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Chapter 4 
 

Loose ends 

In the previous chapters the Photoactive Yellow Protein (PYP) has been 
discussed in a clear context, i.e. an extensive review in Chapter 1, structural 
change in Chapter 2, and photocycle kinetics in Chapter 3. In this chapter 
experiments will be discussed that did not fit in one of the other chapters. Also, a 
final discussion will be given, where the work described in this thesis is placed in 
the larger context of PYP research. Also several new ideas for further research on 
PYP will be given here. 



Chapter 4  Hybrids 

1 Hybrids 

1.1 Introduction 

A major advantage of having an overexpression system that produces apoPYP, is that it is fairly 
straightforward to introduce non-native chromophores. After the free acid form of the chromophore is 
activated it can be easily attached to Cys69 of PYP (see Chapter 2 section 1). Several chromophore analogs 
have been studied, some more extensively than others. This section shortly discusses some of the observed 
characteristics. 

1.2 Materials & Methods 

1.2.1 Sample preparation 

A series of hybrids of PYP was compared to wild type PYP, all without removal of the His-tag. The 
production and purification of PYP is described in Chapter 2 section 1. ApoPYP was reconstituted with the 
following chromophores: I) 4-hydroxycinnamic acid (wild type); II) 3,4-dihydroxycinnamic acid (cafeic 
acid); III) 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid); IV) 4-aminocinnamic acid; V) 4-
fluorocinnamic acid; VI) cinnamic acid, VII) Imidazole-4-acrylic acid; VIII) 4-hydroxy-α-bromocinnamic 
acid; and IX) 4-hydroxyphenylpropiolic acid (see also Table 13). All but the latter two, which were 
synthesised by the organic chemistry department of the University of Amsterdam, are commercially 
available. All chromophores were activated using 1,1’-carbonyldiimidazole (Chapter 2 section 1.1.2). 

Absorption spectra were recorded on an HP 8453 UV/Vis diode array spectrophotometer. 10 mM Tris 
buffer was used to determine the pKa of pBdark formation. All denaturation experiments were performed in the 
presence of 50 mM Tris pH 8 using urea as denaturant with the exception of the hybrid containing the 
chromophore 4-aminocinnamic acid, for which guanidine HCl was used as denaturant. 

1.3 Results 

Due to the straightforward nature of chromophore reconstitution, several commercially available 
compounds that are similar to 4-hydroxycinnamic acid, were selected and tested. For those hybrids where it 
was difficult to distinguish a clear chromophore induced absorbance, an additional round of reconstitution 
was performed on part of the sample, with wild type chromophore, to make sure reconstitution had been 
successful (little to none of the wild type chromophore will attach if reconstitution was successful). The 
structure of the free acid form of the chromophore and the absorption maximum of the tested hybrids is 
presented in Table 13. For several of the chromophores absorption maxima have been reported in literature 
(Kroon et al. 1996). Only for the absorption maximum of hybrid IV a significant difference was observed (i.e. 
405 nm instead of the reported 353 nm). It is not clear where this difference stems from. In addition, the 
relative stability with respect to wild type PYP was determined via urea/guanidium denaturation for several 
hybrids (see Table 13). Also, the pKa of pBdark formation (acid denaturation) was determined for several 
hybrids (see Table 13). For hybrids I-IV and IX the absorption maxima were determined for the free acid, the 
protein, and the denatured protein at two pH values. A comparison of the obtained values gives an impression 
with regard to the contribution of the thiol ester bond, deprotonation, and protein interaction to the total 
tuning of the protein (see Table 14). 
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Table 13. Characteristics of several hybrid PYPs. 
A list of used PYP hybrids together with some of the determined characteristics. Behind the pKa the cooperativity constant from the 
Henderson-Hasselbalch equation (see Equation 1 Chapter 2 section 2.2.2) is shown in brackets. The values ΔGD,rel are relative to the ΔGD of 
wild type PYP and were determined via titration with either urea or guanidine HCl. When a hybrid protein has been shown 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 

I 

4-hydroxycinnamic acid 
λmax 446 nm 

pKa 2.7 (n = 1.5) 
photoactive 

O

HO

OH

 

II 

3,4-dihydroxycinnamic acid 
λmax 457 nm 

pKa 3.2 (n = 1.3) 
ΔGD,rel = –1.21 kJ·mol–1 (urea) 

photoactive 

O

HO

OH

OH  

III 

3,5-dimethoxy-4-hydroxycinnamic acid 
λmax 488 nm 

pKa 8.7 (n = 1.0) 
ΔGD,rel = –2.35 kJ·mol–1 (urea) 

photoactive 

O

HO

OH

OCH3

OCH3

 

IV 

4-aminocinnamic acid 
λmax 405 nm (353 nm (Kroon et al. 1996)) 

pKa 2.0 (n = 1.6) 
ΔGD,rel = 4.51 kJ·mol–1 (guanidine HCl) 

O

HO

NH2

 

V 
cinnamic acid 
λmax 317 nm 

O

HO  

VI 
4-fluorocinnamic acid O

HO

F

 
λmax 317 nm 

O

HO

N

NH

 

imidazole-4-acrylic acid 
VII 

λmax 343 nm 

VIII 
4-hydroxy-α-bromocinnamic acid 

λmax 447 nm 
photoactive 

O

HO

OH

Br  

IX 

4-hydroxyphenylpropiolic acid 
λmax 404 nm 

pKa 3.0 (n = 1.9) 
ΔGD,rel = –3.0 kJ·mol–1 (urea) 

O

HO

OH

 

With one of the preparations of hybrid VIII, the absorption peak had shifted from 447 to 464 nm. 
Additionally, very slow photocycle kinetics were observed for this sample. These properties are very similar 
to those of the reported characteristics of hybrid IX (Cordfunke et al. 1998). As such, a fresh batch of 4-
hydroxyphenylpropiolic acid was prepared and reconstituted with apoPYP for comparison. Though the 
absorption spectrum of the freshly prepared hybrid contained a small absorption peak at 464 nm, a larger 
absorption peak was observed at 404 nm for this sample (data not shown). To test if the hybrid was 
reconstituted correctly, an FTIR absorption spectrum was recorded to test for the presence of the unique triple 
bond of the chromophore of hybrid IX. A triple bond peak at 2145 cm-1 was observed (data not shown), 
indicating that the correct absorption maximum of hybrid IX is 404 nm, not 464 nm. In addition, no 
photocycle was observed for this hybrid. In an attempt to understand what is happening, the spectrum of the 
activated ester was followed in time, to determine if the activated ester is altered in time (see Figure 40 a). In 
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addition, activated ester, aged for different periods of time, was used for reconstitution after which the 
absorption spectra of the hybrids were determined (see Figure 40 b). From these experiments it is clear the 
problem resides with the preparation of the activated ester. Once the hybrid is prepared the chromophore 
seems to be stable (data not shown), where with freshly prepared activated ester mostly the 404 nm form is 
formed and with aged activated ester the 464 nm form. 

 

Figure 40. Preperation of the hybrid containing chromophore IX. 
In panel a the UV/Vis absorption spectrum is shown of the free acid of chromophore IX (4-hydroxyphenylpropiolic acid, solid line) and of 
the activated ester at specific times after mixing the free acid and CID: 0 minutes (dash double dotted line), 150 minutes (dashed line), 
overnight (dotted line), and over the weekend (dash dotted line). In panel b the UV/Vis absorption spectra are shown of the hybrid 
reconstituted with activated ester aged for specific times: 30 minutes (solid line), 240 minutes (dashed line), overnight (dotted line), and 4 
days (dash dotted line). 
 

Table 14. Spectral tuning of hybrids. 
The spectral tuning of several hybrids with in the first column the number of the hybrid as depicted in Table 13. Spectral information is 
denoted as wavelength with below, in italics, the value in wavenumbers. In the top part of the table the observed absorption maxima are 
depicted of free acid in 50 mM Tris buffer pH 8, of the hybrid in 50 mM Tris buffer pH 8, of the denatured hybrid in 4 M Guanidine HCl with 
50 mM Tris buffer pH 8 and pH 11. For hybrid II the spectrum for column ‘Denatured hybrid pH 8’ was recorded at pH 4. For hybrid III he 
spectrum for column ‘Hybrid pH 8’ was recorded at pH 9. In the bottom part of the table differences that depict total tuning (free acid – 
hybrid), contribution of thiol ester bond (free acid – denatured hybrid pH 8), contribution of deprotonation (denatured hybrid pH 8 – 
denatured hybrid pH 11), and contribution from protein interaction (hybrid – denatured hybrid pH 11). For hybrid III the latter contribution 
was determined with denatured hybrid pH 8 instead of pH 11 (see text). All difference values are shown as absolute values. 
 

Hybrid 
no. 

Free acid 
pH 8 

Hybrid 
pH 8 

Denatured hybrid
pH 8 

Denatured hybrid 
pH 11 

284 nm 446 nm 341 nm 398 nm I 
35,211 cm–1 22,422 cm–1 29,326 cm–1 25,126 cm–1 

291 nm 457 nm 350 nm 412 nm II 
34,364 cm–1 21,882 cm–1 28,571 cm–1 24,272 cm–1 

306 nm 490 nm 360 nm 429 nm III 
32,680 cm–1 20,408 cm–1 27,778 cm–1 23,310 cm–1 

301 nm 405 nm 367 nm 325 nm IV 
33,223 cm–1 24,691 cm–1 27,248 cm–1 30,769 cm–1 

278 nm 404 nm 335 nm 385 nm IX 
35,971 cm–1 24,752 cm–1 29,851 cm–1 25,974 cm–1 

Δtotal Δthioester Δdeprot Δprotein  

162 nm 57 nm 57 nm 48 nm I 
12,790 cm–1 5,886 cm–1 4,200 cm–1 2,704 cm–1 

166 nm 59 nm 62 nm 45 nm II 
12,482 cm–1 5,793 cm–1 4,300 cm–1 2,390 cm–1 

184 nm 54 nm 69 nm 61 nm III 
12,272 cm–1 4,902 cm–1 4,468 cm–1 2,902 cm–1 

104 nm 66 nm 42 nm 38 nm IV 
8,531 cm–1 5,975 cm–1 3,521 cm–1 2,557 cm–1 

126 nm 57 nm 50 nm 19 nm IX 
11,219 cm–1 6,120 cm–1 3,877 cm–1 1,222 cm–1 
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1.4 Discussion 

Several hybrid chromophores have been tested. Chromophores V through VII show little tuning by 
binding to the protein. For chromophores V and VI this can be explained by the absence of the phenolic 
oxygen. Though the fluoro group, in chromophore VI, is a possible hydrogen bond acceptor, it apparently is 
not able to replace the phenolic oxygen in the hydrogen bonding network. Chromophore VII is a naturally 
occurring compound involved in e.g. immunosuppressive effects in humans via trans to cis isomerization 
(Termorshuizen et al. 2002). However, it does not seem to be able to functionally replace the wild type 
chromophore of PYP. 

Hybrid VIII was prepared for use with the fluorescence 
upconversion technique to determine possible effects on the rate 
of rotation around the chromophore double bond (see Chapter 1 
section 4.1 and (van der Meer 2000)). Due to a discrepancy in the 
preparation of the hybrid, doubts had arisen about a previously 
prepared and characterized hybrid IX (Cordfunke et al. 1998). 
Characterization of the freshly prepared hybrid showed a different 
absorbance characteristic. The presence of the correct 
chromophore in the freshly prepared hybrid IX was confirmed 
with FTIR. Such an analysis was also performed on the previously 
characterized hybrid, but no signal for the triple bond was found. 
This was explained by the low abundance of triple bonds in the 
sample. As it would seem, the characterized hybrid does not 
contain chromophore IX, but rather a derivative. As a hybrid with 
similar characteristics was obtained with the preparation of hybrid 
VIII, it is likely that the unknown characterized hybrid contained 
a chromophore similar to chromophore VIII, but with a 

substituted bromo-moiety. A possibility is that a substitution with 
a hydroxy group took place, which would yield 4,α-
dihydroxycinnamic acid. Such a chromophore is likely to displays 
keto-enol tautomerism and thus an equilibrium between two 
chromophore species would be obtained (see Figure 41). In the 
folded protein this equilibrium might then shift towards the α-hydroxy (enol) form, and in the signaling state 
the equilibrium might shift towards the keto form, possibly explaining the slow recovery of this hybrid. In 
order to determine in which step of the preparation of hybrid IX the chromophore is modified, the spectrum 
of both the activated ester and the hybrid reconstituted with activated ester was determined with activated 
ester aged for different lengths of time (see Figure 40). From this experiment is has become clear that the 
activated ester changes in time. This is then also reflected in the hybrid. For the preparation of hybrid IX it is 
then necessary to use freshly prepared activated ester. The use of freshly prepared activated ester has as a 
drawback that reconstitution is less efficient, which is the reason why normally one would use activated ester 
that has been left to age overnight at 4°C. When the activated ester has aged for 4 days only the hybrid with 
an absorption maximum of 464 nm is formed. 

Hybrids II, III, IV, and IX were further characterized with respect to their stability relative to wild type 
PYP (see Table 13). This was done both with urea/guanidine denaturation and pBdark formation (acid 
denaturation). All hybrids are less stable than wild type PYP with the exception of the hybrid IV. Notable is 
hybrid III, which shows a pKa of 8.7 for pBdark formation, which is identical to the pKa of the wild type 
chromophore in denatured PYP (see Chapter 3 section 3). It would therefore seem that the bulkiness of this 
chromophore causes a poor fit in the chromophore binding pocket. However, when the phenolic oxygen 
becomes deprotonated the hydrogen bonding network can be formed. The slightly higher pKa of pBdark 
formation for hybrid IX compared to wild type PYP indicates that this hybrid folds similarly to wild type 
PYP and a hydrogen bonding network is formed. However, due to the triple bond, no isomerization of the 
chromophore can occur and no wild type like photocycle is observed. 

With regard to the spectral tuning of hybrids II, III, IV, and IX the contributions of the thiol ester bond, 
deprotonation of the chromophore, and interaction of the protein, to the tuning were determined  
(see Table 14). As reference point the absorbance of the free acid in aqueous solution is used. For all hybrids 
including wild type PYP the red-shift contribution of the thiol ester bond is similar (~6000 cm–1), with the 

Figure 41. Keto-enol tautomerism. 
Addition/substitution of a hydroxy group on the α-
position of 4-hydroxycinnamic acid, likely results in 
a keto - enol tautomerism. 
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exception of hybrid III for which a somewhat smaller contribution is found (~5000 cm–1). Also for the 
contribution of deprotonation of the chromophore similar red-shift contributions are found (~4000 cm–1). An 
obvious exception is hybrid IV, which does not have a phenolic hydroxy group but an amino group instead. 
This group is protonated at pH 8 and neutral at pH 11. Protonation of chromophore IV in the denatured 
hybrid leads to a red-shift slightly lower (~3500 cm–1) than the red-shift induced by deprotonation of the other 
chromophores. The red-shift contribution of protein interaction to the total tuning is also similar for most 
hybrids (~2500 cm–1), with the exception of hybrid IX, for which a significantly lower contribution is found 
(~1200 cm–1). This could be explained by a less than optimal geometry of the chromophore in the 
chromophore pocket as a result of its triple bond. With regard to hybrid IV it has to be noted that to determine 
the contribution of protein interaction, the denatured hybrid with the protonated (positively charged) 
chromophore was chosen as a reference, as this resulted in a red-shift contribution comparable to that of the 
other chromophores. When the neutral chromophore was used as reference a significantly higher red-shift 
contribution was found (~6000 cm–1). We prefer the idea that in hybrid IV the chromophore is positively 
charged. This charge could than be stabilized by the nearby Glu46. In this case Glu46 would be deprotonated, 
normally its preferred protonation state. The ionic bond between Glu46 and chromophore IV would also 
explain the higher stability of this hybrid, compared to wild type PYP. Of hybrids II, III, IV and IX only 
hybrids II and III display a photocycle similar to that of wild type PYP, be it that ground state recovery is 
somewhat slower. The absence of a wild type like photocycle for hybrid IX is easily explained through the 
presence of the triple bond in its chromophore, effectively blocking isomerization of the chromophore. For 
hybrid IV the likely cause for the absence of a wild type like photocycle is the possible ionic bond between 
the chromophore and Glu46, which may alter the excited state surface such that isomerization is no longer 
promoted. This is further corroborated by a significantly higher fluorescence quantum yield of this hybrid 
compared to wild type PYP (~ 20 times higher, data not shown). 
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2 Observations 

Several pilot experiments have been performed to determine the feasibility for certain lines of research. 
Two series of such pilot experiments showed interesting results and warrant further work. However, there 
was not enough time to continue with these lines of work. As such, only the observations made during the 
pilot experiments are discussed. 

2.1 Protein (photo)stability 

Photostability of the sample is an issue when studying photoactive compounds. For PYP we have done 
several experiments to get an indication of the photostability. We have exposed the protein to continuous light 
or laser pulses for prolonged periods of time. Here we have noticed that 355 nm laser flashes seem to 
permanently bleach to protein more easily than 446 nm laser pulses (Similar laser energies were used in the 
comparison). This effect is enhanced in combination with continuous white light irradiation, i.e. with the 
possibility of exciting the signaling state. Exciting the sample at higher wavelengths (e.g. 480 nm) seems to 
reduce the amount of permanent bleaching. Furthermore, after prolonged excitation regimes, when part of the 
protein does not recover to the ground state anymore and permanent bleach seems to have occurred, part of 
the ‘permanently’ bleached protein seems to regenerate over a long period of time (week(s)). This regenerated 
protein fraction then shows normal photocycle behavior. This indicates that semi-stable intermediates may be 
formed that recover very slowly to the ground state. These intermediates are likely formed through excitation 
of other photocycle intermediates. 

In addition, we have observed that certain samples contain a fraction that either recovers very slowly, or 
do not recover at all. Generally these have been older samples, that have not been exposed to excess light. As 
such it is important to not only measure the absorption spectrum to determine sample quality, but also to 
include a test of the recovery behavior of the sample. Such a test can easily and quickly be performed on the 
HP 8453 UV/Vis diode array spectrophotometer using a single photoflash. 

The nature of the observed degradation of the sample has thus far not been characterized. It would 
however be interesting to determine the exact nature of the degradation. This may provide a way to prevent or 
slow it down, which is advantageous for experiments that require large amounts of sample to be used, or 
experiments where regular replacement of sample is unpractical. Possible forms of degradation are, loss of 
chromophore, (photo)chemical change of the chromophore, degradation of the protein, (photo)chemical 
change of specific amino acids, or a combination of these possibilities. 

2.2 Time resolved Small Angle X-ray/Neutron Scattering 

Both Small Angle X-ray Scattering (SAXS) and Small Angle Neutron Scattering (SANS) can be used to 
determine the shape of a protein (Svergun et al. 1995; Dainese et al. 2000). As such it might be possible to 
observe a difference between the ground state of PYP and its signaling state, in which significant structural 
changes have been observed (see Chapter 1 section 5.5 and Chapter 2). We have performed several pilot 
experiments to determine if time-resolved measurement of SAXS and SANS is possible. SAXS 
measurements were performed at the European Synchrotron Radiation Facility (ESRF) in Grenoble using 
beamline BM26 (The Dutch-Belgian beamline (DUBBLE)). SANS measurements were performed at the 
Institut Laue-Langevin (ILL) in Grenoble using beamline D22. In both cases no clear differences were 
observed between the PYP ground and signaling state. However, recently the influence of solvent on the 
signal difference between PYP ground and signaling state using SAXS was observed (Shimizu et al. 2002), 
which could explain why we did not observe a clear difference. Furthermore, in order to perform time-
resolved experiments, the mechanics/geometry of the sample holder is of vital importance. Especially, sample 
excitation has been less than optimal in our experiments. Nonetheless, we were able to observe a small time 
dependence in the SANS signal that correlated with ground state recovery of PYP. However, the signal to 
noise was very poor in this experiment, due to a combination of low detector sensitivity and the amount of 
signaling state formed after excitation. Improvement of the detector (planned for the near future) and sample 
cell may remedy this. A proper sample cell should have an integrated sample excitation system, that 
preferably excites the sample from two sides. Also an integrated feature for measuring the UV/Vis spectrum 
simultaneously with the SANS (or SAXS) signal is advantageous. The desired 1 to 2 mm path length of the 
cell is a complicating factor in the design of such a sample cell. 
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3 Concluding discussion 

Over the last few years, work on the Photoactive Yellow Protein (PYP) has intensified tremendously. 
This is due, in a large part, to its favorable handling characteristics, availability of high resolution crystal 
structures, and its relatively simple chromophore. It was the first protein of the large PAS-domain family for 
which a structure was available and as such has been dubbed the prototype for the PAS fold (see Chapter 1 
section 1.3). Its relatively simple chromophore in combination with the availability of high resolution 
structures (both X-ray and NMR) have made it a prime candidate for in silico experiments and the study of 
primary photoreactions. The transient (un)folding events displayed by PYP, also have made it interesting for 
the general study of protein folding. All in all, this is an impressively wide variety of study topics for which 
PYP is a suitable candidate. The increased use of PYP as a reference system, is further apparent through 
literature searches. Where only a few years ago a search on PYP yielded mainly studies about the protein 
itself, nowadays in addition many studies are found on other subjects, where PYP is used as 
reference/comparison. Furthermore, PYP has not only been used as a topic of study, but also for development 
of new techniques, such as time-resolved X-ray crystallography. 

Though a lot is known about the physical properties of PYP, relatively little is known about its biological 
function, other than that it is a photoreceptor for a blue light response in Halorhodospira halophila. This is 
for a large part caused by the extremophilic character of this organism, making it difficult to study and 
manipulate genetically. Like the favorable handling characteristics of PYP make the protein a popular topic 
of study, the unfavorable handling characteristics of H. halophila make the organism a less attractive topic of 
study. 

With the increased use of PYP as a model/reference system it has become more and more important to 
have a proper understanding of its characteristics. Especially with regard to the photocycle events in the 
nanoseconds to seconds time-range, we have made important contributions. We discovered that the net proton 
uptake/release during the photocycle is pH dependent (see Chapter 2 section 2). We characterized the 
photocycle branching reaction (see Chapter 3 section 2). Made a significant contribution to the elucidation of 
the transient (un)folding characteristics of PYP (see Chapter 2 section 3). Resolved an important issue with 
regard to comparing crystallographic data, with data obtained in solution (see Chapter 2 section 4). And we 
have made a detailed pH dependent analysis of the photocycle, both in H2O and D2O, allowing us to confirm 
and expand on the knowledge about signaling state formation, and provide important new information about 
the photocycle recovery reaction (see Chapter 3 section 3). Especially this last study may serve as an 
important reference for choosing the best conditions for the study of specific photocycle events. With regard 
to (bio)chemical research general, our results have shown on several occasions the important influence the pH 
of a solution can have on obtained data. Especially when comparing data obtained using either H2O or D2O as 
solvent, it is important to make a distinction between using the pH or pOH as reference point. Where such a 
distinction normally is arbitrary, it no longer is in this case due to the different dissociation constant of H2O 
and D2O. Also, we have shown that though crystallographic data is a tremendously important source of 
information for the explanation of certain events and the design of new experiments, it also must be used with 
caution, when applied to transient structures, as it not necessarily reflects events in solution, the medium 
where most experiments are performed in, and also the medium PYP resides in in vivo. 

Though many physical characteristics of PYP are known, there are still many characteristics that warrant 
further study. For one, the signaling state or pB is a very interesting photocycle intermediate. One of the 
problems is, that it mostly can only be studied transiently. Here solvent conditions determine the amount of 
pB formed, which ranges from ~20 to ~95%. As such, it would be advantageous to have pB stable in solution. 
This would make it a lot easier for example to determine its structure via NMR. Also, the effect of many 
different conditions on the characteristics of pB could be studied more easily that way. Additionally, it may 
provide further insight about pre-isomerization events in the photocycle recovery step. A possible way to 
obtain a solution containing just stable pB is by locking the chromophore in the cis configuration. A locked 
version of the chromophore in the trans configuration has already been incorporated successfully (Cordfunke 
et al. 1998). Several, possible candidates for a locked cis-chromophore are collected in Figure 42 a - e. To 
determine the importance of the carbonyl group of the chromophore, the use of a chromophore analog with 
the carbonyl group removed may also be helpful. Here, the standard way of chromophore reconstitution for 
PYP (see Chapter 2 section 1) can not be applied. However, by using an alkyl halide form of the 
chromophore (see Figure 42 f) this should be possible. This method is also used to attach fluorescent probes 
to cysteine residues (http://www.probes.com/handbook/). 
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One of the major challenges left is the elucidation of the 
details of the recovery reaction. Especially the question of 
how the protein facilitates re-isomerization of the 
chromophore is an interesting one. Here a temperature 
dependent study of the photocycle branching reaction may 
provide interesting results. But also, a detailed temperature 
dependent study of the normal photocycle, making use of 
the latest photocycle model, may prove useful. Here both 
UV/Vis and FTIR spectroscopy may prove to be useful 
techniques. Also, the study of certain mutant and hybrid 
forms of PYP can provide clues to how the protein 
facilitates re-isomerization of the chromophore. Once that is 
known, specific modifications of PYP may be designed, in 
order to make PYP suitable for ‘real-world’ applications. 

In vivo, PYP has to interact with a transducer protein in 
order to signal the cell that it has absorbed a photon. Such a 
transducer protein has not been identified yet for PYP. 
Discovery of such a protein would open up a whole new 
line of research. One technique for identification of such a 
transducer protein is by fishing for it using PYP as bait. 
PYP can be linked/bound to a chromatographic column 
after which cell extracts can be eluted over the column. 
However, using this technique has not lead to successful 
identification of a transducer protein yet. There may be 
several reasons for this. As only the cytosolic fraction of the 

cell was eluted, any transducer proteins located in the membrane are not tested for affinity. Also, it has not 
been possible yet to link/bind PYP in a stable signaling state form. Here the use of a hybrid, with a 
chromophore locked in the cis configuration, may be advantageous. It is also possible that the transducer only 
transiently binds to the Photoactive Yellow Protein. In that case, the transducer would only be retarded by 
PYP. As such, it may be advantageous to record chromatograms using columns with PYP in the ground state 
(use of chromophore locked in trans configuration) and columns with PYP in the signaling state (use of 
chromophore locked in cis configuration). Here the transducer protein may be identified via a change in its 
retention time between the two columns. 

Figure 42. Interesting analog 
chromophores. 
In panels a - e, possible analog chromophores locked in the 
cis configuration are depicted. In panel f a chromophore 
analog is depicted with its carbonyl function removed. The
depicted compounds in panels e and f should be able form a 
thio-ether with Cys69, without further activation of the
chromophore. The chromophores depicted in panels a - d
need to be activated before they can be attached to Cys69
(see Chapter 2 section 1). Note that the cis double bond 
likely becomes less stretched going from panel a to d. 

PYP from Halorhodospira halophila is by far the best studied Xanthopsin. Further characterization of 
PYPs from other organisms, is another line of research worth following. However, due to the vast amount of 
information available for PYP from H. halophila, the interest to study other PYPs is relatively low. The study 
of other PYPs may nonetheless lead to new and unexpected insights, not only into the physics of PYP, but 
also into its biological function and interaction with possible transducer proteins. 

Even though a lot has become known about PYP over the last few years, there is even more we still do 
not know about it. The next few years will be exciting ones, as more and more techniques are utilized to study 
PYP, pushing the limits of the different techniques along the way. 
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