
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Shining light on the photoactive yellow protein from halorhodospira halophila

Hendriks, J.C.

Publication date
2002

Link to publication

Citation for published version (APA):
Hendriks, J. C. (2002). Shining light on the photoactive yellow protein from halorhodospira
halophila. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/shining-light-on-the-photoactive-yellow-protein-from-halorhodospira-halophila(98f4fc39-2def-41e8-b3d8-cd8e5037d086).html


 

 45 

Chapter 2 
 

Structural change 

In Chapter 1 a comprehensive overview of work done on the Photoactive 
Yellow Protein (PYP) from Halorhodospira halophila has been presented. There 
we have seen that the photocycle of PYP can be divided into three basic steps, 
isomerization, protonation change and structural change, and recovery. In this 
chapter I will focus on experiments I have been involved in that specifically have 
looked at the second basic step in the photocycle, protonation change and 
structural change. Though the results of these experiments have been touched on 
in Chapter 1, they will be discussed here more extensively. Here new information, 
not available at the time of publication of those data, is used to reinterpret the data 
where necessary. 

Before the measurements are discussed a general description of sample 
preparation will be given. The first measurements that will be discussed are 
measurements performed to determine the net proton uptake, or release, upon 
formation of the signaling state (Hendriks et al. 1999b). Besides probing the 
protonation change of several residues upon formation of the signaling state, these 
experiments also infer something about the structural change that takes place. The 
discussion will then continue with the Nile Red probe binding experiments that 
specifically look at the structural change (Hendriks et al. 2002b). To finish some 
FTIR measurements will be discussed that specifically look at the structural 
change in the signaling state (unpublished results, and parts of (Xie et al. 2001)). 



Chapter 2  Sample preparation 

1 Sample preparation 

For the overproduction of PYP, a construct in Escherichia coli was prepared. In this construct an N-
terminal hexa-histidine containing tag (His-tag; MRGSH6GSD4K–PYP) is present which can be removed 
with enterokinase (see section 1.3). The construct was made using the commercially available kit 
QIAexpresse (with the pQE30 vector set) by Qiagen (http://www.qiagen.com/) (Kort et al. 1996b). PYP 
mutants were prepared via site-directed mutagenesis, using the mega-primer method (Landt et al. 1990). 
Altered genes were first screened using restriction analyses, and mutagenesis was subsequently confirmed by 
DNA-sequencing. 

In the following a detailed description of the overproduction and subsequent purification of PYP using 
the E. coli construct prepared with the QIAexpresse kit is given. The procedure is optimized for the wild type 
protein. Though these procedures worked fine with the mutant PYP forms used for the experiments described 
in this thesis, minor adjustments may provide even better results. In other cases adaptation of the procedures 
may be critical (e.g. in overproduction of PYP from Rhodobacter sphaeroides). 

1.1 Overproduction 

The overproduction was typically carried out in 0.5 l batches. For this, 0.5 l batches of a rich growth 
medium, including antibiotics, were prepared. This rich medium, dubbed PYP production broth (PB), consists 
of 20 g·l-1 Tryptone, 10 g·l-1 Yeast extract, 5 g·l-1 sodium chloride, 8.7 g·l-1 dipotassium hydrogen phosphate, 
5 g·l-1 glucose, 100 mg·l-1 Ampicillin, and 25 mg·l-1 Kanamycin. The pH of PB was set at 7. The medium was 
sterilized before use, where glucose, Ampicillin, and Kanamycin were sterilized separately and added after 
the sterilized medium had cooled down. The E. coli strains were grown at 37°C. 

1.1.1 Growth and harvest of cells 

50 ml of the 0.5 l batch was used for an overnight culture, which was started from a glycerol stock. The 
remainder of the 0.5 l batch medium was pre-heated at 37°C and inoculated with the overnight culture. About 
30 minutes after inoculation, the culture was induced with isopropyl-β-D-thiogalactopyranoside (IPTG), 
provided the culture was in the logarithmic growth phase. The induced culture was then incubated, while 
shaking, for at least 2.5 hours, after which the cells were harvested by centrifugation at 4°C (15 minutes at 
5,000 rpm). The pellets were re-suspended in 50 mM phosphate buffer pH 7.5 and stored overnight at –20°C. 

1.1.2 Cell lysis and apoPYP reconstitution 

After thawing, 25 μg DNAse and 25 μg RNAse was added to the harvested cells, which were then lysed 
via sonication (at least 6 minutes, with a 50% duty cycle). The obtained suspension was centrifuged for 45 
minutes at 14,000 rpm. The supernatant, or cell extract, containing the majority of the apoPYP, was dialyzed 
for 1 hour against 50 mM Phosphate/Borate buffer pH 9. Reconstitution of the apoPYP with activated 
chromophore, is faster at this high pH. This is likely caused by deprotonation of the sole cysteine residue to 
which to the chromophore needs to be attached. 

The activated chromophore was prepared by dissolving the acid form of the chromophore (4-hydroxy 
cinnamic acid for wild type PYP) and 1,1’-carbonyldiimidazole (CDI) (both at a concentration of 250 mM) in 
dry N,N-dimethylformamide (DMF) and subsequently stirring the mixture overnight at 4 ºC. This is an 
adaptation from (Imamoto et al. 1995; Genick et al. 1997a). Alternatively, an activated chromophore can be 
prepared by replacing CDI in the above description by N,N’-dicyclohexylcarbodiimide (DCC). This, 
however, requires centrifugation of the activated chromophore before use. Reconstitution with the DCC form 
of the activated chromophore is less dependent on the pH of the solution and can be used to reconstitute 
apoPYP quickly at a pH lower than 9. However, the cell extract still needs to be dialyzed before 
reconstitution to remove small molecules that can interfere with reconstitution (dialysis against a buffer with 
another pH is possible though). Note that the use of the DCC form of the activated chromophore usually 
produces a precipitate during reconstitution, which has to be removed before purification of the holoPYP. 

Reconstitution of apoPYP was achieved by adding small aliquots of activated chromophore to the 
dialyzed cell extract, while shaking (e.g. add 100 μl in steps of 20 μl). After shaking the cell extract for 30 
minutes more activated chromophore was added when necessary, this was checked spectroscopically (adding 
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a total of 300 μl was usually more than enough). In case the DCC form of the activated chromophore was 
used, shaking for 5 minutes was sufficient. Note, that when the cysteine is oxidized, reconstitution is blocked. 
This can occur, e.g., if the apoPYP is first purified with a Ni-NTA resin column. To prepare the cell extract 
for purification of the holoPYP, it was centrifuged (if necessary) and dialyzed against 50 mM phosphate 
buffer pH 7.5. 

1.2 Purification of holoPYP 

For the purification of holoPYP from the cell extract a Pharmacia FPLC system was used ( two P500 
pumps, a GP-250 Gradient programmer, and a frac-100 fraction collector). For the first step in the 
purification a column packed with Ni-NTA resin from Qiagen was used. Here the genetically introduced His-
tag binds to the Ni-NTA resin. A buffer containing 10 mM Trizma base (sigma), 10 mM citrate and 150 mM 
NaCl with a pH of 8 was used as loading buffer. The same buffer with a pH of 3.3 was used as elution buffer. 
A flow rate of 2ml·min-1 was used. After the cell extract was loaded onto the column and the column was 
washed with loading buffer, holoPYP was eluted using a gradient. The following gradient provided the best 
results for wild type PYP: from 0 to 40% elution buffer in 20 ml, from 40 to 50 % elution buffer in 20 ml, 
from 50 to 70% elution buffer in 80 ml, from 70 to 100% elution buffer in 15 ml, and finally washing with 25 
ml elution buffer. 

Alternatively, the Ni-NTA resin was packed in a simple table column, loaded with the cell extract, 
washed with the loading buffer, and eluted with elution buffer (no gradient). This way the purification was 
less efficient, but faster to perform. The fractions containing holoPYP were rigorously dialyzed against 50 
mM Trisma base pH 8 before continuing with the next purification step. At this stage the holoPYP usually 
had a purity index (OD278/OD446) between 0.5 and 0.7, where a purity index below 0.5 is considered pure. 

In the second purification step an anion exchange column (Resource Q, 6 ml, from Amersham 
Biosciences) was used with a flow rate of 1 ml·min-1, a 10 mM Trizma base pH 8 loading buffer, and a 10 
mM Trizma base pH 8 plus 1 M sodium chloride elution buffer. After removal of inorganic phosphate from 
the pooled holoPYP fractions, the holoPYP was loaded onto the anion exchange column and washed with 
loading buffer. Pure holoPYP was obtained using an the following elution gradient: from 0 to 9% elution 
buffer in 4.5 ml, from 9 to 12% elution buffer in 45 ml, from 12 to 50% elution buffer in 38 ml, from 50 to 
100% elution buffer in 25 ml, and finally washing with 17.5 ml elution buffer. The thus obtained holoPYP 
with a purity index <0.5 still contains the His-tag. 

1.3 Removal of the His-tag 

HoloPYP with a purity index ≤ 0.55, was dialyzed against 50 mM Trizma base pH 7.5 and concentrated 
to a volume smaller than 2 ml. 1 μg enterokinase (from Boehringer Mannheim) per mg holoPYP was added 
and left to react overnight at 37°C. The enzymatic reaction was quenched by placing the mixture on ice. Any 
holoPYP still containing a His-tag was then removed using a Ni-NTA resin table column, to which His-tag 
free holoPYP does not bind. The His-tag free holoPYP was then purified using an anion exchange column as 
described in section 1.2. Though, the obtained holoPYP without His-tag with a purity index <0.5 is suitable 
for most experiments, an additional purification step using gel filtration (column: Superdex 75 HR 10/30 
from Amersham Biosciences) is necessary when the holoPYP is to be used for crystallization. 
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2 Proton uptake / release 

Of the 125 amino acids that make the Photoactive Yellow Protein (PYP), 42 can change their protonation 
state (including the chromophore). There are three functional groups, that are able to change their protonation 
state, that can be distinguished here. The carboxylic acid group (–COOH), of which PYP has 20 (1 C-
terminus, 12 Asp and 7 Glu), groups with a protonatable nitrogen (–NH3

+, –NH+=, =NH2
+), of which PYP has 

16 (1 N-terminus, 2 His, 11 Lys, 2 Arg), and the phenol group (Ar–OH), of which PYP has 6 (5 Tyr, 
1 Chromophore). Note that the amide group (–CONH2) is not considered able to change its protonation state 
(i.e. no pKa’s are available for the amide group in the amino acids Gln and Asn). In an analysis of the ground 
state structure of PYP (crystal structure, PDB ID: 2PHY (Borgstahl et al. 1995)), where a sphere the size of a 
water molecule is used to probe the surface of the protein, it was concluded that 10 of the 42 groups, able to 
change their protonation state, are buried. The residues involved are the chromophore, Arg52, Asp34, Glu12, 
Glu46, His108, Lys110, Tyr42, Tyr94, and Tyr118. As these residues are buried, the pKa of these residues 
may deviate significantly from that of their exposed variants. E.g. the phenolic group of the chromophore is 
expected to have a pKa of 8.7 (see Chapter 3 section 3) but actually has a pKa of 2.7 (Hoff et al. 1997a) and is 
therefore deprotonated around pH 7, not protonated. Exposed glutamic acid normally has a pKa around 4.1 
(Weast 1988), but around pH 7, Glu46 in PYP is protonated, not deprotonated. When the surroundings of the 
buried residues change as a result of structural change, the pKa of these residues could change. E.g. in the 
ground state, pG, the chromophore has a pKa of 2.7 (Hoff et al. 1997a), but in pB this pKa has shifted to 10 
(see Chapter 3 section 3). As such, the titration behavior of these residues may differ between the different 
photocycle intermediates. Taking the chromophore as an example, at pH 7 the chromophore is deprotonated 
in pG, but protonated in pB. Because of this one might expect that a proton would be absorbed by PYP upon 
formation of pB. 

Indeed, in previous studies it was shown that upon formation of pB a proton is absorbed (Meyer et al. 
1993; Genick et al. 1997a). This was measured via time-resolved absorption changes of the pH-indicator 
bromocresol purple at pH 6. Though it then seems straightforward to conclude that the observed proton 
absorption is caused by protonation of the chromophore by solvent, this is not the case. As mentioned before, 
there are 10 residues in PYP that are buried and are able to change their protonation state. FTIR 
measurements have shown that upon formation of pB, Glu46 changes its protonation state simultaneously 
with the chromophore (Xie et al. 2001). As Glu46 is hydrogen bonded to the chromophore, it is therefore 
more likely that Glu46 donates its proton to the chromophore upon formation of pB. Therefore, no net 
protonation change is expected when only Glu46 and the chromophore are considered. One of the 
shortcomings of the reported studies with the pH-indicator bromocresol purple (Meyer et al. 1993; Genick et 
al. 1997a), is that no control experiments where presented in the presence of buffer. Therefore it is possible 
that the observed transient absorption change is not caused by a pH change, but e.g. by transient binding of 
bromocresol purple to PYP. Then again, there are 8 other buried residues that may change their protonation 
state upon formation of pB. Here, residues that may become buried upon formation of pB are not considered. 

To further study the possible protonation changes upon formation of pB, we have measured the net 
change in proton content upon formation of pB over a large pH range. We repeated the experiment with the 
pH-indicator bromocresol purple at pH 6 and also used the pH-indicator cresol red at pH 8. However, the use 
of pH-indicators is cumbersome and limiting for a study in a large pH range. We therefore turned to a 
technique successfully used to monitor proton binding by purple membranes, i.e. a regular pH electrode is 
used to monitor transient protonation changes (Renthal 1977). As these techniques are limited to detecting net 
protonation changes, we also studied two mutants, His108Phe and Glu46Gln, to obtain more detailed 
information. 
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2.1 Materials & Methods 

2.1.1 Sample preparation 

In this study wild type PYP and the PYP mutants Glu46Gln and His108Phe were studied. Unless 
otherwise noted, all samples were dissolved in 1 M potassium chloride. Wild type PYP was used both with 
and without removal of the His-tag. Both mutant forms of PYP were used with the His-tag removed. The 
production and purification of the different PYPs is described in section 1. PYP was routinely used at a 
concentration of 29 μM, in a working volume of 1.8 to 2 ml. Purple membranes were kindly provided by 
Prof. Dr. D. Oesterhelt (Department of Membrane Biochemistry, Max Planck Institute of Biochemistry, 
Martinsried, Germany). 

2.1.2 Absorption spectroscopy 

UV/Vis static and transient absorption spectra were recorded with a model 8453 Hewlett Packard diode 
array spectrophotometer, which has a maximum time resolution of 0.1 s. Typically UV/Vis spectra from 250 
to 550 nm were recorded every 0.1 s. 

2.1.3 Nanosecond time-resolved absorption spectroscopy 

Laser induced transient absorption spectra were recorded with an Edinburgh instruments Ltd. 
(http://www.edinst.com/) LP900 spectrometer. For a detailed description of this set-up see Chapter 3 section 
0. The CCD camera was used to record the spectra. 

2.1.4 pH measurements 

pH-measurements were carried out in a Peltier 
temperature-controlled ‘Kraayenhof vessel’ (Kraayenhof et 
al. 1982) with a Mettler Toledo InLab 423 
micro(combination)-electrode, connected to a Dulas 
Engineering amplifier (pH-meter; input impedance: >1013 
Ω) (see Figure 14). The electrode was calibrated with 
calibration buffers of pH 4.01, 6.98, and 9.18 (Yokogawa 
Europe BV). Measurements were carried out both with and 
without temperature control. 

To monitor pH changes as a function of time the pH 
signal was fed into a linear strip-chart recorder (Kipp & 
Zonen, type BD41). An offset was applied to the pH signal 
to bring it to a value around 0 V, which allowed us to 
monitor the change in pH signal with greater sensitivity. pH 
changes were converted into moles of protons by calibration 
with μl amounts of 2.5 mM oxalic acid. The pH signal was 
usually recorded with 0.025 to 0.1 pH-units full scale 
sensitivity. 

Figure 14. pH measurement setup. 
In the picture the setup used to measure the pH changes is 
shown. This setup was placed in the HP8453 spectrometer 
for simultaneous measurement of absorption spectra. 

2.1.5 Simultaneous transient absorption and pH measurements 

Absorption and pH signals were measured simultaneously by placing the ‘Kraayenhof vessel’ (see section 
2.1.4) in the sample compartment of the Hewlett Packard 8453 spectrophotometer (see section 2.1.2). Two of 
the four available ports of the ‘Kraayenhof vessel’ were used for the probe beam of the spectrophotometer. A 
third port was used for the combination pH electrode. For continuous actinic illumination of the sample with 
a Schott KL1500 light source (containing a 150-Watt halogen lamp), the fourth port of the ‘Kraayenhof 
vessel’ was used. Temperature controlled measurements were carried out at 20°C. Measurements without 
temperature control were carried out between 18 and 20°C. During the measurements the sample was stirred 
with the build in stirrer of the ‘Kraayenhof vessel’. 
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2.2 Results 

2.2.1 Protonation change observed with pH-indicators 

An unbuffered solution (1 M KCl) of PYP with the His-tag removed (~13 μM; OD446 ~0.6) and the pH-
indicator bromocresol purple (~100 μM) was prepared containing a pH of ~6. Laser induced difference 
absorption spectra were recorded with delays of 61 μs, 3.9 ms, 250 ms, and 1 s (see Figure 15 a). Any 
transient pH changes can be observed above 520 nm where none of the PYP transients absorb on the 

nanosecond to second time scale and only changes in absorption of the pH-indicator are observed. After 61 μs 
only pR is present and no pB is formed yet. At this point no changes in pH are observed. Beyond 3.9 ms pB is 
present in various amounts, as indicated by the bleach signal around 435 nm (due to a calibration error, the 
pG absorption maximum appears at 435 nm in these measurements not 446 nm). The absorption change 
induced by a change in pH was calibrated by adding 10 nmol protons, using a 2.5 mM oxalic acid solution, to 
the sample (see Figure 15 a). The number of protons absorbed by PYP were then determined from the signal 
at 592 nm. The amount of pB present at the different time points was determined from the pG bleach signal at 
435 nm, taking into account the amount of absorption 
change induced by the indicator at this wavelength. For the 
signal at 61 μs it was not possible to determine the amount 
of pB present due to overlap of the absorption spectra of pG 
and pR. By combining this information, the number of 
protons absorbed per pB molecule formed was found to be 
~0.3 (see Table 7). This corresponds fairly well with the 
published value of ~0.4 (Meyer et al. 1993) for a protein to 
bromocresol purple ratio of ~0.13, which was used in our 
study. As indicated by the experiment performed in the 
presence of 50 mM 2-(N-Morpholino)ethanesulfonic acid 
(MES) buffer (see inset Figure 15 a), the absorption change 
of the pH-indicator is mostly due to the change in pH and 
contains very little contribution due to transient binding of 
bromocresol purple. The experiment was repeated at pH 8, 
replacing the pH-indicator bromocresol purple with cresol 
red (~100 μM). Interestingly, no clear absorption change as 
a result of a pH change could be observed (see Figure 15 b). 

 
Figure 15. Reversible protonation of PYP, as studied with Laser-induced transient 
absorption spectroscopy. 
Difference absorption spectra are shown for PYP samples (12 μM) in unbuffered solution containing 1 M KCl and either 100 μM 
bromocresol purple at pH 6 (panel a) or 100 μM cresol red at pH 8 (panel b). For the spectrum in the inset of panel a, 50 mM MES buffer 
(2-[N-Morpholino]-ethanesulfonic acid; pH = 6) was added. Laser-induced transient absorbance spectra were recorded in the indicated 
wavelength region after: (1): 61 μs; (2): 3.9 ms; (3) 250 ms and (4): 1 s. The asterisk (*) refers to a calibration experiment in which the 
difference (bromocresol purple, ΔA595; cresol red ΔA575) spectrum is recorded, induced by the addition of 10 nmol protons (using 2.5 mM 
oxalic acid). 

Table 7. Proton absorption at pH 6 
followed with bromocresol purple 
The data represented in Figure 15 a was used to calculate 
the values in this table. The concentration of pB ([pB]) that 
is present at a specific time point was determined from the 
bleach signal at 435 nm (absorption maximum of pG in 
collected data is 435 nm and not 446 nm, due to a 
calibration error). No values were calculated for the 61 μs 
time point, as [pB] formed could not be determined due to 
overlap of the pG and pR spectrum. The number of protons 
absorbed (# H abs.) was determined from the absorption 
difference at 592 nm, using the calibration difference 
spectrum, obtained by adding 10 nmol protons, as 
reference. For the used protein to bromocresol purple ratio 
of ~0.13 a [pB] to # H abs. ratio of 0.4 is expected (Meyer 
et al. 1993). 
 

Time point [pB] (μM) # H abs. [pB]/# H abs. 
3.9 ms 3.0 9.6 0.31 
250 ms 2.5 8.3 0.30 

1 s 1.7 4.3 0.39 
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2.2.2 pH changes upon formation of the PYP signaling state 

Before experiments with PYP were performed, the set-up to measure transient changes in pH was tested 
with purple membranes. A 130 μM solution of purple membranes in 3 M KCl was used for the test. The 
obtained results confirm previous results obtained with purple membranes (Renthal 1977). The dependence of 
proton release on the salt concentration, i.e. more proton release at higher salt concentrations (Renthal 1977), 
was also confirmed. The random noise of the pH signal was found to be 2.5·10-4 pH units in these test 
measurements, which was more than sufficient for the measurements on PYP. 

For the measurements with PYP (~29 μM, OD446 ~1.3), 
1 M KCl was used as solvent. The high salt concentration 
improved the stability of the signal from the pH electrode 
significantly. Typically the pB state of PYP was 
accumulated with actinic continuous light for ~20-30 
seconds, after which PYP was allowed to return to its dark 
adapted state. Initial experiments with PYP revealed that 
pH changes could be observed in unbuffered solutions 
containing micromolar concentrations of PYP. Dependent 
on the pH of the sample the sign of the pH change was 
either negative or positive, representing proton uptake and 
release respectively (Figure 16). The transition from a 
positive to negative signal takes place around pH 7.9, and is 
visualized by an experiment at this pH, where due to the pH 
drift in the sample this transition is visible (data not shown). 
As Figure 16 indicates, the amount of drift seems to be 
influenced by the actinic illumination of the sample. As this 
change in drift also occurs in a reference sample containing 
bovine serum albumin, we conclude that this change in drift 
is mainly 
caused by 

a light induced increase in temperate of the sample. We 
tried to thermostat the solution using the Peltier element of 
the ‘Kraayenhof vessel’. However, due to the slow response 
of the temperature controller, the temperature starts to 
oscillate upon illuminating the sample. This also results in 
an oscillating signal from the pH electrode (Figure 17), 
making analysis of the signal difficult. Therefore, we 
decided not to use temperature control. To minimize the 
sample illumination induced temperature change, the 
minimal amount of actinic illumination necessary for 
maximal pB formation was determined. This was done with 
a sample at pH 4.5 by changing the voltage on the light 
source. The obtained setting was used throughout the 
remainder of the experiments. Though the presence of the 
His-tag on the wild type protein had no influence on the 
data, wild type PYP was used with its His-tag removed for 
the remainder of the experiments. 

The response time

Figure 16. Typical pH signal recordings.
Panel a shows a typical recording of the pH signal at low 
pH (pH 6.07). Panel b shows a typical recording of the pH 
signal at high pH (pH 9.95). The numbers represent: (1) 
actinic light on; (2) actinic light off; (3) graphical method 
to determine the extent of (de)protonation of PYP upon 
illumination by back-extrapolation. 

 of the pH electrode is instantaneous 
(i.e. within 1 s) for light induced signals. The light induced 
steady state of PYP, which contains predominantly PYP in 
pG and pB form, takes longer to achieve. As such, the 
change in pH had to be determined via back extrapolation 
to the point the light was switched on, as illustrated in 
Figure 16. This automatically corrects for the change in pH 
drift that occurs upon illumination of the sample. The 
change in pH was calibrated to number of protons added, by 
adding small amounts of oxalic acid. By calibrating the 

Figure 17. Effect of Peltier temperature 
control on pH signal. 
The influence of incorporation of the Peltier temperature 
control of the ‘Kraayenhof’ vessel, on the pH signal is 
presented. Both the signal for the pH and the temperature 
are shown. The numbers represent: (1) actinic light on; (2) 
actinic light off. 
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signal after each measurement, differences in buffering capacity of the PYP solution at different pH values 
had no influence on the data. 

Changes in pH as a result of pB formation were recorded in the pH range 4 to 11. Outside this range 
measurement conditions are unfavourable. Below pH 4 significant amounts of pBdark are formed (Hoff et al. 
1997a). Above pH 11 the thiol ester linkage of the chromophore starts to hydrolyse at a significant rate (Hoff 
et al. 1996). Simultaneous with the pH signal, the absorption spectra of the PYP solution were recorded (from 
250 to 550 nm) with 100 ms intervals. Here, 
continuous actinic illumination of the sample at a 90° 
angle to the probe beam of the spectrometer, had no 
negative influence on the recording of the absorption 
spectra. An example of a typical measurement, where 
both the pH signal and absorption spectrum are 
recorded, is shown in Figure 18 (only the absorption at 
446 nm is shown). From the obtained spectra the 
amount of pB formed could be calculated (see section 
0). Combining the information from the pH signal and 
absorption spectra, the amount of protons absorbed by 
the pB state of PYP can be plotted as function of pH 
(see Figure 19 a, dots). Negative values indicate 
proton release. Using Equation 1 (based on the 
Henderson-Hasselbalch equation), a fit through the 
data points was made. Here A0 is an offset value. Ai 
,pKi , and ni are the amplitude, pKa, and cooperativity 
constant of the ith Henderson Hasselbalch equation 
respectively. It is evident that at low pH protons are 
absorbed by pB. Around pH 7.9 the net change in 
proton content of PYP is almost zero. This transition to 
no change in proton content occurs with a pKa of 6.6. 
Above pH 7.9 protons are released upon formation of pB. This transition from no change in proton content to 
release of protons occurs with a pKa of > 10. Where the number of protons absorbed by pB does not seem to 
exceed 1, the amount of protons released at high pH can number 2 or more. 

Figure 18. Simultaneous recording of pH 
signal and UV/Vis spectra. 
Overlay of a recorded pH signal with the simultaneously recorded 
UV/Vis spectra (only a trace of the absorption at 446 nm is 
shown). The numbers (1) and (2) respectively indicate turning on 
and off the actinic illumination of the sample. The numbers (4a) 
and (4b) indicate addition of 10 and 20 nmol protons, 
respectively.
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2.2.3 pH changes in mutant PYP 

The pKa of 6.6 observed for the wild type protein, would suggest that a Histidine residue, which typically 
has a pKa around 6.1 (Weast 1988), is possibly involved. PYP contains two Histidine residues, one at position 
3 and one at position 108. Of these two Histidine residues, only His108 is buried in the ground state fold of 
PYP. As such, we selected His108 as a target for further study. The His108 was replaced by Phenylalanine 
and the net transient proton uptake/release of this mutant was determined and compared with that of wild type 
PYP (see Figure 19 a). The curves differ markedly at low pH. Where the observed pKa has shifted from 6.6 in 
wild type PYP to ~5.5 in the His108Phe mutant. The transition from net proton uptake to net proton release 
occurs at approximately the same point (pH 7.9). At pH values higher than 7.9, the two curves more or less 
overlap. 

For the protonation of the chromophore upon formation of pB, two possibilities have been suggested. 
One, the chromophore is protonated by solvent (Genick et al. 1997b). Two, Glu46 donates its proton to the 
chromophore (Xie et al. 1996). By determining the net transient proton uptake/release of a mutant in Glu46, 
and comparing it with that of wild type PYP, a distinction between these two mechanisms should be possible. 
As such, we determined the net transient proton uptake/release of the Glu46Gln mutant, an often used mutant 
in PYP studies (see Chapter 1 Table 5). However, it was only possible to cover the pH range from ~5.5 to 
~7.5 for this mutant. Below pH ~5.5 significant amounts of pBdark were present (pKa for pBdark formation is 
~4.2), and above pH ~7.5 we were not able to accumulate a significant amount of pB in the light induced 
steady state. Due to the small pH range it was not possible to confidently determine pKa values for changes in 
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net proton uptake/release behavior. It appears though that the Gly46Gln mutant differs from wild type PYP 
mostly around neutral pH and not at low pH. 

 
Figure 19. Proton uptake and release upon pB formation. 
The net number of protons absorbed per pB molecule formed is plotted as function of pH. In panel a, wild type (dot) and His108Phe (star) 
PYP are compared. In panel b, wild type (dot) and Glu46Gln (diamond) PYP are compared. Simulated curves are shown as solid lines. The 
simulated curves are made up of one or more Henderson-Hasselbalch curves (see text and Equation 1). For wild type PYP, pKa 6.6, 10 and 
10.5; n 1.1, 0.74 and 0.7; A –1.0, –1, –2.1 were used respectively. Here the pKa of 10 (including n and A values) was forced representing 
chromophore deprotonation (see Chapter 3 section 3). For His180Phe, pKa 5.4 and 9.7; n 0.7 and 1.2; A –1 and –2.1 were used 
respectively. For Glu46Gln pKa 7.5; n 1.8; A –1.1 were used. 

2.2.4 Determination of the concentration of pB 

As mentioned in section 2.2.2, absorption spectra were recorded simultaneously with the pH electrode 
signal. From these spectra the amount of pB accumulated in the light induced steady state can be determined. 
This steady state can be considered as a light induced equilibrium between pG and pB. Any other forms of 
PYP are not accumulated in significant amounts. Since for pG the molar extinction coefficient is known, it is 
most practical to determine the amount of pG that has bleached. This should be equal to the amount of pB 
formed in the light induced steady state. Under most circumstances pB does not absorb at the absorption 
maximum, 446 nm, of pG. Therefore from the amount of bleach at 446 nm the percentage pB that is formed 
in the light induced equilibrium can be determined, as shown in Equation 2. Here the superscripts l and d of 
the absorbance at 446 nm, A446, denote absorption for the light induced steady state and the dark adapted 
ground state respectively. 

1001pB
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However, at high pH the absorption spectrum of pB changes dramatically and the absorption band around 
360 nm is replaced by one around 430 nm (Figure 20 a). This transition occurs with a characteristic pKa of 10 
with a cooperativity constant n of 0.74 (see Chapter 3 section 3). The absorption band around 430 nm also 
absorbs at 446 nm, which is not corrected for in Equation 2. As such formula (1) underestimates the amount 
of pB formed at pH values above ~9. At the time of publication of these data (Hendriks et al. 1999b), we 
were not able to make a proper correction for pB absorption at 446 nm above pH ~9. However, in the mean 
time, new software has become available to us, which enables us to make the proper correction. The amount 
of pB formed was therefore recalculated. For this the difference spectra of the light induced steady state were 
determined by subtracting the dark adapted spectrum from the light induced steady state spectrum. Several 
skewed Gaussians were then fitted onto these difference spectra. The ground state can be simulated quite well 
by two skewed Gaussians with maxima at 425 and 452.4 nm respectively (see Chapter 3 section 3). The 
shape of this ground state simulation was determined by a global fit of a selection of difference spectra over 
the entire measured pH range. This shape was then used to determine the amount of pG bleach, and thus the 
amount of pB, from the difference spectra. The pB spectrum was fitted by one skewed Gaussian below pH 9 
and with two skewed Gaussians above pH 9. The difference between the two methods for determining the 
amount of pB formed in the light induced steady state is visualized in Figure 20 b. It is clear that the first 
method, seriously underestimates the amount of pB formed above pH 9. The values for the amount of pB 
formed in the light induced signaling state obtained with the new method, were used to calculate the amount 
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of protons absorbed or released upon formation of pB. Where with the old calculation ~3 protons were 
released at pH 10.5 for wild type PYP, the new calculation shows that actually only ~1.5 protons are released 
at this pH. 

 
Figure 20. Accumulation of pB. 
In panel a the pB absorption spectra for wild type PYP in the light induced steady state at pH 5.52 (solid) and pH 10.47 (dashed) are shown. 
Absorbance is relative to that of pG (1 at absorption maximum, 446 nm). In panel b the difference is illustrated between determining the 
percentage pB accumulated in the light induced steady state via two methods. By using Equation 2 (circles), also used in publication 
(Hendriks et al. 1999b). And by fitting multiple skewed Gaussians (stars) onto the, steady state - minus - dark, difference spectra (see text). 
Data from wild type PYP is shown with closed symbols, data from the His108Phe mutant is shown with open symbols. 

For the mutant His108Phe, the same procedures as for wild type PYP were used. The absorption 
maximum of the His108Phe mutant also lies at 446 nm. The extinction coefficient of wild type PYP was used 
to calculate the amount of pB present. Again, above pH 9 the new method shows that the simple method 
significantly underestimated the amount of pB present (see Figure 20 b). Also, the pH dependence of pB 
accumulation is different for the His108Phe mutant, which indicates that the pH dependent kinetics of the 
mutant differ from that of wild type PYP. For the mutant Glu46Gln, only the simple method for determining 
the amount of pB accumulated was used, as no data above pH 9 was recorded. The absorption maximum of 
the Glu46Gln mutant lies at 462 nm (Genick et al. 1997a). This wavelength was then also used to determine 
the amount of pB formed, here the extinction coefficient of wild type PYP (at 446 nm) was used to calculate 
the amount of pB present. 

2.3 Discussion 

The pH-indicator bromocresol purple was used to monitor transient pH changes during the photocycle of 
PYP at pH 6. The results obtained confirm results obtained in previous studies (Meyer et al. 1993; Genick et 
al. 1997a), i.e. the pH increases upon formation of pB indicating net proton uptake. Unlike the earlier studies, 
we also performed a control experiment in the presence of buffer (see inset Figure 15 a). As the transient pH 
signal disappeared in the presence of buffer, we can say that the observed transient pH signal is indeed a 
result of a pH change and is not due to transient binding of the bromocresol red pH-indicator. We also used 
the pH-indicator cresol red to monitor pH changes at pH 8. At this pH we observed no transient pH signal 
(see Figure 15 b). This is evidence that transient pH changes in PYP are pH dependent. To find enough 
suitable pH-indicators to cover a large pH range is difficult, as pH-indicators are only applicable in small pH 
ranges. Also, for each pH-indicator an optimal PYP to pH-indicator ratio needs to be determined, if 
conclusions about the size of the transient pH signals are to be drawn. E.g. our experiment with bromocresol 
red suggest that ~0.3 protons are absorbed by PYP upon formation of pB at pH 6, while in actuality a signal 
of ~0.9 is expected (see Figure 19 a). However, if a PYP to bromocresol purple ratio of <0.02 was used 
instead of ~0.13 the signal would have been ~0.9 (see Fig. 3 of (Meyer et al. 1993)). As such, it would be 
very cumbersome and time consuming to monitor transient pH changes over a large pH range with pH-
indicator dyes. It is much more convenient to measure the transient pH changes with a pH-electrode, as was 
also done with bacteriorhodopsin (Renthal 1977). 

With the pH-indicator experiment the light pulse that drives PYP into its photocycle can be very short (6 
ns in our experiments). The response of the pH-indicator to a pH change is diffusion limited and as such can 
be considered immediate on a μs time-scale. Also, a pH-indicator can detect local changes in pH in the 
immediate vicinity of PYP molecules. A pH-electrode only monitors the local pH around the pH-electrode. 

 54 



Chapter 2  Proton uptake / release 

Taking into account that a representative pH difference signal has to be obtained, the response time of the pH-
electrode to monitor changes in pH is much longer. Therefore a different strategy has to be used. By 
producing a steady state mixture of pG and pB using continuous actinic light irradiation and stirring the 
solution, a representative pH difference signal can be obtained using a pH-electrode. By not using a pH-
indicator it is also easier to determine the amount of pB that is produced during the experiment, as the PYP 
absorption bands used to determine the amount of pB are not masked by overlapping absorption bands of the 
pH-indicator. 

In the original publication of this work (Hendriks et al. 1999b) a simple method was used to determine 
the amount of pB formed. Though this method works fine below pH 9 for wild type PYP, above pH 9 this 
simple method underestimates the amount of pB formed (see Figure 20 b). Recently we have been able to use 
a more complicated method to determine the amount of pB formed, taking into account changes of the pB 
absorption spectrum that occur above pH 9 (see Figure 20 a). We have used the values obtained with the 
more complicated method for determining the amount of pB formed to determine the number of proton 
uptake per pB formed. Compared with the published analysis, only the values above pH 9 are influenced. 

When we take a look at the pH dependence of net proton uptake per pB formed (see Figure 19 a) it is 
clear that at low pH a net proton uptake and at high pH a net proton release occurs. Around pH 7.9 little net 
change in proton content of PYP occurs. The transition from no net protonation change to net proton uptake 
occurs with a characteristic pKa of 6.6. Here a maximum net proton uptake of ~1 is achieved with a 
cooperativity constant n of 1.1 for the Henderson-Hasselbalch curve representing this part of the curve. It 
therefore seems that this characteristic is caused by one residue and one proton. Assuming this residue is 
buried in pG and becomes exposed in pB, the most likely candidate for this residue is His108, as His108 is 
buried in pG and an exposed Histidine is expected to have a pKa of ~6.1. The pKa of His108 in pG must then 
be smaller than 6.6. With regard to the proton release at high pH, we know that the chromophore has a pKa of 
10 with n 0.74 in pB (see Chapter 3 section 3) and a pKa of 2.7 in pG (Hoff et al. 1997a). Therefore a net 
proton release of 1 proton with a characteristic pKa of 10 and n 0.74 is expected to occur. As shown in Figure 
19 a incorporation of this information into the simulated curve of the wild type PYP data fits well. The 
remainder of the proton release signal then has a pKa >10.5 and an amplitude of at least 2 protons. Residues 
that are candidates for this latter proton release signal are Lys110, Tyr42, Tyr94, and Tyr118, which are 
buried in pG. The pKa of these residues would then have to be higher than 10.5 in pG. It is assumed here that 
the residues causing the proton release signal become exposed in pB, and therefore have a pKa in pB similar 
to that of the exposed form of that residue (pKa of exposed Lys is ~10.5, pKa of exposed Tyr is ~10.1 (Weast 
1988)). At pH 4 the proton uptake signal seems to increase again, indicating involvement of a residue with a 
pKa ~4 in pB. The pKa of this residue must be smaller in pG. Candidates, are Asp34, Glu12, and Glu46 (pKa 
of exposed Glu is ~4.1, pKa of exposed Asp is ~3.9 (Weast 1988)). Glu46 is a special case, as we know the 
pKa of this residue is much higher than 4.1 in pG as it is still protonated at neutral pH and would therefore not 
qualify as a candidate. However, Glu46 donates its proton to the chromophore upon formation of pB (Xie et 
al. 1996), which allows it to be involved in a proton uptake event. It is interesting to note here that Glu12 and 
Lys110 are in close proximity to each other in pG, and seem to connect the N-terminal region and the central 
β-sheet via an ionic bond (distance between Oε,2 of Glu12 and Nζ of Lys110 is 3.61 Å). A pKa higher than 
10.5 for Lys110 suggests it would have a positive charge at most pH values. A pKa lower than 4.1 for Glu12 
suggests it would have a negative charge at most pH values. The buried positive charge of Lys110 and buried 
negative charge of Glu12 would then cancel each other and allow these residues to be buried in the protein 
while having a charge. 

Based on the pKa of 6.6 observed in the above analysis, we also determined the net protonation change 
upon formation of pB for the mutant His108Phe (see Figure 19 a). In this mutant residue 108 is no longer 
able to change its protonation state. The characteristic proton release at high pH seems more or less identical 
for both wild type PYP and the His108Phe mutant. However, proton uptake at low pH, though still present is 
affected by the mutation. The characteristic pKa of 6.6 in wild type PYP has shifted to ~5.5 in the His108Phe 
mutant. It therefore seems that at least part of the proton uptake observed at low pH in wild type PYP is 
caused by His108. Also, His108 is not the only residue responsible for this proton uptake at low pH. An 
additional residue, with a pKa of ~5.5 in pB, is also involved. As the net proton uptake in wild type PYP does 
not exceed 1 around pH 5.5, it would seem that the pKa of H108 in pG is also ~5.5. Alternatively, protonation 
of the residue with pKa ~5.5 could influence structural change of the protein in such a way as not to expose 
His108 anymore. In wild type PYP the net proton uptake does seem to exceed 1 above pH 4.5, maybe 
indicating a different pKa of the additional residue in the pB form of wild type PYP and the His108Phe 
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mutant. However, a pKa of ~5.5 has also been observed with regard to pB formation in wild type PYP in the 
context of structural changes (see section 3). This leads us to believe that a residue with a pKa of ~5.5 in pB is 
also present in wild type PYP. Candidates for such a residue are Asp34, Glu12, and Glu46. Any of these 
residues may also be responsible for the additional proton uptake observed in wild type around pH 4. The pKa 
of exposed Aspartic and Glutamic acid are expected to be ~3.9 and ~4.1 respectively. As such, it is likely the 
residue with pKa of ~5.5 in pB is not fully exposed. This condition fits best with Glu46. When this residue 
donates its proton to the chromophore, an unstabilized buried negative charge is created. The stressful 
situation thus created in the protein can be resolved via a major structural change of the protein (Xie et al. 
2001) or by neutralizing the charge, which would require proton uptake from solution. Should the latter take 
place a pKa greater than that of a fully exposed Glutamic acid residue (~4.1) is to be expected. Also, based on 
their position in the protein, Asp34 and Glu12 are more likely to become fully exposed upon structural 
change. With the protonation of Glu46 less structural change can be expected, which may cause His108 not to 
be exposed, explaining why the net proton uptake does not exceed 1 around pH 5.5 in wild type PYP. 

We also looked at the Glu46Gln mutant. Here the carboxylic acid group (–COOH) of Glutamic acid is 
basically exchanged for an amide group (–CONH) which is not able to change its protonation state. However, 
here we are confronted with the disadvantages of using a light induced steady state of pG and pB. Above pH 
~7.5 we were not able to accumulate a sufficient amount of the pB intermediate. As the acid denatured form 
of PYP, pBdark, is formed with a pKa of 4.1 in the Glu46Gln mutant, we were also not able to obtain 
trustworthy data below pH ~5.5. With residue 46 no longer able to donate its proton to the chromophore, the 
chromophore has to get its proton from an alternative source, which then most probably is the solvent. 
Indeed, the Glu46Gln mutant shows an increased proton uptake signal compared to wild type PYP (see 
Figure 19 b). However, the signal is not simply shifted up by 1 additional proton over the entire measured pH 
range. It seems to stay around 1 proton uptake per pB. Apparently the contribution from His108 is also 
changed in the Glu46Gln mutant. This can be explained by the fact that in the Glu46Gln mutant less 
structural change is observed upon formation of pB, as a result of the absence of a buried negative charge on 
residue 46, which drives structural change in wild type PYP (Xie et al. 2001). As such, it is possible that in 
the Glu46Gln mutant the His108 residue is no longer exposed as a result of structural change and therefore 
does no longer contribute to proton uptake. 

2.4 Concluding remarks 

We have determined the pH dependent net uptake and release of protons upon formation of pB of wild 
type PYP and the two mutants His108Phe and Glu46Gln. By combining this information with an analysis of 
the ground state crystal structure of PYP, with regard to buriedness of protonatable residues, and information 
from other experiments, we have been able to deduce several features that influence the structure of PYP. In 
pG an ionic bond between the buried residues Glu12 and Lys110, may keep the N-terminal domain in place. 
Upon formation of pB this ionic bond is broken giving rise to a net proton uptake signal around pH 4, and a 
proton release signal around pH 10.5. Due to a structural change upon formation of pB His108 is exposed, 
which causes a net proton uptake signal around pH 6. FTIR measurement have shown that the likely driving 
force for the structural change is the buried negative charge on Glu46, which is created after it donates its 
proton to the chromophore. We have also been able to deduce that the pKa of Glu46 in pB is ~5.5. 
Protonation of Glu46 also removes the driving force for structural change. As a result His108 no longer 
seems to become exposed upon formation of pB, as indicated by the proton uptake signal in wild type PYP 
around pH 5.5. This is further corroborated by the proton uptake signal in the Glu46Gln mutant around pH 
6.6. The results from the Glu46Gln mutant also in line with the notion that the chromophore is protonated by 
Glu46 in wild type PYP, but by solvent in the Glu46Gln mutant. 
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3 Nile Red probe binding 

The Photoactive Yellow Protein (PYP) is highly water soluble. Hydrophobic parts of the protein will 
therefore largely be buried inside the protein when it is in its ground state. Indeed, when the buriedness of the 
side chains of the hydrophobic residues Ala, Leu, Ile, Phe, Trp, Tyr, and Met (total of 50 residues) is 
determined in the PYP crystal structure (PDB ID: 2PHY (Borgstahl et al. 1995)), 56% of these residues is 
fully buried, 24% partly buried, and 20% exposed. Here the majority of the partly buried and exposed 
residues consist of Ala, Phe, Tyr, and Met, all residues that are either small (Ala), aromatic and thus 
polarizable (Phe and Tyr), or slightly polar (Met). It is therefore not surprising that when a structural change 
occurs in the protein upon formation of pB, at least some of these buried hydrophobic residues become 
exposed. Evidence for the exposure of hydrophobic residues stems from kinetic studies in solvents of 
different polarity (Meyer et al. 1989), kinetic studies in the presence of denaturant (Meyer et al. 1987; Lee et 
al. 2001a), and kinetic temperature dependence studies (van Brederode et al. 1996). In this latter study, the 
non-Arrhenius behavior of the pB to pG recovery reaction was explained via a model used in protein folding 
studies. Here the exposure of hydrophobic contact surface influences the heat capacity of the protein, which 
results in the non-Arrhenius behavior. A subsequent study with N-terminally truncated versions of PYP (van 
der Horst et al. 2001), showed that the N-terminus plays an important part in the non-Arrhenius behavior, as 
it almost completely disappeared when residues 1 thru 25 are deleted from PYP. 

To further study the characteristics of unfolding in PYP several techniques have been used. NMR 
experiments (Craven et al. 2000) have identified two areas in PYP where structural changes in the PYP 
backbone occur upon formation of pB, and one where they do not occur. One area that undergoes structural 
change is located at the N-terminus (residues 6-18 and 26-29), the other is located around the chromophore 
binding site (residues 42-58, 69-78 and 95-100). FTIR experiments (Xie et al. 2001) have shown that the 
chromophore is protonated before large structural changes take place. These experiments have also shown 
that though structural changes occur in solution, they do not occur in crystals (see also section 4). FTIR 
experiments in combination with mass spectrometry (Hoff et al. 1999) have shown that ~23% of the amide 
groups, that were buried in pG, become exposed in the pB state. Circular dichroism has also been applied to 
study structural changes in PYP (Chen et al. 2002). In combination with Tryptophan fluorescence quenching 
and fluorescence probe binding, circular dichroism has also been used to argue that the pB state of PYP is a 
molten globule state (Lee et al. 2001c). 

Here we also use fluorescence probe binding to study the structural changes in PYP. However, we use a 
different probe. The spectroscopic properties of the probe 1-anilinonaphthalene-8-sulfonic acid (ANS), which 
was used in the other study, overlaps with those of PYP and therefore can interfere in the measurements. In 
this study we used the probe Nile Red (NR). Its spectroscopic properties do not interfere with those of PYP. 
We were therefore able to obtain much more detailed information regarding the structural changes in PYP, 
such as pH dependence and kinetics of structural change. NR is a fluorescent probe that is very sensitive to 
the local polarity (i.e. its dielectric environment) and can be used to probe hydrophobic surfaces in proteins 
(Sackett and Wolff 1987). In a polar environment NR has a low fluorescence quantum yield, whereas in more 
hydrophobic environments its quantum yield increases and its emission maximum becomes progressively 
blue-shifted (Dutta et al. 1996; Hou et al. 2000). By applying the NR probe not only to wild type PYP but 
also to the truncation mutant Δ25-PYP, from which residues 1 thru 25 are deleted, we were also able to 
deduce a possible binding site for NR. 

3.1 Materials & Methods 

3.1.1 Sample preparation 

In this study wild type PYP and a truncated derivative of PYP (Δ25-PYP), with residues 1-25 removed, 
were used. Both wild type PYP and the truncation mutant were was used without removal of the His-tag. The 
production and purification of the different PYPs is described in section 1. For most experiments buffered 
samples containing ~2 μM wild type PYP (OD446 ~0.1) were prepared with a pH of 4.0 (10 mM formic acid), 
5.0 (10 mM citric acid), 6.0 ( 10 mM 2-(N-morpholino)ethanesulfonic acid (MES)), 7.0 (10 mM potassium 
phosphate), 8.0 (10 mM Tris/ HCl), and 9.0 (10 mM boric acid). For Δ25-PYP only samples buffered at pH 
5.0 and 8.0 were prepared. Stock solutions of Nile Red (NR) ranging in concentration from 1 to 100 μM were 
prepared in dimethylsulphoxide (DMSO). Measurements were started 30 s after adding 20 μl of one of the 
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NR stock solutions. Because of this procedure all samples contain 1 % (v/v) DMSO. It was necessary to use 
this procedure because of aggregation and slow adsorption of NR to the walls of the cuvette, resulting in a 
steady decrease of the concentration of NR in the aqueous solution (Sackett and Wolff 1987). We have tested 
the stability of NR fluorescence and absorption under our experimental conditions at pH 8.0 and found no 
significant changes within the first 10 minutes after dilution of NR in to aqueous solution. Consequently, all 
experiments with NR have been performed within the first 10 minutes after adding NR. 

For the laser-flash photolysis experiments a buffered sample containing 1 μM NR and 10 μM wild type 
PYP (OD446 ~0.5) at pH 8.0 was used. Again, 20 μl of a NR stock solution was added just before the start of 
the experiment, and samples were not used longer than 10 minutes after adding NR. 

3.1.2 Steady state fluorescence spectroscopy 

For the steady state fluorescence spectroscopy an AMINCO Bowman Series 2 Luminescence 
Spectrometer was used. The excitation wavelength was set at 540 nm (bandpass: 16 nm) and the emission 
was recorded from 555 to 800 nm (bandpass: 4 nm) at a rate of 2 nm/s. To produce a steady state mixture of 
pG and pB in the PYP sample a 462 nm LED (FWHM: 22 nm) was used to continuously illuminate the 
sample. The percentage of accumulated pB was pH dependent and ranged from ~25% for neutral pH to ~85% 
at pH 4.0, which is consistent with the previous study depicted in section 2 (see Figure 20 b). 

The fluorescence quantum yield of NR in 10 mM Tris/HCl buffer (pH 8.0), with and without the presence 
of PYP, was determined by comparing its fluorescence to that of Rhodamine-101 in ethanol (Φfl = 1 
(Karstens and Kobe 1980; Eaton 1988)). Both were excited at 540 nm with equal absorption at that 
wavelength. 

3.1.3 Time resolved (ms/s) fluorescence spectroscopy 

To monitor the time-dependence of the release of NR from PYP the same spectrofluorimeter was used as 
for the steady state measurements, but now with the excitation wavelength set at 530 nm (bandpass: 16 nm), 
while the emission was monitored at 600 nm (bandpass: 4 nm) with a time resolution of 10 ms (a faster time 
resolution resulted in an unacceptably low signal to noise ratio). Samples were flashed with a photo flashlight 
(500 μs pulse-width), through a 400 nm long-pass filter, 10 s after the start of the measurement. 

3.1.4 Steady state and transient (ms/s) UV/Vis spectroscopy 

The actual concentration of PYP in the samples and the amount of pB that is formed upon flash and/or 
continuous illumination was measured with an HP 8453 UV/Vis diode array spectrophotometer under similar 
geometric and illumination conditions as the fluorescence measurements described in section 3.1.3. Spectra 
were collected from 210 to 800 nm with a time resolution of 100 ms. 

3.1.5 Laser-flash photolysis spectroscopy 

To study details of the NR-binding step we used an Edinburgh instruments Ltd. (http://www.edinst.com/) 
LP900 spectrometer. For a detailed description of this set-up see Chapter 3 section 1. Although this set-up is 
optimized for transient UV/Vis spectroscopy, it can also be used to measure emission spectra. The latter were 
measured with the CCD camera, using an integration time (gate) of 500 μs. The PYP sample was excited with 
446 nm laserflashes of 7 to 8 mJ (pulse width 6 ns). The NR probe was excited with a 517 nm LED (FWHM: 
40 nm) that continuously illuminated the sample from below. Emission was measured between 550 and 815 
nm. For comparison, UV/Vis time traces were measured using the photomultiplier. To study the transition of 
pR to pB, traces were recorded at 500 nm, a wavelength at which selectively the presence of the pR 
intermediate can be monitored (Hoff et al. 1994a). Additionally, traces were recorded at 468 nm to also be 
able to monitor pG recovery. 
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3.1.6 Analysis of steady state fluorescence emission data 

In order to be able to relate the fluorescence emission data with the amount of NR present in bound and 
non-bound form, it is important to be able to fit the shape of the overlapping emission peaks accurately. We 
found that a single Gaussian, Lorentzian, or Voigt function did not give satisfactory fits. Therefore, we 
designed a new function consisting of multiple Gaussians (multiGauss; see Equation 3) that does give a 
satisfactory fit (see Figure 21). 
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 Equation 3 

In this equation B is a baseline correction, n is the number of Gaussians, A is the amplitude, w is the width 
in cm-1, xc is the peak maximum in cm-1, and s1, s2, and s3 are factors to convert A, w, and xc for the i = 0 
Gaussian into the corresponding values for the 0 < i < n Gaussians. A value of 3 for n provided proper fits 
(Figure 21), and was used throughout the analysis. In the analysis, first the spectra obtained from samples 
without PYP added were fitted with one multiGauss function to obtain the emission peak shape of NR in 
aqueous solution. Next, the spectra from samples containing pB were fitted with two multiGauss functions, 
one for the NR emission from aqueous solution (using the previously determined peak shape), and a second, 
to fit the emission of NR when bound to pB. This procedure was applied for each pH value separately. In the 
further analysis two assumptions were made: First, that the quantum yield of NR is constant in the pH range 
from 4 to 9. Second, that the amount of NR bound to the pG state of PYP is negligible. Tests and literature 
have confirmed that these assumptions are allowable (data not shown, (Sackett and Wolff 1987)). 

Using these assumptions it is possible to convert the emission peak area into the corresponding 
concentration of NR, using one conversion factor for NR in aqueous solution and one for NR bound to pB, 
for all the measured data at different pH values. With this procedure the concentrations of NR (free and 
bound to pB) are directly determined from the emission spectra, thereby circumventing any errors that are 
introduced during sample preparation, allowing a more accurate comparison between the experiments 
performed at the different pH values. 

3.1.7 Analysis of transient fluorescence emission data 

The same data analysis procedure was used for the transient fluorescence emission data as for the analysis 
of the steady state fluorescence data described in section 3.1.6. However, to be able to correct for differences 
in NR concentration, introduced during sample preparation, an additional assumption had to be made. The 
ratio between the factors to convert emission peak area to concentration of NR (for the two types of NR 
emission) is the same for the two experimental set-ups, i.e. the LP900 transient (fluorescence) spectrometer 
and the AMINCO Bowman Series 2 Luminescence Spectrometer. 

3.2 Results 

3.2.1 Steady state and ms time resolved measurements 

In order to detect possible differences in structure between the pG and pB state of PYP the fluorescent 
hydrophobicity probe NR was used to assay binding of this probe to PYP. The absorption band of NR in 
water (589 nm) is considerably red-shifted with respect to the absorption maximum of PYP (446 nm) and 
does not significantly overlap with, nor interfere with, the absorption by PYP. This makes NR an ideal 
candidate as a probe for conformational transitions in PYP. The emission characteristics of NR in aqueous 
solution and in the presence of PYP, when the protein is in its pG state, are the same within the error of the 
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measurement (quantum yields of 0.02 and 0.026, 
respectively). Also no change in peak maximum, spectral 
shape or quantum yield are observed between pH 4 and 9 
for NR fluorescence. From this it was concluded that 
binding of NR to the pG state of PYP is negligible. 

However, when the pB intermediate was accumulated, 
by continuous illumination with blue light, a new 
fluorescent species was observed (see Figure 21). The 
emission maximum of this species lies at 600 nm, strongly 
blue-shifted with respect to the NR emission in aqueous 
solution (659 nm), indicating that an environment with low 
dielectric constant is sensed by the probe, when bound to 
the pB state of PYP. Identical observations were made with 
reconstituted wild type PYP after removal of the His-tag by 
proteolysis with enterokinase. 

Deconvolution of the emission spectrum into emissions 
resulting from NR in aqueous solution and NR bound to PYP 
provides us with some of the emission characteristics of NR 
bound to the pB state of PYP (dashed line in Figure 21). Like 
the emission of NR in aqueous solution, the shape of the 
emission from NR bound to pB can be fitted well with a 
multiGauss function (see section 3.1.6 Equation 3). 

The recovery of pG from pB can be followed by 
monitoring the fluorescence of NR at 600 nm on a ms time 
scale, either after discontinuing continuous blue light illumination or after flash-excitation of PYP. This was 
done at a pH ranging from 4 to 9. The observed recovery kinetics were slightly slower compared to those 
found in parallel UV/Vis spectroscopy experiments (Data not shown). 

Figure 21. Fluorescence emission of NR. 
Emission spectra at pH 5.0, with excitation at 540 nm, of 
NR in the presence of buffer (similar to NR emission in the 
presence of PYP in the pG state; solid line), and in the 
presence of a steady state mixture of pG and pB (0.3/0.7; 
dotted line). The dashed line was obtained via 
deconvolution and represents the pB-specific NR emission. 
The residuals after fitting with the multiGauss function 
(Equation 3) are shown for the pG (solid line) and the 
steady state mixture of pG and pB (dotted line) experiments. 

3.2.2 Nile Red Titrations 

It was not possible to saturate the binding of NR to pB due to low solubility of NR (Sackett and Wolff 
1987) in combination with a relative low affinity for PYP. However, it was possible to determine the 
equilibrium binding constant (KB) of NR to pB at pH 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0. In order to determine KB, 
the emission spectrum of NR in the presence of a steady state mixture of pG and pB was measured at several 
NR concentrations ranging up to 1 μM, which is close to the solubility limit of NR in aqueous solution. A 
typical set of results (obtained at pH 5.0) is shown in Figure 22 a. From these fluorescence emission data KB 
values were determined using Equation 4, which describes the association/dissociation equilibrium between 
the pB form of PYP and Nile Red. 
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 Equation 4 

The concentration of NR bound to pB ([NRpB]) and the amount of NR in aqueous solution ([NRfree]) was 
obtained via a fit of the emission spectra with (a) multiGauss function(s) (see section 3.1.6 Equation 3). The 
total amount of NR added [NRtotal] is obtained by adding [NRpB] and [NRfree]. The total amount of pB 
formed [pBtotal] was determined separately in a parallel UV/Vis experiment, under similar experimental 
conditions as the fluorescence measurements. The concentration of free pB ([pBfree]) was then obtained by 
subtracting [NRpB] from [pBtotal]. The shapes of the peaks that were fitted to the emission spectra are shown 
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in Figure 22 b. The peak-shape of the aqueous NR emission is independent of pH within the pH range 
studied. The shape of the pB-associated NR emission showed a negligible pH-dependence (not shown), with 
the exception of pH 4.0, where the emission has a much broader spectrum and is shifted slightly to the red 
(λmax = 614 nm). 

 
Figure 22. NR Titration. 
Panel a: NR concentration dependence of the emission spectrum in a PYP sample at pH 5.0 containing a steady state mixture of pG and pB 
(0.3/0.7). Spectra are shown for NR concentrations from 100 nM NR (1) to 1 μM NR (10). 
Panel b: Representative deconvoluted emission spectra at pH 5.0 of NR in buffer (dashed line) and bound to pB (solid line). The dotted line 
is the deconvoluted pB-associated NR emission spectrum at pH 4.0, which is the only one that deviates significantly of the data obtained in 
the pH range from 4 to 9. 

In Figure 23 a the NR titration data is summarized and plotted in such a way that the slopes of the lines 
equal the KB. From this plot it is evident that KB is pH dependent. This is shown more clearly in Figure 23 b 
where the KB is plotted as a function of pH. The obtained pH profile suggests that a fit of this data would 
require at least two pKa values, one around 5.5 and the other at 9 or higher. 

From the titration data it was derived that, compared to NR in aqueous solution, the pB-associated NR 
emission peak area was about 5.8 times larger for the same concentration of NR. Assuming that the extinction 
coefficient does not change significantly upon binding to PYP we calculated that the fluorescence quantum 
yield for pB-associated NR was 0.12. 

 
Figure 23. Quantitative analysis of Nile Red binding to the pB intermediate of PYP. 
Panel a: Determination of the NR binding constant KB at pH 4.0 , pH 5.0 , pH 6.0 , pH 7.0 , pH 8.0 , and pH 9.0 . The data is 
plotted so that the slope of each line equals KB (deduced from Equation 4). 
Panel b: pH dependence of the binding constant KB. A proposed fit with the Henderson-Hasselbalch equation (see Equation 1 section 2.2.2) 
using the pKa values of 5.5 (n=3) and 10 (n=0.5) is included. 

 61 



Chapter 2  Nile Red probe binding 

3.2.3 Analysis of truncated Δ25-PYP 

From NMR-measurements (Craven et al. 2000) and 
UV/Vis kinetic absorption measurements (van 
Brederode et al. 1996; van der Horst et al. 2001), both 
in solution, it is clear that a large structural change 
occurs in PYP upon formation of the pB state, 
particularly in its N-terminal domain. This N-terminal 
domain is therefore a prime candidate for the location of 
a NR binding-site. However, when we studied NR 
emission in the presence of the Δ25-PYP mutant, in 
which the N-terminus is deleted (residues 1-25), we did 
not detect any NR binding to the pG state of Δ25-PYP. 
Also, we observed the same shift in fluorescence 
emission from NR, upon formation of the pB intermediate of  Δ25-PYP, as was found for wild type PYP (see 
Figure 24). In Figure 24 a the NR excitation and emission spectra of a steady state pG/pB mixture of wild 
type PYP is shown. Two excitation spectra are presented, one with the emission monitored at 600 nm 
(reflecting emission from pB-associated NR; dashed line) and one with the emission monitored at 659 nm 
(reflecting emission from free NR; dotted line). These excitation spectra were normalized with respect to the 
maximum of the included emission spectrum keeping the relative peak heights between the two excitation 
spectra intact. Figure 24 b shows the equivalent data for  Δ25-PYP. Note that in the  Δ25-PYP sample more 
pB was accumulated, which explains the increased pB-associated NR emission. Otherwise the excitation and 
emission spectra were identical. Additionally, a NR titration experiment was performed with  Δ25-PYP at pH 
5.0 and 8.0. The obtained NR binding constants were similar to those found for wild type PYP (see Table 8), 
indicating that the observed pH dependence of the NR binding constant in wild type PYP is also present in 
 Δ25-PYP. 

Table 8. Nile Red to pB binding constants 
Determination of the Nile Red to pB binding constants for wild 
type PYP is presented in Figure 23. 
 

pH KB for wild type PYP 
(·104 M–1) 

KB for Δ25-PYP 
(·104 M–1) 

4.0 6.09 ± 0.04  
5.0 4.40 ± 0.03 10.2 ± 0.1 
6.0 16.7 ± 0.2  
7.0 16.4 ± 0.1  
8.0 14.3 ± 0.1 17.0 ± 0.2 
9.0 9.41 ± 0.08  

 
Figure 24. Nile Red emission and excitation spectra for wild type PYP and Δ25-PYP. 
Panel a: Fluorescence excitation spectra of NR with detection at 600 nm (dashed line) and 659 nm (dotted line), selective for pB-associated 
NR and free NR respectively, in the presence of a steady state mixture of pG and pB (0.7/0.3) of wild type PYP at pH 8.0. The emission 
spectrum (solid line) was recorded with excitation at 540 nm. 
Panel b: Fluorescence excitation and emission spectra for a steady state mixture of pG and pB (0.1/0.9) of Δ25-PYP at pH 8.0. 

3.2.4 pBdark state and the free chromophore 

In order to determine if the acid-induced pB-state, pBdark (Hoff et al. 1997a), is structurally similar to the 
light-induced pB state, the NR emission spectrum of a wild type PYP sample at pH 1.8 was determined. At 
this pH PYP is largely in the pBdark state, a state with similar UV/Vis spectral properties as pB, but which is 
formed due to the low pH and not due to illumination of the sample. NR in aqueous solution at this low pH 
still has the same characteristics as in the pH range of 4 to 9 except for a lower emission intensity, which may 
either be caused by a decreased solubility or a change in quantum yield. In the presence of pBdark the NR 
emission spectrum was similar but not identical to those observed in a steady state mixture of pG and pB at a 
pH ranging from 4 to 9. Two different NR emission bands were observed. However, the pBdark-associated NR 
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emission has its maximum at 632 nm, which is clearly red-shifted from the emission maximum at 600 nm for 
the pB-associated NR emission. 

As a control, the NR emission was also determined in the presence of the free chromophore 4-
hydroxycinamic acid (dissolved at 2 μM), both at pH 6.0 and 9.0. Under those conditions the NR emission 
did not change noticeably with respect to the NR emission in aqueous solution (data not shown), indicating 
that the pB-associated NR emission is not due to binding to the chromophore, which becomes exposed in pB. 

3.2.5 Nile Red emission and PYP absorption kinetics 

Kinetic measurements of the changes in pB-associated NR emission were compared with changes in 
UV/Vis absorption of PYP. At pH 8.0 both the formation of pB-associated NR emission, as well as its 
subsequent disappearance, was analyzed using laser-flash transient fluorescence spectroscopy. Emission 
spectra were recorded with delays ranging from 500 μs to 1.04 s. In Figure 25 the peak areas of pB-associated 
NR emission and a transient absorption trace at 468 nm are presented. The two data sets were scaled using the 
amplitude of the single decay component, reflecting pG recovery, obtained in the fitting procedure. 

The pB-associated NR emission was fitted with two 
rise-components, in addition to a single decay component 
(see Table 9). Using a single rate-constant for fitting of the 
rise of the pB-associated NR emission gave unsatisfactory 
results, suggesting pB associated NR emission at time zero. 
It was estimated from the Stokes-Einstein relation that in 
the diffusion-limited case a 200 μs time-constant would be 
expected for our experimental conditions. Since the fastest 
time-constant observed for the fluorescence rise was 1.2 ± 
0.7 ms (with an amplitude of 0.43), these results suggest 
that the measurements were not diffusion limited and 
reflected the kinetics of structural rearrangements. 

For comparison the photocycle kinetics of PYP in the 
presence of NR were determined by measurement of 
transient absorption changes at 468 nm of the same samples 
used for NR fluorescence (see Figure 25 and Table 9). This 
allowed direct comparison between the NR fluorescence 
and the photocycle kinetics. The presence of NR did not 
influence the photocycle kinetics. As for the NR emission, 
two components were necessary to fit the rise phase at 468 
nm, in agreement with a previous study (Hoff et al. 1994a). 
The value of the two rise components in the absorption data 
were determined at 500 nm, since it is not possible to get an 
accurate fit of these two rise components at 468 nm. Note 
that the formation of the pB-associated NR emission is 
about eight times slower than pB formation measured by 
UV/Vis absorption spectroscopy. Also, the decay of pB-
associated NR emission is slightly slower (~30%) than the 
decay at 468 nm, reflecting recovery of the pG state. The 
differences between the NR fluorescence and photocycle 
kinetics (see Figure 25 and Table 9) were consistently 
detected and well within the accuracy of our experiments. 

 

Figure 25. Comparison of photocycle 
kinetics determined via NR-emission 
and UV/Vis absorption. 
Two types of data are shown, a UV/Vis absorption time
trace monitored at 468 nm, and the amount of NR bound to
the pB state of PYP at discrete time points, with a curve 
fitted through the data points. The data were normalized via
the contributions of the recovery exponent obtained in the
exponential fit of the data. Both types of data were recorded
on the same set-up and with the same amount of PYP and
NR present at pH 8.0. Below are the residuals obtained
using a mono-exponential fit (χ2

NR = 1.2·10-5; χ2
abs = 9.1·10-

7; dotted line) and a bi-exponential fit (χ2
NR = 6.8·10-6; χ2

abs

= 2.0·10-7; solid line) of the rise component.

Table 9. Comparison of the Nile Red emission and UV/Vis absorption kinetic constants. 
The Nile Red emission and UV/Vis absorption kinetics were fitted from the flash-photolysis data presented in Figure 25. 
 

type of data τ1 (Amplitude) τ2 (Amplitude) τ3 (Amplitude) 
NR emission 1.2 ± 0.7 ms (0.43) 10 ± 2 ms (0.57) 530 ± 40 ms (-1) 

UV/Vis absorption 213 ± 9 μs (0.48) 1.23 ± 0.02 ms (0.52) 405 ± 1 ms (-1) 
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3.3 Discussion 

The possible exposure of a hydrophobic surface upon formation of the pB intermediate in the photocycle 
of PYP has been suggested on the basis of time-resolved absorption experiments (Meyer et al. 1989) and was 
later also implied on the basis of specific heat capacity changes derived from time-resolved absorption 
measurements (van Brederode et al. 1996), transient proton uptake and release (see section 2 and (Meyer et 
al. 1993)), and binding to lipid bilayers (Salamon et al. 1995). However, this view became heavily debated 
upon publication of a crystal structure of the pB intermediate (Genick et al. 1997b), which does not show a 
structural change that would suggest such an exposure of a hydrophobic surface. Meanwhile FTIR 
experiments have shown, in a direct comparison of the two PYP forms (i.e. in aqueous solution and in a 
crystalline lattice), that the behavior of PYP in crystals is different from that in solution with respect to global 
structural changes (see section 4 and (Xie et al. 2001)). In this study we have further characterized the 
exposure of a hydrophobic surface in pB with the aid of the fluorescent hydrophobicity probe NR. 

Recently it was put forward that the pB state resembles a molten globule state (Lee et al. 2001c). One of 
their observations was a 12% increase of the fluorescence of the hydrophobicity probe ANS in the pB state, 
compared to the pG state. No binding site was suggested, however, and no kinetic analysis of the exposure of 
the ANS binding site was performed. Since ANS binds to the pG state and excitation of ANS also excites the 
PYP photocycle, the analysis presented here would not be possible using the ANS probe. 

The excitation maximum of Nile Red is sufficiently distant from the absorption maximum of the pG state 
of PYP to allow the probe to be used under conditions of continuous excitation of NR, without inducing 
photochemistry in PYP. From the steady state emission spectra of NR in buffer, in the presence of pG, and in 
the presence of a steady state mixture of pB and pG (see Fig. 1 a) we can deduce that NR only binds to pB 
and not to pG. The association of NR with pB was further shown by comparing time-resolved NR emission 
and UV/Vis absorption measurements on a ms to s time scale, where the pG recovery kinetics were similar 
for both types of experiment. To determine if the transient binding of NR to pB could be explained by 
hydrophobicity changes on the surface of the known pB crystal structure, we analyzed the surface 
hydrophobicity of the pG and the pB crystal structure using GRID (Goodford 1985). We did not observe a 
significant difference in surface hydrophobicity (data not shown), indicating that we are indeed looking at a 
structural change specific for PYP in solution. 

The sensitivity of NR emission to the polarity of the environment can be understood from the internal 
charge transfer in the excited state and its stabilization by a geometrical change of the NR molecule in the 
excited state in polar solvents. Such a state is called a twisted internal charge transfer (TICT) state (Dutta et 
al. 1996). It has been shown that a TICT state is characterized by red-shifted absorption and emission maxima 
and a low fluorescence quantum yield. This is in good agreement with the experimental fluorescence 
properties of NR in solvents with different dielectric constants (Greenspan and Fowler 1985; Sackett and 
Wolff 1987; Sarkar et al. 1994; Dutta et al. 1996; Datta et al. 1997; Ghoneim 2000), where the fluorescence 
emission maximum (λfl) is positively correlated and the fluorescence quantum yield (Φfl) is negatively 
correlated to the dielectric constant or the dielectric polarity of the solvent. For two proteins (κ-casein and 
albumin) this correlation between the fluorescence emission maximum and the fluorescence quantum yield of 
protein-bound NR has also been established (Sackett and Wolff 1987). From the fluorescence maximum of 
the pB-associated NR emission observed in this study a dielectric constant, D, of 15-20 is expected for the 
environment of NR near its binding site. The fluorescence quantum yield of the pB-associated NR (0.12), 
however, is a factor of two smaller than expected from these correlations. We propose that the reduced 
fluorescence quantum yield is due to specific quenching of NR fluorescence by the surrounding PYP 
molecule. 

By titrating NR it was intended to determine the binding constant KB as well as the number of NR 
molecules that bind to a single PYP molecule in the pB state. However, due to the low solubility of NR 
(Sackett and Wolff 1987) and its relatively low affinity for PYP, we were not able to saturate binding of NR 
to the pB state of PYP. As a result, we were not able to determine the number of NR molecules binding to 
PYP in the pB state. However, based on the molecular dimensions of NR and PYP, it is likely that they bind 
in a one-to-one stoichiometry. 

The pH dependence of the determined NR binding constant indicates that a fit of the data would require at 
least two pKa values. One around 5.5 and one around 9 or higher. In a previous study that also looked at 
structural changes upon formation of pB, which used transient proton uptake and release as a probe (see 
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section 2), pKa values of ~5.5 and ~10 were observed. These pKa values were fit onto the pH dependence of 
KB using the Henderson-Hasselbalch equation (see Equation 1 section 2.2.2), which resulted in a good fit (see 
Figure 23 b). Note, that a pKa value of 9 instead of 10 also provides a good fit through the data. A pKa of 
around 6.4 has also been found in titrations of several properties of the pB state (Genick et al. 1997a; 
Demchuk et al. 2000). However, it was not possible to fit a pKa of 6.4 onto the data presented here. 

The pB-associated NR emission spectrum also shows a pH-dependence. The emission maximum of pB-
associated NR emission at pH values of 4.0 and 1.8 is red-shifted with respect to the emission maximum in 
the pH range from 5 to 9. This red-shift can be interpreted as a more polar nature of the hydrophobic surface 
that NR binds to. Note that a change in emission maximum also implies a change in the quantum yield of NR 
emission. This possibly explains why the data-point at pH 4.0 in Figure 23 b deviates slightly from the fitted 
curve, since the analysis of the data did not take this effect into account. Note that the pH dependence of the 
KB does not coincide with the pH dependence of the pB-associated NR emission maximum. In other words, 
the pH dependence of KB is not caused by a change in polarity of the NR binding site. It is therefore possible 
that the pH dependence of KB is caused by a difference in the structure of pB.  

It already has been proposed that the pB state exists in multiple configurations, both ordered and partially 
unfolded (Craven et al. 2000). In light of the observed pH dependence of KB we would like to propose that 
the equilibrium between these ordered and partially unfolded states is pH dependent. More specifically, at 
low pH the number of pB molecules with a structural change large enough to allow binding of NR is lower 
than at high pH. The apparent pKa for this difference is about 5.5. From the net proton uptake/release 
experiments described in section 2, we have been able to deduce that the pKa of Glu46 is 5.5 in the pB state. 
As this residue has been shown to be responsible, at least in part, for the observed structural change of PYP 
upon formation of pB (Xie et al. 2001), it is likely that a change of its protonation state influences the 
structure of pB. This would then explain the observed pKa of 5.5 in the pH dependent NR titration 
experiments of PYP. 

To interpret the data more accurately it is important that we know the location of the NR binding site in 
PYP. Using the available information we can narrow down the location of this binding site. It is known that 
NR binds to hydrophobic parts of a protein (Sackett and Wolff 1987). NR does not bind to the ground state of 
PYP, thus the NR binding site must be buried when PYP is in its ground state. PYP has two buried 
hydrophobic cores, the major hydrophobic core, which is also part of the chromophore binding pocket, and 
the minor hydrophobic core shielded by the N-terminal part of the protein (Borgstahl et al. 1995). NMR 
experiments indicate that around both cores structural changes take place upon formation of pB (Craven et al. 
2000). This provides us with two possible areas where NR may bind. By analyzing the Δ25-PYP mutant it is 
possible to distinguish between these two possible areas. The Δ25-PYP mutant has similar NR binding 
characteristics as wild type PYP. The most important similarity being that NR binds to pB and not pG. 
Therefore, it can be excluded that NR binds to the hydrophobic core shielded by the N-terminus in wild type 
PYP. It also means, taking into account the near linear Arrhenius behavior of the PYP recovery reaction of 
the Δ25-PYP mutant (van der Horst et al. 2001), that the phenomena of NR binding to the pB state of PYP 
and the non-Arrhenius behavior of the pB to pG recovery (of wild type PYP) are caused by different protein 
structural changes (both involving exposure of hydrophobic surfaces and/or changes in its accessibility, 
though). Note that changes in the accessibility of a hydrophobic site for Nile Red does not necessarily have to 
be correlated with a large increase of hydrophobic contact area. The exposure of the NR binding site may 
therefore not contribute much to the non-Arrhenius behavior of PYP ground state recovery. 

The major hydrophobic core is left as the only area of the protein that potentially contains the NR binding 
site. NMR experiments have indicated that, besides the N-terminal domain, residues 42-58, 69-78 and 95-
100, which encompass the chromophore-binding pocket and contain part of the major hydrophobic core, 
show structural changes upon formation of pB (Craven et al. 2000). A hydrophobicity analysis, using GRID 
(Goodford 1985), of the molecular surface of the amino acid clusters 69-78 and 95-100 shows this region to 
represent a significantly hydrophobic site. Rearrangements of the clusters 69-78 and 95-100 such as expected 
from the NMR studies, could potentially result in solvent-exposure of a hydrophobic surface, consisting of 
some, or all of the residues Phe62, Phe63, Phe75, Tyr76, Phe79, Phe92, Tyr94, Phe96, Val107 and Val120. 
This site is also relatively close to the chromophore (see Figure 26). Exposure of this site would not be 
expected to result in de-protection of the amide (backbone) groups of these ‘core’ residues. 

The fluorescence emission maximum of pB-bound NR is direct evidence for the hydrophobic nature of 
the interaction between pB and NR. Since the photocycle kinetics are affected by solvent properties (Meyer et 
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al. 1989), binding of NR to the protein might cause changes 
in the photocycle. However, it was observed in control 
experiments that the presence of NR did not significantly 
influence the spectral or kinetic characteristics of the 
photocycle. 

The pB intermediate is predominantly assigned via 
UV/Vis spectroscopy. However, the visible color of PYP is 
sensitive only to the structure of the chromophore and its 
immediate environment. The large blue-shift observed upon 
formation of pB in UV/Vis spectroscopy is mainly caused 
by the protonation of the chromophore. Thus by comparing 
a time-resolved UV/Vis experiment with a time-resolved 
NR-emission experiment, we are able to compare the 
kinetics of the protonation change of the chromophore with 
the kinetics of the exposure of a hydrophobic surface. From 
Figure 25 it is evident that chromophore protonation 
precedes exposure of the hydrophobic surface probed by 
NR. The exposure of the hydrophobic surface is about 
eightfold slower than the protonation of the chromophore. 
Due to the restricted time resolution of our NR-emission 
experiment it was difficult to compare the UV/Vis 
absorption and NR-emission experiment in the sub-ms 
region. The experiment was therefore repeated using 
representative sample conditions on a different setup 
(Koeberg et al. 2001) with a better time-resolution (100 μs), 
with essentially the same results. The delay between 
spectroscopic and structural transitions observed via NR 
binding is in agreement with time resolved FTIR data that 
also showed a delay between changes in the protonation state of the chromophore and structural changes in 
the protein backbone (Xie et al. 2001). The time constant for the absorption changes in the amide region 
associated with pB formation was reported to be 2 ms, slower than our NR fluorescence measurements 
(Table 9). We note that the experimental conditions, in particular the solvent conditions and protein 
concentration of the samples, differ between the FTIR and the NR-fluorescence experiments. Therefore the 
kinetics cannot be directly compared. However, the delay of the structural changes in the pG to pB transition 
observed by FTIR spectroscopy is in agreement with our observations. 

Figure 26. NR binding site. 
Proposed binding site for Nile Red of PYP in solution in the 
pB state. The secondary structure representation of residues 
42-58, 69-78 and 95-100, that show conformational changes 
in addition to the N-terminal domain in solution NMR 
experiments (Craven et al. 2000), are shown dark gray. The 
proposed binding site for Nile Red, consisting of some or all 
of the residues Phe62, Phe63, Phe75, Tyr76, Phe79, Phe92, 
Tyr94, Phe96, Val107 and Val120, is shown as a contact 
surface around the side chain atoms of these residues. 
This 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 was used to render 
the images (http://www.povray.org). 

In addition to the temporal independence of chromophore protonation and the structural changes exposing 
a hydrophobic surface it was found that the reversion of those processes is also decoupled, namely the 
hydrophobic surface is still exposed after the chromophore has been deprotonated. These results show that the 
analysis of the action of photoreceptors by absorption spectroscopy only is not sufficient and may lead to 
failure of detecting important structural changes as well as decisive kinetic steps. We have shown here that 
use of the fluorescent hydrophobicity probe NR (and related compounds) has a potential for revealing the 
existence of protein conformational states and kinetics of protein structural changes. 

In the mean time a more detailed analysis of the PYP photocycle has been done using time resolved 
UV/Vis spectroscopy (see Chapter 3 3). Here, an additional intermediate in the pR to pB reaction, pB’, 
introduced on the basis of FTIR measurements (Xie et al. 2001), has been incorporated. Also, a more detailed 
description of the pB to pG recovery reaction was made. These new insights, compare well with the time 
resolved NR binding experiments presented here. This is discussed in more detail in Chapter 3 section 3. 
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4 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful technique that enables us to monitor 
structural changes during the photocycle of PYP. By determining difference spectra (after – before 
photocycle activation), changes in the vibrational characteristics of specific functional groups are monitored. 
Here the correct assignment of the observed peaks in the difference spectra is important. Several peaks have 
been assigned {Refs}, but not all. With regard to structural change of the protein two features of the 
difference spectra have been used as a reporter (Xie et al. 2001). One, the difference signal in the amide I 
band region that reflects changes in the protein backbone, and another around 1689 cm-1 (when deuterium 
oxide is used as solvent), which monitors an ND group of a side chain of an as of yet unspecified amino acid. 
As with the use of other techniques, correlation of FTIR difference spectra with kinetic events monitored in 
the UV/Vis region of the electromagnetic spectrum, is important. As the sample conditions can have 
pronounced effects on the kinetics (see Chapter 1 section 5.2), it is important to measure both types of data 
under identical or close to identical conditions. 

4.1 Materials & Methods 

4.1.1 Sample preparation 

In this study wild type PYP and the PYP mutants Glu46Gln, His108Phe, and a truncated derivative (Δ25-
PYP), with residues 1-25 removed, were studied. All were used with the His-tag removed with the exception 
of Δ25-PYP. The production and purification of PYP is described in section 1. For the solution samples 
concentrations of ~ 6.6-10 mM PYP (OD446, 1 cm 300-450) were used. These samples were sandwiched 
between two CaF2 plates (diameter 25 mm, thickness 2 mm) using a 12 μm spacer. Preparation of the crystal 
samples is described in section 4.1.2. 

4.1.2 Crystals 

P63 crystals of wild type PYP were grown using the reported protocol (Borgstahl et al. 1995). P65 crystals 
of wild type PYP were obtained using the hanging drop method. Used stock solutions are, a 50% 
Polyethylene Glycol 4000 (PEG 4000; from Hampton Research) solution, and a 1 M MES (2[N-
Morpholino]ethanesulfonic acid) buffer pH ~6. For both stock solutions water was used as solvent (not 
deuterium oxide) and both were filtered through a 20 μm filter. Also, a 20 mg·ml-1 PYP solution (OD446, 1cm 
66; 1.33 mM) in 100 mM MES pH ~6 was prepared. A 4 μl drop of the PYP solution was pipetted on a cover 
slide and mixed with another 4 μl of the well solution. When well solutions containing 35-40% PEG 4000 
and 100 mM MES buffer pH ~6 were used, all of the PYP was in crystalline form after ~3 days incubation in 
the dark at 18°C. Crystals were harvested by adding small amounts of mother liquor containing 45% PEG 
4000 with 100 mM MES pH ~6, and subsequently pipetting the crystals from the cover plate into a small 
eppendorf cup. The collected crystals were then centrifuged and excess mother liquor was removed. 

For preparation of samples for measurement, the crystals were washed with mother liquor containing 
deuterium oxide instead of water. Then as much mother liquor was removed as possible. 2.5 μl of the 
remaining crystal slurry was then sandwiched between two CaF2 plates (diameter 25 mm, thickness 2 mm) 
using a 12 μm spacer, and the crystals were further grinded between the two CaF2 plates until a homogeneous 
crystal slurry was obtained. This was checked using a microscope (10 to 40 times magnification). 

4.1.3 Transient FTIR spectroscopy 

Transient FTIR spectra were recorded with a Bruker IFS 66v FTIR spectrometer, using the rapidscan 
technique. Samples were exited with a Continuum Surelite-II OPO pumped laser (450 nm (430 nm for 
Glu46Gln mutant), ~5-6 mJ per pulse, 3-4 ns pulse width,). Spectra were recorded from 1900 to 970 cm-1 or 
1860 to 930 cm-1. This allowed a time-resolution of ~60 ms with rapidscan. Several Macro’s were created to 
automate calculation of the difference spectra. This allowed for immediate and easy pre-evaluation of the data 
right after it was measured. 
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4.1.4 Transient UV/Vis spectroscopy 

A home build UV/Vis transient spectrometry system was used that allowed application of the sample cell 
used for the FTIR measurements. As a result the exact same sample could be used for both FTIR and UV/Vis 
measurements. The setup contains a Tungsten probe lamp powered by an Hewlett Packard (Agilent) Model 
6654A power supply, two CVI laser corporation CM110 monochromators (one before and one after the 
sample), a Stanford Research Systems, Inc. Model PS310 high voltage DC power supply, which powers a 
Hamamatsu R928E photomultiplier tube that is connected to a Stanford Research Systems, Inc. Model SR570 
current preamplifier that converts the current signal from the photomultiplier to a voltage signal that can be 
digitized by the National Instruments PCI-6111E high-speed digitizer. A user interface for the set-up was 
created using the graphical programming language LabView 5.1 from National Instruments. This enabled us 
to program a logarithmic data acquisition that allowed us to measure UV/Vis traces covering the nanoseconds 
to seconds time domain in a single recording. The conditions and principles for this logarithmic acquisition 
are as follows. The digitizer puts a continuous flow of scans into a circular buffer, i.e. when the buffer is 
filled, the scans at the beginning of the buffer are overwritten. It is therefore essential not to use a buffer that 
is too small in order to prevent unprocessed data from being overwritten. The scans in this circular buffer are 
then processed by a doubling algorithm that doubles the number of scans it averages after every x data points. 
No more than 256 scans were averaged in the doubling algorithm. If the doubling algorithm requires more 
scans to be averaged, only the last 256 of this number of scans was averaged, while the remaining scans were 
disregarded. This ensures the algorithm can keep up with the constant flow of data, as it is much faster to 
disregard scans than to average them. It is important here to distinguish between scans and data points. A 
scan is the voltage scanned by the digitizer at a constant rate, while a data point is the result from the 
doubling algorithm where multiple scans may be averaged and where a specific time point is assigned to this 
data point, relative to a measurement trigger event. Additionally a feature was incorporated that allows for an 
initial linear data acquisition for a specified period of time. 

The availability of logarithmic data acquisition simplifies and improves measurements over a large time 
domain. The alternative of measuring separately smaller time domains and pasting them together at a later 
time, is cumbersome, time consuming, and may introduce some inaccuracies (see Chapter 3 section 1.3). 
Furthermore, as the control of data acquisition is largely regulated through LabView, a freedom is obtained 
that allows us to adapt the data acquisition to specifically suit a specific sample or property under study (e.g. 
different combinations of linear and logarithmic data acquisition per trace). 

4.2 Results 

To determine the extent of structural change of the backbone of PYP, infrared absorption difference 
spectra (pB – pG) were determined for several conditions and mutants. Here data obtained from transient 
FTIR spectroscopy, using the rapidscan technique, was used to determine these difference spectra. UV/Vis 
traces were recorded using the same sample, for comparison. For all measured samples, the recovery kinetics 
observed with transient UV/Vis spectroscopy was identical to that observed with rapidscan transient FTIR 
spectroscopy, within the error of the experiment. 

Many experiments on PYP in solution have indicated that significant structural changes take place upon 
formation of pB (see Chapter 1 section 5.5). However, the crystal structure of pB that was determined, does 
not reflect these significant structural changes (Genick et al. 1997b). In order to find out if the situation in 
crystalline PYP and PYP in solution is comparable, we decided to compare the ‘pB – pG’ difference 
spectrum of these two forms of PYP. We determined the ‘pB – pG’ difference spectrum for both the P63 and 
P65 crystal form of PYP. The P63 crystals were made in the presence of phosphate buffer with pH ~7, and 
were washed with deuterated mother liquor having a pD of ~7.4. This sample was compared to a PYP sample 
in a deuterated solution with a similar phosphate buffer, also with a pD of ~7.4. A comparison of the P63 
crystal-PYP and solution-PYP is shown in Figure 27 a. Note that the strong amide I signal from solution PYP 
has disappeared in P63 crystal-PYP. The minor signals still visible in the amide I region of the P63 crystal 
sample stem from the chromophore (Xie et al. 2001). A similar result was obtained with the P65 crystals at 
pD ~6.5 (data not shown). Besides the large difference in structural change between PYP in solution and 
crystal, there also exists a large difference in photocycle kinetics between these two forms of PYP. Especially 
with regard to recovery kinetics as shown in Figure 28 for the P65 crystal and solution form of PYP at pD 
~6.5. For both traces a fit incorporating two exponentials was applied, the result of which is collected in 
Table 10. 
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Figure 27. ‘pB – pG’ FTIR difference spectra 
All ‘pB – pG’ difference spectra (solid lines) are compared to the wild type difference spectrum in solution (dashed lines) under comparable 
buffer conditions. In panel a the P63 crystalline form of wild type PYP is compared to wild type PYP in solution (phosphate buffer, pD 7.4). 
Due to the fast recovery of PYP in the P63 crystalline form, the difference spectrum was obtained from only the first time slice of the 
rapidscan (covers first 60 ms). In panel b the mutant Glu46Gln is compared to wild type PYP (phosphate buffer, pD 7.4). In panel c the 
mutant His108Phe is compared (buffer mixture (citrate, 1,3-bis[tris(Hydroxymethyl)methylamino]propane (bis-tris propane), and 3-
[Cyclohexylamino]-1-propanesulfonic acid (CAPS)), pD 8.4). In panel d the truncation mutant Δ25-PYP, where the first 25 N-terminal 
residues are deleted, is compared (buffer mixture, pD 8.4). 

Several parts of the protein have been implicated in 
structural changes that occur upon formation of pB, i.e. 
Glu46 (Xie et al. 2001), His108 (see section 2), and the N-
terminus (see section 3, and (van der Horst et al. 2001)). 
Therefore, ‘pB – pG’ difference spectra were also recorded 
for the mutants Glu46Gln, His108Phe, and N-terminally 
truncated PYP (Δ25-PYP). The difference spectrum of 
Glu46Gln was recorded in phosphate buffer pD ~7.4 (see 
Figure 27 b). The difference spectra of His108Phe and Δ25-
PYP were recorded in a buffer mixture at pD ~8.4 (see 
Figure 27 c and d, respectively). For all mutants it is clear 
that the amide I difference signal is smaller, and thus less 
structural change appears to take place in these mutant 
proteins. 

Figure 28. Comparison of photocycle 
kinetics. 
The photocycle kinetics of wild type PYP in solution (solid 
line) is compared to that of the P65 crystalline form of wild 
type PYP (dashed line). Kinetics were compared at pD ~6.4 
(MES buffer). The traces were recorded at 430 nm after 
excitation with a 446 nm laser flash. The result from a 
kinetic analysis is presented in Table 10. 

Both for wild type and His108Phe mutant PYP ‘pB – 
pG’ difference spectra were recorded for a large pD range. 
Also, recovery kinetics were determined using transient 
UV/Vis spectroscopy. Though recovery rates were about 
one order of magnitude slower for the His108Phe mutant 
compared to those of wild type PYP, the pD dependence 
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Figure 29). This 
can not be said for the pD dependence of the 
amount of structural change, as monitored via the 
amide I difference absorbance. Here the difference 
between the intensity of the band at 1623 and 1642 
cm–1 was taken as a measure of the amount of 
structural change in the backbone (see Figure 30). 
Here the chromophore band around 1162 cm–1 was 
used to normalize the spectra. It must be noted, that 
the obtained results are quite noisy. This is most 
likely caused by discrepancies introduced during 
sample preparation, e.g. it is possible that not all 
samples were deuterated to the same degree. 
Therefore, these experiments should be repeated, 
taking more care with regard to sample preparation. 
Though, these results are quite noisy, it is still 
possible to see some trends that are in line with 
other experiments (see section 4.3). 

4.3 Discussion 

We have used transient FTIR spectroscopy to shed light 
on the observed discrepancy between the crystal structure 
of pB, which shows very little structural change of the 
backbone (Genick et al. 1997b), and its solution structure, 
which has been shown to differ significantly from the pG 
structure (see section 3, and (van Brederode et al. 1996; 
Craven et al. 2000; Lee et al. 2001c)). The ‘pB – pG’ 
spectrum of the P63 crystals (see Figure 27 a) reveals no 
changes in the protein backbone (amide I region), and 
dramatically reduced changes in the side chain groups 
(1610 - 1560 cm–1), compared to solution. This is in line 
with what is observed in the pB crystal structure. 
Furthermore, a positive band of COOD stretching is 
observed at 1757 cm–1, indicating the presence of 
protonated Glu46 in the crystal. In contrast, the ‘pB – pG’ 
spectrum of solution PYP reveals large changes in the 
protein backbone, and larger changes in the side chain 
groups, compared to crystalline PYP. Also, in solution the 
positive COOD band (1757 cm–1), observed for the crystalline sample, is not observed. Previously it has been 
shown likely (for PYP in solution) that upon formation of pB from pR Glu46 donates a proton to the 
chromophore, forming pB’, after which structural changes occur and pB is formed (see Chapter 1 section 5.4 
and 5.5, and (Xie et al. 2001)). Here, the negative charge on Glu46, that is produced after it donates a proton, 
likely plays an important role in the subsequent structural changes that may take place. This negative charge 
is buried and not stabilized via e.g. a hydrogen-bonding network or a counter ion. The stressful situation 
which is then created needs to be resolved. In solution this apparently is achieved via structural changes. 
Assuming that in the crystal environment Glu46 also donates a proton to the chromophore, the stressful 
situation thus obtained is resolved differently, i.e. via protonation of Glu46, effectively removing the negative 
charge on Glu46. Therefore, should Glu46 indeed be a driving force for the structural change observed in 
solution, exchanging this Glutamate for a Glutamine should result in at least a diminishment of the amount of 
structural change. This is indeed what is observed (see Figure 27 b), though a little structural change can still 
be observed. In addition, the negative band at 1726 cm–1, which is assigned to Glu46, has disappeared in the 
Glu46Gln mutant, indicating that this band was assigned correctly. 

Figure 29. pD dependence of the recovery rate 
of wild type PYP and His108Phe. 
The pD dependence of the recovery rate of both wild type PYP (dots 
and solid line) and the mutant His108Phe (triangles and dashed line)
was determined. As, there exists an order of magnitude difference in
the obtained rate constants, they were plotted using separate Y-axis, 
with wild type PYP on the left and His108Phe on the right. The scales
of the Y-axis have been adjusted so the two curves overlap. 

Figure 30. pD dependence of the extent 
of structural change in wild type PYP 
and His108Phe. 
A measure of the extent of backbone structural change was 
determined by subtracting the peak heights around 1623 
and 1642 cm–1. Here the peak around 1162 cm–1 was used 
as a reference to scale the spectra. The extent of backbone 
structural change was then plotted as function of pD for 
wild type PYP (dots) and His108Phe (triangles and dashed 
line). A Henderson-Hasselbalch curve, using a pKa of 5.5 
and n of 3 (values also used in another study, see section 3), 
was plotted through the wild type PYP data (solid line). 
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Though the photocycle recovery rate is much faster in 
the crystalline form of PYP, compared to that of PYP in 
solution, the rate of formation of pB seems similar (see 
Figure 28 and Table 10). That is, assuming that the fast 
photocycle component determined from both traces 
represents pB formation. The faster recovery in crystalline 
PYP may be induced by the protonation state of Glu46. 
Removal of the negative charge of residue 46 in pB also 
results in an increase in recovery rate in the Glu46Gln 
mutant. However, more factors are involved, as the 
recovery rate of the photocycle does not increase at low pH, where Glu46 appears to become protonated. It is 
however in line with the hypothesis that for recovery to take place, Glu46 needs to be protonated (Demchuk 
et al. 2000). 

Table 10. Comparison of relaxation 
constants of PYP in solution and the 
P65 crystalline form. 
The UV/Vis absorption kinetics were fitted from the flash-
photolysis data presented in Figure 28. The error in the last 
digit is shown in brackets. 
 

sample τ1  τ2  
solution 0.63(1) ms 1.022(8) s 

P65 crystal 0.77(7) ms 0.061(3) s 

The N-terminus has been shown to undergo a significant structural change upon formation of pB (Craven 
et al. 2000; van der Horst et al. 2001). As it was unknown what the extent is of the contribution of this N-
terminus to the amide I signal observed in solution PYP, we measured the ‘pB – pG’ difference spectrum of a 
PYP mutant with residues 1 through 25 removed (see Figure 27 d). From this it has become clear that a large 
part of the structural change is indeed caused by the N-terminus, but not all. The protonation state of Glu46 
does not seem to be effected in the truncation mutant (at pD ~8.4) with respect to wild type, i.e. Glu46 is 
deprotonated in pB. 

Residue His108 has been shown to be able to change its protonation state as a result of structural changes 
that occur upon formation of pB (see section 2). The His108Phe mutant was used to monitor if the extent of 
structural change is altered when His108 is replaced by a residue that cannot change its protonation state. As 
with the other mutants, the His108Phe mutant shows less extensive structural change than wild type PYP (see 
Figure 27 c). For this mutant, as well as for wild type PYP, we also looked at the pH dependence of the ‘pB – 
pG’ spectrum. However, the obtained data was of poor quality and needs to be improved on. Nonetheless, it 
is possible to obtain a few interesting trends from these data. From the extent of the structural change, as 
monitored by the amide I band (see Figure 30), it is clear that there exists a pD dependence, both in the wild 
type and mutant data. At low pD the extent of structural change in both wild type and His108Phe PYP seems 
to be similar. However, at higher pD values, differences can be observed. The extent of structural change 
seems to gradually increase with increasing pD for the His108Phe mutant, but never surpasses that of wild 
type PYP. In the case of wild type PYP, structural change seems to suddenly increase dramatically around pD 
5.6 after which it seems to stabilize. This pD of 5.6 is very close to a previously reported pKa of 5.5 observed 
with net proton uptake and release of protons, and in Nile Red probe binding experiments (see sections 2 and 
3). To evaluate the extent of the similarity between the pH dependence observed with the Nile Red probe 
binding experiments, and the pD dependence of the extent of structural change observed here with FTIR 
spectroscopy, a Henderson-Hasselbalch curve was drawn through the wild type data in Figure 30 using a pKa 
of 5.5 and an n of 3. These values were also used to fit the pH dependence of the Nile Red data (see Figure 23 
b). The obtained curve fits quite nicely through the data, and it would seem that this pD dependence is the 
result of the same characteristic that causes the pH dependence in the Nile Red data. It has been argued that 
the pKa of 5.5 is caused by protonation of Glu46 at low pH values (see section 2.3). As indicated by the ‘pB – 
pG’ spectra of crystalline PYP and the Glu46Gln mutant, removing the negative charge on Glu46 by 
protonation would lead to a decrease in the extent of structural change. Also, this should be accompanied by 
the appearance of a positive difference absorption around 1757 cm–1 as in crystalline PYP. Indeed, a positive 
absorption around 1751 cm–1 does appear simultaneously with the diminished extent of structural change 
(data not shown). This suggests that Glu46 is indeed being protonated in pB at low pH with an apparent pKa 
of ~5.5. This will likely be achieved via hydronium ions from solvent, explaining the true pH dependence this 
characteristic seems to have (i.e. the shape of pH and pD dependence overlap (see Chapter 3 section 3)). As 
mentioned before, the poor quality of the current data requires that the experiment be repeated. However, the 
preliminary results obtained from the current dataset already show interesting trends that confirm hypotheses 
made on the basis of previous experiments. 
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4.4 Concluding remarks 

The data presented in this section, clearly demonstrates the differences between measurements performed 
on PYP in solution and PYP in crystalline form. We have also shown the importance of the residue Glu46. 
The protonation state of this residue is an important factor that influences the extent of structural change upon 
formation of pB and may also influence the photocycle recovery rate. Furthermore, we have shown that the 
residue His108 also has an influence on the extent of structural change. Finally we have confirmed that the 
majority of the structural change occurs in the N-terminus. 
 




