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General discussion 

 
The main subject of this thesis is photoactive yellow protein (PYP). In this chapter, I 
will discuss the results presented in this thesis plus; those published in two additional 
publications to which I also contributed (i.e., “Proline 68 enhances photo-isomerization 
yield in photoactive yellow protein”257 and “Is the photoactive yellow protein a UV-
B/blue light photoreceptor?”245) in the light of the recent developments in the research 
on PYP. Besides my work on PYP, I have also investigated the temperature dependent 
decrease in the growth rate of E. coli and B. subtilis (chapter 2). This latter chapter is an 
example of the surprising effects that visible light may have on bacteria. 
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PYPs function as a photoreceptor 

Molecular genetic techniques are difficult to apply to extremophilic bacteria such as 
Halorhodospira halophila. Besides this, H. halophila has a very low growth rate. 
Therefore, almost all research on PYP has been done in vitro. Little progress has been 
made in further characterization of the biological functioning of PYP, after the initial 
studies of phototaxis in H. halophila.52 With the expansion of the Xanthopsin family as 
described in chapter 1, nowadays more organisms can be used to study Xanthopsin 
proteins in their native environment in vivo. Xanthopsins are known to be involved in 
the regulation of chalcone synthase activity, autokinase activity, and in biofilm 
formation (see chapter 1). This range of activities clearly should allow more detailed 
studies of the in vivo functionality of members of the Xanthopsin family in the future. 

As observed in chapter 2, UV light damages bacteria. Most bacteria use blue 
light photoreceptors for photophobic tactile responses or for enzymes involved in the 
synthesis of protective pigments.5 In a recent study, we have shown that besides blue 
light, UV-B light also generates initiation of the photocycle.245 The aromatic residues in 
PYP function as the primary absorbers of the UV-B light. The energy of the absorbed 
photons (predominantly by the tyrosine residues) is transferred via FRET to the single 
tryptophan at position 119. We report in chapter 5 that the 119 position for tryptophan is 
a very suitable location for FRET from tyrosine residues via the tryptophan to the 
chromophore, as compared to several other possible locations of a single tryptophan 
residue nearby the chromophore. Furthermore, the quenching of fluorescence from 
W119 by nearby residues is low. The position and molecular environment of tryptophan 
119 in WT PYP is therefore optimal for collection of UV photons (see chapter 5). That 
the position of the tryptophan residue is important for PYP function is also suggested by 
the high degree of sequence conservation of this residue in PYP proteins (see chapter 1). 
Excitation energy is transferred via FRET from the tryptophan to the chromophore, 
which results in initiation of the photocycle.245 

For arylhydrocarbon receptor in mammalian cells and for DNA photolyase in 
E. coli, it has been reported that tryptophan residues can function as chromophore.258, 259 
In addition, UV-B light photoreceptor UVR8 uses two tryptophan residues as 
chromophore.15, 16 For other photoreceptor proteins it has not been reported that UV-B 
absorption can lead to entering the photocycle via tryptophan. However, almost all other 
blue light receptor proteins contain tryptophan residues as well. Perhaps more blue light 
photoreceptors can also use tryptophan to transfer UV-B light to their chromophore and 
accordingly initiate their photocycle. 

Initial steps of the photocycle 

The local protein environment around the chromophore does create the favorable 
conditions for the initiation of photochemistry and subsequent signaling state 
formation.260-262 In the pG state of the protein, the negatively charged chromophore is 
stabilized in the chromophore-binding pocket.82 An isolated charge buried inside a 
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protein will destabilize the protein structure. For neutralization and stabilization of the 
protein, a buried charge must be coupled with a counter ion. The counter ion for the 
negative charge of the chromophore is thought to be R52.69 Arginine residues typically 
have a pK of ~12.5.204 R52 is located at the protein surface69 and therefore, expected to 
be protonated under the physiological conditions of near-neutral pH. In addition, the 
negative charge on the chromophore is stabilized by a hydrogen bonding network.69 The 
phenolic oxygen of the chromophore has two short hydrogen bonds, to Y42 and E46, 
respectively263 and a third hydrogen bond exists between the carbonyl oxygen of the 
chromophore and the backbone of C69.69 All these three hydrogen bonds contribute to 
the stabilization of the negative charge on the chromophore.69, 264 

Recent experimental and theoretical studies that focus on the initial steps of the 
photocycle have proposed different results for the role of protein environment around 
the chromophore. Most discussion revolves around the importance of the positive 
charge on R52. In simulation studies, the -supposed- positive charge on R52 favored 
trans-cis isomerization.87, 188, 265 This predicted crucial role in theoretical studies for R52 
has not been confirmed experimentally. PYP mutants in which R52 was replaced by a 
non-charged amino acid have relatively unperturbed spectra and photocycle kinetics 
(see chapter 3 and several references108, 126, 189, 190, 195, 238). Indeed, in neutron 
crystallography of PYP, R52 is observed to be deprotonated.72 

In the literature several explanations have been proposed for the lack of effect 
of mutating R52. In crystals of the R52Q mutant protein, water molecules were found in 
the cavity which is generated by the mutation.266 If a hydronium ion would occupy this 
cavity in R52Q instead of water, a positive charge would also present in this mutant. 
Sindhikara and colleagues show that the cavity in R52Q indeed has a higher affinity for 
hydronium ions than for water molecules; however, at physiological pH values the 
concentration of hydronium ions is so low that the cavity will still be mainly occupied 
with water.267 

Besides isomerization around the C7=C8 double-bond, p-coumaric acid can 
also undergo rotation around the C4-C7 single-bond. This single-bond rotation can 
compete with double-bond isomerization, because the single-bond rotation is barrier-
less.268 Quantum mechanical/molecular mechanical and molecular dynamics 
(QM/MM/MD) simulations predict that both C4-C7 single- and double-bond 
isomerization occur in PYP; however, in WT PYP the single-bond rotation has a lower 
quantum yield than double-bond isomerization.265 And the positive charge on R52 was 
proposed to promote double-bond isomerization. PYP mutants without the positively 
charged arginine at position 52, such as R52Q, were proposed to undergo mainly C4-C7 
single-bond rotation.87 In chapter 3 we studied C4-C7 single-bond rotation by locking 
this bond in the chromophore of WT and R52A PYP. Despite the fact that rotation of 
the C4-C7 bond in R52A is now prevented, the protein is still able to enter the 
photocycle successfully, with a quantum yield that is comparable to WT PYP, 
reconstituted with rotation-locked chromophore. Also, varying the pH of the WT PYP 
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sample between pH 5 and pH 10 revealed that the photochemistry in the initial steps of 
the photocycle is invariant with pH in this pH range. NMR titrations will presumably 
reveal the most likely state of protonation of R52 in PYP.269 

The hydrogen bond of the chromophore with E46 is a so-called low-barrier 
hydrogen bond (LBHB) and the hydrogen bond with Y42 is a short ionic hydrogen bond 
(SIHB).72 This means that the oxygen atom from E46 and the phenolic oxygen of the 
chromophore share a hydrogen atom. The bond lengths of the hydrogen atom with the 
two oxygen atoms are longer than a covalent bond and shorter than the average 
hydrogen bond. In contrast, the hydrogen atom between Y42 and the chromophore is 
located close to the oxygen of Y42. Instead of stabilization of the negative charge on the 
chromophore by a counter ion, the strong LBHB between the chromophore and E46 
might be another mechanism of stabilizing the negative charge of the chromophore.72 
Modeling such short hydrogen bonds in QM/MM simulations is difficult. In such 
simulations, and without further precautions, the short hydrogen bonds immediately flip 
back to regular, longer hydrogen bonds.270 This may have influenced the results on the 
importance of the positive charge on R52 in the simulation studies of WT PYP and 
R52Q, mentioned above. 

Alterations in these two short hydrogen bonds by site-directed mutagenesis can 
lead to changes in the protonation state of the chromophore. Mutating E46 into any of 
the other 19 amino acids causes an increase in pK of the chromophore.271 In the mutants 
Y42F and Y42A the yellow pG form of PYP is in equilibrium with a spectrally 
intermediate species which probably has a protonated chromophore.238-240, 251 In these 
Y42 mutants, the inability to form a hydrogen bond between the chromophore and 
residue 42, leads to alteration in the other short hydrogen bond of the chromophore This 
is consistent with the assumed coupling of the two short hydrogen bonds in the pG 
state.84 

In a QM/MM study of the crystal structure of PYP, the two hydrogen bonds 
from the phenolic oxygen of the chromophore were analyzed.272 The conclusions of this 
study were that the two hydrogen atoms belong to the E46 and Y42 and that neither of 
them was located near the midpoint between the donor and acceptor atoms. The 
calculated pK values for the chromophore and E46 were 5.4 and 8.6, respectively.272 In 
a true LBHB this difference in pK values should be negligible.273 Experimentally, the 
difference in pK values has been determined to be even larger. The pK of the 
chromophore is 2.8243 and the pK of E46 >11.5239. However, the pK value of 2.8 reflects 
acid-induced denaturation of the protein, rather than the actual titration of the 
chromophore in the chromophore pocket.141 In pG, the chromophore and E46 are 
located inside the chromophore-binding pocket and are not solvent exposed.69 Such an 
assay of these pK values by pH titration reveals changes in the protein structure rather 
than the actual pK of the functional groups. For a direct assay of the pK of these 
functional groups one will therefore have to apply more advanced techniques like 
NMR- or IR spectroscopy. In mutant Y42F240 and F62W/W119F (chapter 5) a fraction 
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of the protein is in a spectrally intermediate species which probably has a protonated 
chromophore.251 This intermediate spectral species is in equilibrium with the species 
containing a yellow, deprotonated, chromophore. The pH of the solvent has only minor 
influence on the equilibrium between these two species. The small pH dependence -with 
at pH 8 the largest fraction of the yellow form present- seems to be related with the 
stability of the protein. 

Recently, the three hydrogen bonds of the chromophore were studied from a 
theoretical point of view.264 Forming and breaking of hydrogen bonds occurs with 
changes in charge distribution in the chromophore. These changes in charge distribution 
affect the favorability of rotation/isomerization around bonds. In the excited state, the 
hydrogen bonds of the phenolic oxygen were shown to hinder the C4-C7 single-bond 
rotation and thus to increase the yield of isomerization around the double-bond.264, 274 In 
contrast, the hydrogen bond with C69 has an opposite effect, hindering the 
isomerization of the double-bond and promoting the rotation around the single-bond.264 
This latter hydrogen bond inhibits double-bond isomerization and, therefore, has to 
break prior to isomerization.117 The shorter hydrogen bonds between the phenolic 
oxygen and Y42 and E46 enhance stabilization of the negative charge on the phenolic 
oxygen, which is proposed to be important for double-bond isomerization.264 

Upon photon absorption, changes occur in the charge distribution of the 
chromophore,275 and also in the characteristics of the hydrogen bonds.276 In the 
electronically excited state (pG*), the phenolic oxygen of the chromophore still has 
hydrogen bonds to E46 and to Y42,276 but the hydrogen bond with E46 is changed from 
a LBHB into a normal hydrogen bond.276 The hydrogen bond with Y42 is in both pG 
and pG* a SIHB. However, this hydrogen bond becomes stronger in pG* as a 
consequence of the weaker hydrogen bond between the chromophore and E46.277 The 
changes in hydrogen bonding network around the chromophore in pG* can enhance the 
isomerization. 

The rotation of the C4-C7 single-bond competes with the double-bond 
isomerization (see above). However, the flexibility of this single-bond optimizes 
double-bond isomerization, as we concluded in chapter 3 from the smaller isomerization 
yield of PYP, containing rotation-locked chromophore. This is in line with a theoretical 
study, in which flexibility of the C4-C7 single-bond is predicted to enhance the 
isomerization.264 Preventing the rotation of the single-bond by rotation-locked 
chromophore increases the yield of a nonproductive, short-lived ground state 
intermediate (GSI) (see chapter 3). A higher GSI yield is in agreement with the notion 
that the excited chromophore attempts to enter the photocycle, but is unable to 
successfully complete the isomerization and formation of pR. 

A higher GSI yield is also observed in several mutants such as the PYP 
proteins in which P68 is replaced by another neutral amino acid (A, G, or V).257 P68 is 
located near the chromophore, but has no direct contact with it. The quantum yield of 
isomerization in these mutants is lower than this yield in WT PYP. In these mutants 
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additional hydrogen bonds to the chromophore are formed between residue 68 and 
water molecules. In summary, P68 in WT PYP optimizes the yield of photochemistry 
by maintaining a weak hydrogen bond with the chromophore and restraining the 
entrance of water molecules in the chromophore pocket.257 The increased yield of the 
GSI intermediate may help in future experiments to characterize the chemical structure 
of this state. 

Protonation of the chromophore 

In the pR state, the chromophore still has hydrogen bonds to Y42 and E46124, 225 
whereas the hydrogen bond with C69 breaks upon double-bond isomerization.117 The 
next step in the photocycle is protonation of the chromophore.98, 136 Experimental 
observations allow two possible interpretations as to how this may take place: The 
proton may come from E4698, 124 or from solution.278 However, the observation that the 
proton comes from the solution has been made only in E46 mutants. 

In a QM/MM and MD study it was observed that photo-isomerization of the 
double bond of the chromophore results in displacement of R52, which then would lead 
to the weakening of the hydrogen bond between R52 and V66.230 The simulations in 
this study of the pR state reveal that water molecules can enter the chromophore pocket 
via E46. Another simulation study concludes that the protein environment is highly 
important for the protonation of the chromophore.279 If the surrounding residues have 
not the constraints of the protein environment, the proton transfer from E46 to the 
chromophore occurs with a very high rate. Such high protonation rate is not observed in 
PYP. Including the protein environment in the simulations does not result in protonation 
of the chromophore within in the simulation times.279 A third molecular dynamics study 
has shown that protonation of the chromophore occurs over a lower barrier if a water 
molecule replaces the positively charged R52.231 In this latter study, the chromophore is 
directly protonated by E46. The water molecule stabilizes the negative charge on E46 
better by changing the position of R52. In agreement with these simulations, 
experimental observations show that hydration of PYP affects the transition from pR to 
pB’.232 On the other hand, in all these simulations R52 has a positive charge and this 
positive charge is important for the migration of water molecules into the chromophore 
pocket and the effect of these water molecules on the protonation of the chromophore. 
As discussed above, the positive charge on R52 has not been confirmed experimentally. 

As mentioned above, from simulation and experimental studies on WT PYP it 
is concluded that upon formation of the signaling state the chromophore is protonated 
by E46. The situation in mutants that lack a proton donor at position 46, could be 
different. Water molecules in WT PYP proteins are likely not the proton donor; 
however, they can have an important role as shown in simulation studies. In chapter 5, 
we describe the construction and characterization of 'single-tryptophan' mutants. In a 
follow-up study we want to unravel the temporal dynamics of the entry of water 
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molecules into the chromophore pocket, as indicated by the temporal changes in 
tryptophan emission of tryptophans positioned at key sites in the protein. 

Signaling state formation and signal transduction 

In contrast to the crystal structure,90 the structure of pB in solution is less ordered, as 
observed by NMR.96, 132 From FTIR and ORD (optical rotatory dispersion) spectroscopy 
of pB in solution it is observed that the PYP proteins loses elements of secondary 
structure.98, 129, 226 All these measurements reveal a large degree of disorder in the pB 
state. So far, no solution structure for pB of WT PYP at atomic resolution is available. 
The dynamic nature of pB and the short lifetime of this intermediate, makes it difficult 
to determine its structure. Therefore the solution structure of a mutant with a very slow 
recovery, ∆25 PYP, was determined with NMR.96 A solution structure for pB that 
recently became available actually is an ensemble structure based on data from several 
different techniques and PYP mutants, which were measured under a range of 
conditions.213 It is known about PYP that the structural changes that take place upon 
signaling state formation are solvent and pH dependent (see chapter 4 and e.g.,94, 105, 205). 
Site-directed mutants of PYP may not display the same structural changes upon 
formation of the signaling state as the WT protein.98, 134 Although this pB structure is 
determined at various pH values and solvent conditions and based on several PYP 
mutants213, it is one of the best structures aivalable at the moment for the pB state. This 
structure shows a relative well-ordered pB state, but with the loss of secondary structure 
elements.213 In chapter 4 we show an HSQC spectrum of WT PYP. Additional data 
obtained with the same technique97 may soon allow calculation of an atomic structure of 
the pB state of WT PYP in solution. 

The ordered unfolding upon signaling state formation suggests that PYP in 
H. halophila interacts with a transducer via transient binding interactions. In chapter 4 
we investigate the binding of citrate anions to the signaling state of PYP. The fact that 
citrate binds to the signaling state only may indicate that the hypothetical transducer 
protein binds to the same site as where citrate binds, which is between the N-terminal 
cap and the β-sheet. 

Light is a stimulus that can be controlled with high temporal and spatial 
resolution, therefore, optogenetics is a powerful tool to study biological processes in 
living organisms from bacteria to mammals. Optogenetics is a technique that uses 
genetic modification to construct proteins which use light as signal to regulate a specific 
process in living cells. Morgan and colleagues designed a photocontrolled DNA-binding 
protein by fusing a DNA-binding domain to ∆25 PYP.280 In this fusion protein, the C-
terminus of the DNA-binding domain is fused to the N-terminal of ∆25 PYP. Their 
approach is to use the folded state of the ground state of PYP to sterically prevent 
dimerization of the DNA-binding domain. In the partially unfolded pB state, 
dimerization and DNA binding may be allowed to occur. Indeed, blue light illumination 
causes a 2 fold increase in specific DNA binding that reverses in the dark.280 Site 
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directed mutagenesis improved this photoswitching to a 12 fold increase in DNA-
binding affinity upon illumination.281 This mutation causes a10 fold inhibition of the 
rate of recovery to pG.281. This suggests that the recovery of WT PYP may be too fast 
for this kind of photoswitching mechanism. 

The fusion protein consists of two domains, the DNA binding domain and 
∆25 PYP. WT PYP is a single domain protein and as such signal transduction in the 
fusion protein must be different. In WT PYP, the N-terminal cap unfolds and dissociates 
from the PAS core and a transducer may bind between the N-terminal cap and the β-
sheet. The loosening of the N-terminal part of the protein is also observed in the fusion 
protein.280 In fact, in this protein the N-terminal cap is replaced by the DNA binding 
domain. 

Recovery to the ground state 

The recovery reaction of the signaling state, back to the ground state, includes 
deprotonation of the chromophore, refolding of the protein, and re-isomerization of the 
chromophore. At the time of this writing, only one intermediate in this recovery process 
is known: pG’. This intermediate catalyzes the ground state recovery and has a fold 
different from pG itself, a deprotonated chromophore, and a pG like absorption 
spectrum.105 pG’ causes the pH dependence of the recovery rate. The signaling state of 
PYP exists in multiple sub-species of which the population depends on pH (see 
chapter 4). Only sub-species pBm is in a fast equilibrium with pG’. As pG’ catalyze the 
recovery, the recovery via pBm and pG’ is much faster than the rate of direct recovery 
from the other pB species.105 

Likely, changes in recovery rate can often be related to a change in distribution 
of pB sub-species as shown in chapter 4. The equilibrium between pBm and pG’ 
determines the recovery rate and the recovery rate depends on the amount of pG’. We 
report in chapter 4 for H108F PYP less pG’ and a lower recovery rate, compared to WT 
PYP. However, ∆25 PYP has a very slow recovery, but it displays only a small amount 
of pG’ rather than complete absence of pG’. Therefore, the catalytic properties of pG’ 
are affected by the deletion of the N-terminal cap. All in all, the N-terminus is important 
for the catalytic activity of pG’. One possible interpretation of these findings is that the 
recovery rate of ∆25 PYP is representative for the non-catalyzed recovery rate of PYP. 

∆25 PYP has a different pH dependence of the recovery rate than WT (see 
chapter 4). It shows 2 pH transitions (i.e., pBm ↔ pBh1 ↔ pBh2). The recovery is slower 
for pBm than for pBh1. However, the low-pH transition that is observed in WT PYP is 
not observed for the ∆25 mutant within the pH range we analyzed in chapter 4. The 
spectrum of the low-to-medium pH range in ∆25 PYP is similar to the pBm spectrum in 
WT PYP. This is in line with the assumption that pBm is unfolded to a larger extent than 
pBl.

205 As we also show in chapter 5, at pH 8 the environment of W6 and W108 are 
more altered upon formation of pB than at pH 6. For W96 the change in environment is 
similar for pH 6 and 8. At pH 8 pBm is dominant, while at pH 6 also a significant 
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amount of pBl is present. The changes in environment of W6 and W108 indicate that in 
pBm the β-sheet is solvent exposed due to changes in the N-terminus. As in ∆25 PYP 
the central β-sheet is always solvent exposed, it is reasonable to expect that the pB 
spectrum at low-to-medium pH is similar to pBm in WT PYP. 




