Chapter 4 several lines of research are presented that have not been completed yet, but warrant further 
study. As after the over production of PYP the chromophore has to be connected to the protein chemically, it 
is fairly straightforward to introduce analog chromophores. Several of these have been tested. However, the 
production of the hybrid PYP containing the chromophore analog 4-hydroxyphenylpropiolic acid proved to 
be not quite as straightforward as previously thought. In addition, several pilot experiments with regard to 
protein (photo)stability, and the use of Small Angle X-ray/Neutron Scattering to study structural changes in 
PYP are discussed. Also, a final discussion of the work presented in this thesis is given together with some 
suggestions for future work. 




