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Chapterr 5 

5.11 Abstract 

Photoactivee Yellow Protein, the water-soluble photoreceptor protein first purified from 

HahrhodospiraHahrhodospira halophila, owes its bright yellow color to a thio-ester linked /7-coumaric acid 

chromophore.. The functional importance of this covalent linkage was studied using variants of 

thee protein in which the single, chromophore binding cysteine has been replaced by either an 

alaninee or a glycine residue. The C69G protein, unable to form the covalent linkage, was shown 

too bind the model compound methylmercaptyl-4-hydroxycinnamate, which leads to the formation 

off  an isosteric chromophore/protein complex as compared to wild type PYP. This non-covalent 

bindingg resulted in a color tuning of the chromophore from 385 nm to 435 nm. The latter value is 

remarkablyy close to the absorption maximum of the wild-type protein, which is at 446 nm. The 

photoactivityy of this system, however, was strongly impaired; whereas, at low temperature, blue-

lightt activation resulted in both bathochromic and hypsochromic photoproducts, the last steps of 

thee photocycle could not take place in the absence of the covalent linkage. These findings make 

Photoactivee Yellow Protein the first known photosensor protein with an isomerizable 

chromophoree in which the covalent linkage of the chromophore is of paramount importance for 

thee functional activity of the protein in vitro. 

5.2 2 Introduction n 

Photoactivee Yellow Protein (PYP) is a small, 

water-solublee blue-light photoreceptor first 

isolatedd from Hahrhodospira halophila 

(Meyer,, 1985; Meyer et al, 1987). The protein 

owess its bright yellow color to a p-coumaric 

acidd chromophore, thiol-ester linked to its 

uniquee cysteine (Van Beeumen et al, 1993; 

Bacaa et al, 1994; Hoff et al, 1994a; Hoff et 

al,al, 1996). Light absorption by this 

photoreceptorr protein initiates photo-

isomerizationn of the anionic chromophore, 

fromm the 1-trans,9-cis- to the l-cis,9-trans 

configurationn (Xie et al, 1996). This initially 

leadss to the formation of a series of transient 

intermediatess with a red-shifted absorbance 

maximumm (as compared to the ground state 

pG446;; Ujj et al, 1998). The most stable one 

(ppM65)) decays bi-exponentially to a blue-

shiftedd state (pB355), in which the 

chromophoree is protonated at its phenolic 

oxygen.. This blue-shifted state, the putative 

signalingg state, recovers in a few hundred 

millisecondss to the ground state {i.e. pG446), 

presumablyy through an intermediate with a 

deprotonatedd chromophore (Meyer et al, 

1987;; Hoff et al, 1994b; Hendriks et al, 

2003).. The change in configuration of the 

buriedd chromophore is relayed to the surface 
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off  the protein in the form of a conformational 

transition,, to allow activation of (a) 

downstreamm signal transduction partner(s). 

Forr all members of the currently 

knownn photosensor families, besides the 

xanthopsinss (i.e., rhodopsins, phytochromes 

andd flavin containing photoreceptor proteins 

(Vann der Horst et ai, 2004), it has been shown 

thatt a covalent linkage of the chromophore to 

thee apoprotein in the receptor state is not 

essentiall  for catalytic activation. 

Inn the flavin containing photoreceptor 

proteins,, the Cryptochromes, Phototropins and 

BLUFF proteins, the flavin chromophore, either 

FADD or FMN is naturally bound 

noncovalentlyy to the apoprotein in the ground 

state.. Note, however, that for the phototropins, 

itt has been shown that there is a transient 

covalentt linkage from the FMN chromophore 

too a conserved cysteine residue in the 

signalingg state (Crosson and Moffat, 2002). 

Thee Rhodopsins make up the protein family of 

whichh the members contain a seven-

transmembranee helix-containing opsin 

apoprotein.. A retinal is bound as the 

chromophoree to a lysine residue in this 

apoproteinn through a Schiff-base linkage. For 

bothh bacteriorhodopsin and visual rhodopsin it 

hass been established, via the application of 

site-directedd mutagenesis methods, that 

functionall  holoprotein is obtained even in the 

absencee of a covalent linkage; The covalent 

linkagee between retinal and the apoprotein is 

nott required for the function of 

Non-covalentt chromophore binding in PYP 

bacteriorhodopsinn as a proton pump, as shown 

inn both (Schweiger et al., 1994) and (Friedman 

etet al., 1994). In similar experiments 

Zhukovskyy et al. showed that the covalent 

bondd in rhodopsin is not essential for binding 

off  the chromophore nor for catalytic activation 

off  transducin (Zhukovsky et al., 1991). In the 

Phytochromes,, a linear tetrapyrole, usually 

covalentlyy bound to a cysteine via a thioether 

linkage,, functions as the chromophore (for a 

review,, see (Fankhauser, 2001)). Recently, a 

subclasss of bacteriophytochromes has been 

discovered,, in which the chromophore is 

boundd to a histidine via a Schiff-base linkage 

(DrBphPP from Deinococcus radiodurans 

(Daviss et al, 1999)), or even non-covalently 

(CphBB from Calothrix sp. PCC7601 (Jorissen 

etet al, 2002b)). Both the latter, and oat 

photochromee reconstituted with a 

chromophoree analogue not able to bind 

covalently,, were shown to function in vitro in 

thee absence of a covalently linked 

chromophoree (Jorissen et al., 2002a). 

Here,, the functional importance of 

thee covalent linkage between chromophore 

andd apoprotein of PYP is studied by changing 

cysteinee 69 to a glycine or an alanine residue. 

Byy addition of the methyl thio-ester of the 

pCAA chromophore (methylmercaptyl-4-

hydroxycinnamate,, also known as thiomethyl-

p-coumaricc acid, TMpCA), this combination 

off  protein and chromophore model compound 

iss isosteric with the wild-type holo protein, 

withh the absence of the covalent linkage as the 
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onlyy difference (see Figure 1). Here we 

describee the binding of the chromophore 

modell  compound to the apo-protein 

derivatives,, as detected via the spectral tuning 

off  the chromophore. Furthermore, we 

characterizee the photochemistry of this system 

usingg (low-temperature) spectroscopy. 

5.33 Experimental procedures 

5.3.15.3.1 Mutagenesis and expression 

PYP,, and site-directed mutants thereof {i.e. 

C69GG and C69A), were produced and isolated 

ass described in (Hendriks et al, 2002) as hexa-

histidinee tagged apo-proteins in Escherichia 

coJi.coJi. Ni  +-column purified material was used, 

withoutt removal of the N-terminal 

hexahistidinee tag. Mutagenesis was performed 

usingg the QuickChange kit (Stratagene) and 

withh pHISP as a template (Kort et al, 1996a). 

Thee sequences for the mutagenic primers for 

C69GG were: 5' GGCAAGAACTTCTTCAA 

GGACGTGGCCCCGGGCACTGACAGCC C 

3'' and 5' GGCTGTCAGTGCCCGGGGCC 

AGCTCCTTGAAGAAGTTCTTGCC3'' and 

forr C69A: 5' CTTCAAGGACGTCGCCC CG 

GCCACTGACAGCCCGGG 3' and 5' CCGG 

GCTGTCAGTGGCCGGGGCGACGTCCTT T 

GAAGG 3'. The mutations were confirmed by 

nucleotidee sequence analysis. 

5.3.25.3.2 Chromophore synthesis 

Thiomethylesterss were synthesized from both 

/?-coumaricc acid (Sigma) and 7-hydroxy-

coumarin-- 3-carboxilic acid (Molecular 

Probes),, resulting in TMpCA and TM7HC, 

respectively.. They were synthesized using the 

1,11 -carbonyldiimidazole (Aldrich) derivative 

off  the chromophores (prepared as described in 

(Hendrikss et al, 2002)) and 

sodiumthiomethoxidee (Acros Organics). An 

equimolarr amount of sodiumthiomethoxide 

(dissolvedd in water) was added to the activated 

esterr of the chromophore and the mixture was 

allowedd to react overnight at room 

temperature.. The compound was then purified 

usingg a silicagel column. The column was 

washedd with 2 column volumes petroleum 

ether,, after which the ester was eluted using a 

1:11 ethylacetate/petroleum ether mixture. The 

identityy of the compounds was confirmed 

usingg NMR- and mass spectrometry. The 

extinctionn coefficient of TmpCA was 

determinedd using high-pH hydrolysis of the 

thioester;; the compound was dissolved in 10 

mMM phosphate, pH 13 and stirred for 30 

minutes,, after which no further spectral 

changeschanges were observed. After hydrolysis the 

pHH was lowered to 5 and the spectrum was 

comparedd to the spectrum of p-coumaric acid 

att pH 5, which has a molar extinction 

coefficientt e of 20 mM''cm"' (Aulin-Erdtman 

andd Sandn, 1968) in its protonated form. 
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Cys69 9 

o = cc  O 
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5.3.35.3.3 UV-Visspectroscopy 

Bindingg of the model compound was foliowed 

spectroscopicallyy using a HP 8543 

spectrophotometerr and a "Kraayenhoff vessel" 

enablingg simultaneous monitoring and 

adjustmentt of pH and temperature. 

Initiall  binding experiments were 

carriedd out in 50 mM phosphate buffer pH 7, 

andd in 50 mM phosphate plus 50 mM boric 

acid,, pH 9, at temperatures between 25°C and 

5°C.. Experiments to determine the binding 

affinityy for TMpCA and to study photoactivity 

off  the non-covalent adduct were carried out in 

500 mM phosphate buffer, 20% glycerol, pH 7, 

at-10°Cand-15°C. . 

Experimentss at 77K were performed 

inn 10 mM phosphate buffer, 67% glycerol, 

pH77 in a Perkin Elmer Lambda UV/Vi s 

spectrophotometer,, equipped with a liquid 

nitrogenn cryostat. To investigate 

photoactivation,, the protein sample was 

transientlyy illuminated with a blue LED (470 

nm). . 

Figuree 1: Schematic 
representationn of the 
chromophoree binding 
pockett in PYP and the 
modell compounds used in 
thiss study. 
A:: Wild-type chromophore 
bindingg pocket, with the p-
coumaricc acid chromophore 
covalentlyy bound to Cys69, 
B:: The TMpCA model 
compoundd in the binding 
pockett of C69G PYP P 

5.4 4 Results s 

5.4.15.4.1 Model compound synthesis 

Thee thiomethyl model compounds TMpCA 

andd TM7HC were successfully synthesized, as 

judgedd from NMR and mass spectrometry 

analysiss (not shown). The absorption spectra 

off  both compounds are shown in Figure 2. 

TMpCAA shows an absorption maximum at 330 

nmm at low pH, where the phenolic oxygen is 

protonated.. Its deprotonated form absorbs at 

3855 nm. This shows that the ester linkage does 

indeedd red-shift the absorption maximum 

whenn compared to the free acid. The pKa of 

thee phenolic oxygen was determined to be 8.5, 

veryy similar to the pKa found in free p-

coumaricc acid and earlier described thio-

methyll  model-compounds (8.5-8.8 (Kroon et 

al,al, 1996)). TM7HC has absorption maxima at 

3622 nm and 421 nm, for the protonated and 

deprotonatedd form, respectively. 
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wavelengthh (nm) 

Figuree 2: Absorption spectra of chromophore 
modell compounds, taken in the dark at room 
temperature. . 
Solidd lines: pH 5, Dashed lines: pHlO. Black: 
TMpCA,, grey: TM7HC 

Thee extinction coefficient of TmpCA was 

determinedd using high-pH hydrolysis of the 

thioester.. After hydrolysis of the thioester the 

absorbancee was compared to the absorbance of 

freee p-coumaric acid. Accordingly, the 

extinctionn coefficient was determined for its 

protonatedd form (£330 = 22 mM''cm"') and for 

itss deprotonated form (e 385 344 mM-'cm-1). 

5.4.25.4.2 Non-covalent binding of chromophore 

modelmodel compounds to C69G PYP 

Too study the importance of the covalent 

linkagee of the chromophore in PYP, we 

constructedd PYP mutants that lack the single 

cysteine,, i.e. the C69A and C69G mutations, 

andd tested binding of the model compounds 

andd the free acids to these proteins. The C69A 

proteinn does not bind TMpCA, or any of the 

otherr available chromophores, at any of the 

conditionss tested (see also below). The C69G 

proteinn is shown to bind the model compound 

TMpCA,, but only at low temperatures. As 

seenn in Figure 3, binding results in tuning of 

thee absorbance maximum, resulting in a 

maximumm at 435 nm, remarkably comparable 

too WT PYP. At room temperature, no 

absorptionn at 435 nm is seen, but upon 

loweringg the temperature to -20°C, the 

absorptionn at 435 increases, indicating 

temperature-dependentt binding of TMpCA to 

C69G.. The extinction coefficient of the bound 

chromophoree was determined by comparing 

thee absorbance of same amounts of 

chromophoree in buffer and in the presence of 

C69GG PYP. By comparing the difference in 

absorbancee at 330 nm and the absorbance at 

4355 nm, e 435(b0und) w as determined to be 1.75 

timess e 330(free) (  0.03, averaged over 3 

measurements),, resulting in an extinction 

coefficientt for the non-covalently bound 

chromophoree e435(bound)= 40 mM"'cm"'. 

2 . 0--

1.55 -

1.0--

0 . 5--

l l 
l\ l\ 

/W/W \ 

VI I 
-.. l T 

wavelengthh (nm) 

Figuree 3: Temperature dependent spectra of 
C69GG PYP with added TMpCA. 
Spectraa were taken in the dark, at temperatures 
betweenn 25°C and -20°C. 
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Non-covalentt chromophore binding in PYP 

Thiss value is only slightly smaller than the 

extinctionn coefficient of WT PYP, which 

equalss 45.5 m M ' c m '. The affinity of TMpCA 

forr C69G PYP was determined by titration of 

aa known amount of protein with small aliquots 

off  the chromophore. Results are shown in 

Figuree 4; by fitting the titration curve, affinity 

constantss of 90 uM and 75 U.M were found at 

-5°CC and -10°C, respectively. A pH titration 

experimentt shows that the protein 

surroundingss stabilize the deprotonated form 

off  the bound chromophore; in solution, the 

pKaa is 8.5, whereas in the protein it is 6 (not 

shown).. This value lies in between the values 

forr the chromophore in solution and WT PYP 

(pKa=2.7),, indicating that the stabilization by 

thee chromophore surroundings is present, but 

weakerr than in the WT protein. Upon lowering 

off  pH, absorption at 435 nm decreases, while 

absorptionn at 330 nm increases. 

Thiss suggests that only the deprotonated 

chromophoree can bind in the C69G pocket, 

sincee 330 nm is the wavelength where the 

deprotonatedd chromophore absorbs in 

solution,, i.e. in absence of the protein. Control 

experimentss to test the specificity of the 

chromophore/proteinn interaction were 

performedd using BSA, WT holo-PYP and WT 

apo-PYP.. In none of these cases a change in 

thee absorption, due to binding of the 

chromophoree to the protein, was observed. 

5.4.35.4.3 Photoactivity in the C69G/TMpCA 

pigment pigment 

Att the conditions where binding of the model 

compoundd to C69G PYP was observed, the 

possibilityy of this system to undergo a 

photocyclee was tested after excitation with 

eitherr a short pulse of white light or with blue 

lightt from a LED (470 nm), or after prolonged 

illuminationn with the blue LED. 

00 40 -

0.255 -

0.155 -

0.100 -

0.000 -

0.055 -

^+*^+* B 

>* * ** ** 
»/ / . . f f 

ƒ ƒ 
/ / 

* * 

-200 0 20 40 60 80 100 120 140 160 

c h r o m o p h o r ee a d d e d ( u M ) 

2000 220 240 

Figuree 4: Titration of C69G PYP with TMpCA. 
Smalll  aliquots of trans-TMpCA in DMF were added to the C69G protein. The titration was 
carriedd out in the dark, at -5°C. 
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Afterr short excitation, or illumination for 

severall  minutes, no changes were seen in the 

spectrumm of the pigment. Only after 

illuminationn of at least 10 minutes, a small 

decreasee was observed in the absorbance of 

thee main absorption peak at 435 nm. A 

simultaneouss formation of a photoproduct, 

however,, was not observed, nor was there 

recoveryy of the bleached peak. 

Thee photochemistry in this pigment 

wass further studied at low, i.e. liquid nitrogen 

temperaturess (77 - 80K). Spectra of a C69G 

PYP/TMpCA/glyceroll  glass were taken both 

inn the dark and after a 1 minute illumination. 

Thee result is shown in Figure 5: the dark 

spectrumm of the pigment is not affected by the 

loww temperature. After illumination 

photoproducts,, both batho- and hypsochromic, 

aree clearly observed. 

1.22 i 

1.0--

0.8-;.. / ƒ \ \ 

0)) \ ' 
^^ 0.6- \ '. 
enn \ •, 
. a a 

bb \ > 
J33 0.4-
(TJJ \ ', 

0.2--

00 0 - ^ " 

3000 350 400 450 500 550 

wavelengthh (nm) 

Figuree 5: Photoactivity in the C69G/TMpCA 
pigmentt at 77K. 
UV/Viss spectra were measured before (solid) and 
afterr (dash) 3 minutes ilumination with blue light. 

5.55 Discussion 

Wee synthesized chromophore model 

compoundss that are thiomethylesters of the 

respectivee free acids, i.e. p-coumaric acid and 

7-hydroxy-coumarin-- 3-carboxylic acid. In the 

latter,, the vinyl bond that isomerizes in p-

coumaricc acid is effectively locked in its trans 

configuration.. The spectra of these compounds, 

bothh in neutral and in deprotonated form, are 

red-shiftedd with respect to the spectra of the 

freee acids, showing the importance of the ester 

linkagee in the tuning of these chromophores. 

Whenn compared to the absorption maximum of 

denaturatedd PYP, the absorption maxima of 

bothh neutral and deprotonated TMpCA are 

blue-shiftedd by ~ 20 nm, showing that in the 

denaturatedd state, there are still 

protein/chromophoree interactions, that red-shift 

thee absorption maxima. Furthermore, the 

spectrumm is also red-shifted when compared to 

thee methylester of pCA, that has an oxygen 

atomm instead of a sulphur atom (absorption 

maximaa at 310 nm and 360 nm for the 

protonatedd and deprotonated form, respectively; 

resultt not shown). This shows that the 

conjugatedd light-absorbing system does include 

thee sulphur atom at this position. The pKa of 

protonationn of the phenolic oxygen of the 

chromophoree is very close to the one in the 

denaturedd protein or in the free acid, i.e. 8.5. 

Wee used these model compounds to 

studyy the importance of non-covalent binding in 

PYPP variants in which the chromophore-
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bindingg cysteine has been replaced by either an 

alaninee or a glycine residue. In the C69A 

protein,, no binding of any of the model 

compoundss was observed, presumably because 

off  steric hindrance between the alanine side-

chainn and the methyl group of the 

chromophores.. Non-covalent binding, followed 

spectrally,, was only observed when the 

chromophoree model compound TMpCA was 

usedd in combination with C69G PYP. Binding 

resultedd in the large red-shift of the absorption 

maximumm to 435 nm, remarkably close to the 

absorptionn maximum at 446 nm in WT PYP. As 

opposedd to the non-covalent binding of 

chromophoress in other photoreceptor proteins, 

however,, the binding in this case was very 

weakk and strongly temperature dependent, with 

aa IQin the 10-100 |iM range. This difference is 

nott too surprising, when comparing the sizes of 

thee chromophores involved and the binding 

pockets,, since the p-coumaric acid 

chromophoree of PYP is by far the smallest. 

Althoughh binding can take place in 

thee absence of a covalent linkage between the 

chromophoree and the protein backbone, the 

photoactivityy of the resulting pigment was 

stronglyy impaired. At temperatures from 0° C 

too -20° C, short blue-light excitation does not 

resultt in observable spectral changes, implying 

aa very low - if any - quantum yield for 

photochemistry.. Only after prolonged 

illumination,, a small decrease in absorbance of 

thee main absorption peak is observed. 

However,, the absorbance does not recover 

Non-covalentNon-covalent chromophore binding in PYP 

afterr incubation in the dark, not even if the 

temperaturee is raised to 20° C and is then 

decreasedd again. Because the experiment is 

performedd with an excess amount of TMpCA, 

thiss implies that the chromophore does remain 

inn the active site after excitation, but cannot 

returnn to its groundstate. The chromophore 

mayy have undergone translcis isomerization, 

orr even have been protonated, but the absence 

off  the covalent linkage prevents the cisltrans 

re-isomerizationn or deprotonation, 

respectively.. In wild-type PYP, at 

temperaturess below 93K, the photocycle is 

blockedd after formation of the redshifted 

intermediatee I0 or, in a branched pathway, the 

slightlyy blue-shifted intermediate PYPH. We 

studiedd if an intermediate similar to one of 

thesee can be formed in the C69GPYP/TMpCA 

pigmentt after excitation at 77K. Indeed, both a 

red-shiftedd and a blue-shifted intermediate are 

observed.. We conclude that the covalent 

linkagee between the chromophore and the 

proteinn backbone is of high importance for the 

functionall  activity of the protein in vitro. This 

inn contrast to other photosensor proteins with 

ann isomerizable chromophore, that can 

functionn without a non-covalently bound 

chromophore. . 
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