1082 J. Phys. Chem. R003,107,1082-1094

FEATURE ARTICLE

Photoactive Yellow Protein, A New Type of Photoreceptor Protein: Will This “Yellow Lab”
Bring Us Where We Want to Go?!
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Photoactive Yellow Protein ( PYP), discovered almost 20 years agetothiorhodospira (Halorhodospira)
halophila? is a 4-hydroxycinnamic acid-containing protein that functions as a blue-light photoreceptor in a
behavioral avoidance response in this organism. During the past 10 years, PYP has become a model system
for studies in photochemistry and protein folding, to the extent that it has become competitive with the
rhodopsins. This is because PYP is small and very water-soluble, forms crystals readily (diffracting to high
resolution), and shows excellent chemical- and photo-stability. These overall characteristics have allowed the
application of an array of physicochemical techniques to analyze the biological function of PYP, i.e., the
translation of a change of the configuration of its 4-hydroxycinnamic acid chromophore into an altered
conformation of the surrounding protein. This has led to detailed insight into this process, both temporally
and spatially, with respect to the structure of the transient intermediates involved, although we are still quite
far from being able to track the position of all atoms in space, upon light activation of the protein in the
relevant time domain. Nevertheless, the data already obtained may function as a calibration set in future
work, to extend the time span of molecular dynamics simulations of conformational transitions in proteins to
the time scale relevant for catalytic turnover. Occasionally, the application of multiple biophysical techniques
has led to (seemingly) conflicting results. In one example, this has revealed the fact that the light-induced
conformational transitions in this photoreceptor protein can become restricted by the mesoscopic context,
e.g., via a crystal lattice. Other inconsistencies, such as those regarding the radius of gyration of the protein,
still remain to be explained. Below, we discuss the spatial and temporal details of the series of steps initiated
in PYP by a short pulse of blue light, as revealed with this array of biophysical techniques, thereby highlighting
contributions from our own group.

Introduction: Discovery, Biological Function, and Impact to be photoactivé, hence it was named Photoactive Yellow
of PYP Protein (PYP). The yellow color of these proteins (Figure 1)
turned out to be due to their unique chromophore, an anionic
cinnamon derivativé.Until that time, a chemical structure of
this class of chromophores had never been shown to play a role
in a photobiological signal transduction process.

In the years following its discovery, evidence was presented
that PYP has a role in the process of bacterial phototaxit in
halophila in an avoidance response to blue ligh&imilar
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I ABBREVIATIONS. PYP: Photoactive Yellow Protein: pG: stable will deal with the Xanthopsin front. halophila,the Photoactive

ground state of PYP; pR and pB: transient intermediates of PYP, with Yellow Protein.
red- and blue-shifted absorption maxima, respectively,@Bground-state A key structural element in many signal transduction path-

of EYP obtained upon acid denaturation; CW: co.ntinuous wave; RT and ways in prokaryotic and eukaryotic organisms, including man,
LT: room- and low-temperature, respectively; PAS: acronym derived from . 911 - .
the genesPer, Amt, andSm; PhAS: photo acoustic spectroscopy: TL: 1S the PAS domaifi®™*+ J. C. Lagarias was the first to note

thermal lensing; TG: thermal grating; 4HCA: 4-hydroxycinnamic acid.  that there is identifiable sequence conservation between the PAS

In 1985, while aiming at making an inventory of all colored
proteins present in an anoxygenic phototrophic and extremo-
philic bacterium,Ectothiorhodospira fjow: Halorhodospira)
halophila, Terry Meyer discovered a small (14 kDa; 125 amino
acids) yellow-colored protein that looked different from the well-
known flavoproteing. Soon afterward, the protein was shown
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Figure 1. UV/Vis absorption (solid line) and fluorescence emission
spectrum (excitation at 446 nm; dashed line) of PYP. Further spectral

characteristics of PYP ake= 45.5 mM cm1; Anax = 446 nm; Py
= ~0.002; Ppnotochem= 0.3532:120

consensus sequence and P¥Rleanwhile, of four members

of the PAS-domain family (including PYP) the spatial structure
has been resolved with excellent resolutténé They indeed

all show a strongly similar fold of their backbone. Furthermore,
PYP has been nominated #se structural prototype for the
complete (i.e., not only the PAS-core) three-dimensional fold
of the PAS domain super-famifyof which it displays all the
structural and functional features (i.e., the N-terminal cap, PAS
core, helical connector, artiscaffold). This, together with its
excellent physicochemical (e.g., with respect to pH and salt
concentrations) and photochemical stability (in particular toward
visible radiatioA”), has made PYP a prominent model system
for understanding receptor activation in biological signal trans-
duction in general.

Figure 2. Two orientations of a ribbon representation of the structure
PYP Basics of Photoactive Yellow Protein frontHalorhodospira halophilaare
presented. The figure was prepared using the program MOL¥IOL
Before we go into detail, it is important to explain some of with the structure coordinate file deposited at the Protein Data Bank

the basic characteristics of PYP. The initial characterization of (http://www.rcsb.org/pdb) with PDB ID: 2PH¥.The program POV-
PYP was performed with protein isolated frofittothiorho- ~ Ray (hitp://iwww.povray.org) was used to generate the images.
dospira(now: Halorhodospira) halophilaAs can be anticipated  pocket. The chromophore (4HCA) is linked through a thiol ester
on the basis of its functiofithis organism produces only very linkage to the sole cysteine in the protein, Cy38697 In the
small amounts of this protein physiologically. Gene cloning, ground state this chromophore resides in the trans configuration
heterologous overproduction Escherichia coli,and in vitro and is deprotonated:?8 The resulting negative charge on 4HCA
reconstitution of apo-protein into holo-protéff have boosted  is stabilized via a hydrogen-bonding network, involving the
PYP research enormously. Various procedures can now be usedesidues Tyr42, Glu46, and ThrsbAdditional stabilization may
to achieve this heterologous production. In one, the apo-proteinbe provided by the positive charge on Arg52? Besides a
is overproduced extra-cellularly;in most, however, intracel-  crystal structure, also a solution structure was determined, using
lularly.”-20 In addition, PYP is in most cases produced with a multinuclear NMR analyse¥. Though minor differences exist,
poly-histidine containing N-terminal tag, to facilitate purifica- in particular in the region of the N-terminal helices of the
tion. This tag can be selectively removed by proteolytic protein, molecular dynamics simulations have shown that both
digestion! Upon heterologous overproductionfi coli (up to structures are essentially the sathe.
2500-fold, compared to the expression leveHnhalophilg The key functional characteristic of PYP in vitro is that it
apo-PYP is produced and the chromophore (4-hydroxycinnamic goes—after absorption of a blue photetthrough a reversible
acid, 4HCA) can be attached, e.g., via an activated.,(e.g photocycle. This photocycle can be divided into three basic steps
imidazole) intermediate, to obtain holo-PYP. By consequence, (see Figure 3A): (A) Initial photocycle events, in which the
it is straightforward to engineer PYP both genetically, via site- chromophore is isomerized. These initial events are considered
directed mutagenesis, and chemically, through the use ofcompleted once the intermediate pR is formed. (B) Protonation
alternate chromophores, respectivéiy?* of 4HCA through intramolecular proton transfer and subsequent
PYP is a relatively small (14 kDa; 125 amino acids) and significant structural change of the protein, which under many
highly water-soluble protein. The structure of the stable ground circumstances is equivalent to partial unfolding of the protein.
state of PYP has been determined via X-ray crystallogrdphy, In this step the signaling state, pB, is formed. As we shall see
which shows that it has aw/-fold, containing a six-stranded later, the extent of structural change in this step depends on the
antiparallels-sheet as a scaffold, flanked by several helices (see mesoscopic€ molecular) environment. (C) De-protonation and
Figure 2). It contains two hydrophobic cores, one on each side re-isomerization of the chromophore, and refolding of the
of the -scaffold. The smaller of these two comprises the protein. In this/these latter step(s) the ground state, pG, is
N-terminus, while the larger contains the chromophore-binding recovered.
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confusion when experiments performed under different condi-
A tions must be compared, but it has also led to a better
p understanding of the molecular functioning of PYP. The effect

of ionic strength, viscosity, hydrophobicity of the solvent, as

(P,PYP) well as the effects of denaturing agents on the photocycle
. kinetics were studied from the very beginnihds a function
ISO of increasing ionic strength, all reactions seem to be slow, be it
d that recovery of the ground state seems to be affected most.
AQJ Viscosity and hydrophobicity have an even larger effect on the

photocycle kinetics. The rate of formation of pB decreases with
increasing viscosity, and increases with increasing hydrophobic-
ity. Recovery of the ground state shows complex viscosity
dependenceinitially the rate increases, but then it decreases
upon further increase of the viscosity. The dependence on
hydrophobicity is relatively straightforward and shows a de-
B R crease in rate upon increase of hydrophobigty the presence
‘Orotonat\OQ of a denaturing agent the rate of signaling state formation seems
Ny hardly affected. However, the rate of recovery of the ground
(|zs PYPM) %Ctul' 1 0“3'0% (|1, PYPL) state dramatically decreases upon increased denaturant concen-
a tration, long before denaturation of the protein takes place.
Combined, these results suggest that formation of the signaling
state involves a significant structural change of the protein,
exposing a hydrophobic surface in the process. Several ad-
ditional experiments, among others based on kinetics analyses
of the photocycle recovery reaction, H/D exchange experiments,
andH NMR characterization of the signaling state of PYP (refs
B 34—36, and see further below) have confirmed this hypothesis.

(p pyp) In contrast to this, diffraction experiments on the Photoactive
Yellow Protein (i.e., with the protein in the crystalline state)
have revealed only very small light-induced structural changes,
by far not large enough to characterize them as partial unfolding
of the protein®’~4° Since in these experiments the mesoscopic
context of the protein (i.e., its immediate molecular environment)
p B 430 4_ [ [ [ ' [

is completely different from that in solution, this needs not to
(I, PYP,) (A“.,) (PYPg Aasa) come as a bhig surprise. Nevertheless, this issue was hotly

debated and only settled after it was confirmed independently
>123K with (time-resolved) FTIR experiments that in crystalline PYP
only relatively small light-induced structural changes take place,
>93 K

while in solution these structural changes are much lafger.
Accordingly, one must conclude that the extent of structural
change can be modulated by the mesoscopic context of the PYP
protein.

> 223K

>193 K (Au'r) ) _ N
Presumably the most important experimental condition that

pR PYPBL can be modulated with respect to the functioning of PYP is the
(1, PYP) > 183 K (Auy) pH. The dependence of the ground-state recovery kinetics on
pH has a bell-shaped form, with a maximum recovery rate at
Figure 3. The photocycle of Photoactive Yellow Protein. (A) The key pH 8. Both at lower and at higher pH values, a decreased rate
intermediates and events in the photocycle of the Photoactive Yellow is observed, with implied 9, values of 6.4 and 9.4, respec-
Protein at ambient conditions. (B) Intermediates involved in the tjyely.1® When comparing data from different experiments the
photocycle of PYP at low temperature (for further details see refs 33, pH is a factor that definitely has to be taken into account. In
52). fact, the pH is frequently adjusted to obtain favorable photocycle
Over the years, three different nomenclatures for the photo- kinetic properties for a specific measurement; e.g., at low pH
cycle have evolved. Though this may be confusing at times, more of the signaling state can be accumulated under continuous
and a single nomenclature would be helpful, it is beyond the illumination4242 However, at extremely low pH values acid

scope of this review to suggest one. It is therefore relevant to denaturation of PYP occurs with an apparelds pf 2.744
note the alternative nomenclatures for the three basic intermedi- - configurational and conformational transitions in PYP have

ates pG, pR, and pB introduced above: Besides the basic schem@ee studied with a large array of biophysical techniques, using
PG — pR— pB — pG, the schemes P I, — |, —~ P *and radiation with wavelengths ranging from X-rays to the infrared
PYP— PYR — PYRy — PYP 3 are also regularly used. and with measurements based on transient-absorption, -scatter-
ing, and -diffraction. In these experiments, frequently deuterium
oxide has been used as a solvent rather than water. When
comparing data obtained in these two solvents, it is important
Solvent conditions have a pronounced effect on the (dynamic) to take into account that pH and pD values cannot always be
properties of Photoactive Yellow Protein. This may lead to directly compared. The difference of the dissociation constant

Effect of Experimental Conditions on the Structure of the
Signaling State
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between water and deuterium oxiélenas to be taken into  temperature absorption and fluorescence spectroscopy and time-
account. In fact, photocycle kinetics in PYP seem to be mostly resolved and low-temperature X-ray diffraction analyses have
dependent on the concentration of hydroxide ions and are been applied. The first two exclusively probe the chromophore.

therefore pOH dependent, rather than pH deperdamtim- In the low-temperature experiments the conformational relax-
portant distinction when comparing data obtained in water and ation upon photoisomerization is interrupted at a specific stage
deuterium oxide (Hendriks et aBiophys. J.in press). Also, (characterized by (an) intermediate(s) with specific spectroscopic

signaling state formation is slightly slower and ground-state and structural properties). For the time-resolved experiments,
recovery slightly faster, when deuterium oxide is used as the the so-called pumpprobe measurement principle is used, where
solvent (Hendriks et aBiophys. J. in press). two very short pulses of electromagnetic radiation (e.g., visible
Particularly with FTIR spectroscopy it is very important to or X-ray) impinge on the sample, such that the first one initiates
consider the exact mesoscopic context of the sample duringthe photoreaction and the second one is delayed and probes a
measurements. The following conditions have been most specific property (absorption, fluorescence, or structure) at a
frequently used: solutions at very high protein concentrafiéh, known time after the excitation. The duration of the pulses limits
hydrated films>46-48 and even crunched crystdisSpecial care  and determines the time resolution in such experiments.

should be taken with hydrated films, since the degree of A complicated picture of the first part of the photocyele
hydration has pronounced effects on the characteristics of thethe formation of pR-emerges from absorption and fluorescence

Photoactive Yellow Protei; (M. van der Horst et al.,  gpectroscopy performed at LT. In those experiments the

unpublished experiments). photoreaction is typically triggered at 77 K with continuous
] irradiation, which leads to formation of (a) primary photoprod-

Primary Events uct(s). Subsequently, the sample is warmed gently, until a

Understanding the initial phase of the response of a photo- SPectral change is observed. In such experiments, pR is formed
receptor to light absorptierwhich occurs on the femtosecond ~ Via two parallel pathways with two intermediates each (Figure
to nanosecond time scatés a prerequisite for understanding 3B). In one, the first intermediate shows a red-shifted absorptlon
the formation of its signaling state at the molecular level. The SPectrum around 490 nmigo or PYR;**%). Such a red-shift
absorbed light-energy is initially, when the photoreceptor is 1S @lso observed in all other known photoreceptors with
brought to its FranckCondon state, exclusively changing phot0|spmer|zat|qn as the initial step (|..e., phytochromgs and
chromophore properties. Although multiple excited states may the retinal proteins from the rhodopsin fanfity®d). It is
be involved, for this discussion we will assume that PYP will~ followed by an intermediate with blue-shifted absorption,
arrive within ultra-short time at an excited-state position from Peaking around 400 nm (P¥P) similar to the BSI intermediate
which it returns to a (transient) ground state (but note that barrier in rhodopsifi” and transforms into pR at around 183*KBy
crossing does play a role even in the excited 4¥afd. van using various wavelengths of illumination, a second pathway
der Horst and L. L. Premvardhan’ unpub“shed experiments). was identified that forms pR via two intermediates with similar
In an excited-state, various reaction pathways, such as isomer-2bsorption maximum and slightly lower extinction coefficient
ization (if a double bond is present) or electron and/or proton (As00r PYRy, and PYRy 3359 as the ground-state pG. P¥P
transfer can be initiated, but always the trivial nonradiative and transforms into pR at about 193 K. This second and unusual
radiative deactivation processes will take place in parallel. ~ pathway predominates at excitation wavelengths above 460 nm.

For many photoreceptors, including PYP, photoisomerization ~ Recently, some aspects of the chromophore in the different
has been identified as the primary photoreaction. However, theLT intermediates were elucidated with the help of infrared
electronegativity of the groups linked to the two carbon atoms difference absorption spectroscofitt was shown that for both
of the G=Cg double bond of 4HCA is rather differefft. branches trans-to-cis photoisomerization is the primary event,
Therefore, considerable charge transfer may occur duringi.e., 4HCA is in cis-configuration in both P6Rand PYR. In
photoexcitation. In agreement with this, a very large excited- addition, the two intermediates share with pR a very similar
state dipole moment (i.e., 26 D) was measured in PYP, using hydrogen-bonding interaction of Glu46 with the negatively
Stark spectroscopy (Dr. L. Premvardhan, unpublished observa-charged phenolic oxygen of the chromophore. From this one
tion; note, however, that this value is significantly larger than can conclude that the distance between the phenolic part of
the calculated value, e.g., of P 4HCA and Glu46 does not change dramatically in all three

The configurational change accompanying isomerization of intermediates, since the hydrogen bond remains intact during
4HCA in PYP, of course, will lead to dramatic changes of the these transitions. This is only compatible with a photoisomer-
interaction of the chromophore with the shell of amino acids ization mechanism with a concerted isomerization of the=C
surrounding it. The initial isomerization event, typically occur- Cg-ethylene double bond and (a) neighboring single borfd(s).
ring in the subpicosecond to few picoseconds time-range, in H/D substitution experiments reveafédhat the major (struc-
most photoreceptor proteins is accompanied by a red shift of tural) differences between the three intermediates are localized
the absorption maximum of the protein, and followed by near the ethylene bond of 4HCA. This may be explained by
rearrangements of the position and orientation of the surroundingnoncomplete rotation of the ethylene bond and/or the adjacent
amino acid side chains. This often leads to changes in thesingle bond(s) in the different intermediates (see also below)
hydrogen-bonding interactions in the chromophore-binding or left- and right-hand rotations of the carbonyl moiety for RYP
pocket. In PYP such relaxation processes continue up to 10 nsand PYR formation, respectively. Alternatively, it may be
after photoexcitation, while the actual photoisomerization is explained by two different orientations of Arg52, which might
completed already in a few picoseconds (note, however, thatnot be interconvertible at low temperature. NMR analyses have
further rearrangements can be detected in the protein, while theshown Arg52 to be present in two different orientatiéhs,
PR spectrum is retained, far into the microsecond time domain; and a recent spectral-tuning study has shown the influence of
see further below). the position of Arg52 on the absorption spectrum, in which it

The study of subnanosecond events requires dedicatedcan induce either a blue or a red shift, depending on its
techniques. In the case of PYP, time-resolved and low- position29:5°
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The continuous wave (CW) excitation light sources used in moment of a photointermediate and its parent state would be
LT spectroscopy can cause a problem for the interpretation of different, a decrease in the anisotropy (a function of the
these results, however. Since the ground state and the earlyabsorption measured with parallel and perpendicular observation
intermediates have overlapping spectra, both are excited inlight with respect to the linearly polarized excitation light) is
parallel and may therefore all undergo photoreactions them- expected. Indeed, it was found that the anisotropy decreases
selves. In fact, in many photoreceptors with an isomerizable already for the first intermediate (formed within 3 ps), reflecting
chromophore the photo back-reaction, i.e. reformation of the a change in transition dipole moment of about 25 degféés.
ground state, has a higher quantum yield than the forward then stays nearly constant for the next 500 ps. It is straightfor-
reaction®®®2 This may explain the excitation wavelength ward to explain these findings with the photoisomerization of
dependence described above, but surely it is the reason a thirdiHCA being the primary event of the PYP-photocycle and the
species, kzo, observed at 77 K and with a strong fluorescence- subsequent events being mainly rearrangements of neighboring
excitation maximum around 430 nfhis formed. Only the  amino acids and their interactions with the chromophore.
comparison V\.'ith time-resolved measurements atroom temper- 1 pag to be noted that the different ultrafast transient
ature (RT) will show whether the obser_ved excitation wave- absorption studies on PYP yieldeth part—very different
length dependence at low temperature is an intrinsic property experimental result® 57 The differences in the time of forma-
of PYP or a consequence of photo back- and/or S|de-react|ons,[ion of Io (below 1 p§*6567and~2 p$369 and the presence/

Intermediates found with LT spectroscopy will not necessarily gpsence of an additional relaxation process arounds® s
be observable in RT time-resolved experiments. In fact, while can pe explained reasonably well by the differences in time
PR can be detected at LT and RT, only for R¥(Re., only for  esojution of the various experiments. For the quantum yield
one of the four LT precursors of pR), intermediates with similar ¢ the L formation, however, values between 0.2 and 0.55 have

absorption properties at R;T have been identified with certainty. peen reported. A closer look at the published experimental data
They were namedbland b, first found in a pioneering study  reyeals that not only different data analysis, but also obvious

covering the first 4 ns after excitation of PYP, while using itfarences in the data itself are responsible for this wide range

discrete time points at 25 and 50 ns in a purppobe absorption ¢ renorted quantum vyields. The reason for these different

experiment? |y has an absorption maximum near 495 nm and findings is at present unknown

Is formed v_wthm a few plcosecpn(%‘._‘”A relaxation process Fluorescence analysis can be a very valuable tool for the

on the excited-state surface with a time constant of about 5 ps. S y y . .
investigation of the primary step(s) of a photoreaction, i.e., as

is also observef:6.57|; transforms into an intermediatey,| X ,
long as excited states are involved. It reports not only about

which has a similar absorption maximum but a different : . i o
absorption coefficient and a time constant of 2003 The the formation of primary photoproduetslthough in an indirect

absorption coefficient ofof is smallef® or largef” compared ~ Manner via the disappearance of the excited state{g)also

to lo, depending on the photophysical model used to describe makes it possible to identify reaction mechanisms involved, via
the experimental data. Finally, pR is formed froghwithin a the properties of the excited states themselves. The fluorescence
few nanosecond®:%¢ These two transitionsmost probably- spectrum of PYP (see Figure 1) has a maximum at 495 nm
reflect 4HCA relaxations and/or initial responses of the neigh- With @ normal Stokes shift of 46 nm (2100 c#. The
boring amino acids caused by the isomerized chromophore. Thisfluorescence quantt;n;zy;ekhs for most photoreceptor proteins

is supported by results obtained with several PYP mutants, iniS Very low (~1072 27). Nevertheless, it was possible to
which formation of both J and b¥ is observed, but with a  characterize the fluorescence of PYP with excellent spectral and

significantly altered rate of formation and decay in some of temporal resolution. The fluorescence decays multiexponentially
them?®8-70 with the two fastest processes (time constants of 700 fs and
In contrast to all previous investigations, the production of a 34 PS) being responsible for 80% of the total fluorescefict.
RT intermediate similar to PY{Pwas reported recentfy. A third component Wlth a decay time of 30 to 80 ps carries
However, the experimental data presented in this study are&nother 15% of the signak’ The fluorescence decay charac-
clearly different from those of most other studies, in which no teristic was studied in detail as a function of temperattiihe
indications for the involvement of a PYAntermediate were ~ Subpicosecond process was found to have no activation energy,
obtained. In a recent study we have confirmed the one-pathWh"e the sepond and thlrd compqnent showed normal Arrhenius
model of Ujj et als3 with—at least-two intermediates between ~Pehavior with activation energies of 8 and 30 kJ mipl
the excited state and PR These intermediateso(and b¥) are respectively. The fast component was assigned to the formation
spectroscopically similar to P\PBy comparing femtosecond ~ ©f & twisted state of 4HCA, i.e., a noncomplete isomerizafiofd.
transient absorption measurements with excitation at 400 and This issue has been addressed recently by replacing the hydrogen
485 nm, it was tested whether the excitation wavelength atoms of the @=Cg double bond by heavier and more bulky
dependence found at LT had its origin in a fundamentally atoms’® No significant effect was found, ruling out a rotation
different photophysical behavior at different excitation wave- around the @=Cg double bond in this hypothetical twisted state.
lengths, or in secondary photochemistry induced by the CW In addition, a number of mutations in the 4HCA-binding
excitation used in the LT experiments. In fact, very similar pocket, as well as various chromophore analogues, were
absorption changes (with respect to spectra and quantum yield)investigated. For all the mutants the subpicosecond component
in the region above 490 nm were observed in the ultrafast disappears (or slows down significantf)’® A chromophore
experiments at RT. The excitation-wavelength dependence atanalogue with a covalent bridge across the isomerizable double
LT is therefore most probably caused by secondary photochem-hond also completely lost the first two componefitShe latter
istry. results suggest that the picosecond component in fluorescence
Polarization-sensitive ultrafast transient absorption spectros-reflects the formation of the isomerized photoproductThe
copy has been used to investigate the time at which isomeriza-fluorescence experiments support the findings from the transient
tion of the chromophore takes place after light absorption. The absorption studies, i.e., formation of the primary isomerized
idea behind this experiment is that if the transition dipole photoproductdwithin a picosecond and off-pathway relaxations
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on a longer time scale. They also suggest that the proteinprotein. The extent of this structural change may then be
environment accelerates the photoisomerization. dependent on whether Glu46 becomes protonated in this step.

As described above, isomerization of the chromophore is not This latter concept is supported by the observations on the
accompanied by dramatic movements of the phenolic part of Glu46GIn mutant proteif!
4HCA via rotation around the £-Cg double bond. Isomeriza- In a recent study exploring the kinetic deuterium isotope effect
tion is basically achieved via rotation of the carbonyl group of in PYP (Hendriks et alBiophys. J, in press), a photocycle
the chromophore, as first suggested on the basis of a LT FTIR model incorporating these possibilities (Figure 4) was tested
study on PYP8This can be achieved via isomerization around and found to fit the data very well. In this model the reversible
the G=Cs double bond and the &S, single bond simulta-  character of the pR-to-pBransition explains the biexponential
neously, i.e., from @=Cg-trans G—S,-cis in pG to G=Cg-Cis character of pB formation observed before. However, the
Co—S,-trans in pR. This is further corroborated by LT and time- existence of an alternative route, in which pB is formed directly
resolved X-ray diffraction experiment®:4? Although the from pR, and where the chromophore is not protonated by
interpretation of these X-ray data is difficult and complicated Glu46, cannot be disregarded. It then most likely depends on
by the presence of mixtures of intermediates (e.g., through thethe measurement conditions (such as ambient pH, etc.) which
existence of a photoequilibrium), the rotation of the carbonyl route is preferred for the formation of pB. Nonetheless, for most
moiety is clearly observable. PYP was the first photoreceptor measurement conditions, protonation of the chromophore by
for which the structure of photocycle intermediates has been Glu46 is the most likely route.
determined successfully. As new and improved data sets are  \jany experiments have been carried out to characterize the
expected to be available soon, we will not go into further detail stryctural change that occurs upon formation of pB. It must be
here. noted, however, that a major structural change is observed only

In summary, the primary event in the photoactivation of PYP for PYP in aqueous solution. For PYP in a crystalline matfix,
is the photoisomerization of its coumaryl chromophore, which at low temperaturé and in PYP films with reduced hydratich,
is completed within a few picoseconds. The state formed showsmuch less structural change is observed. In a temperature-
a red-shifted absorption spectrum and is nameBriom there,  dependent study of the photocycle kinetics it was shown that
several relaxation processes of both the strained chromophoreecovery of the ground state exhibits clear non-Arrhenius
and the hydrogen-bonding network between the chromophorehehavior32 This was later explained as being caused by changes
and the surrounding amino acids occurs, which is reflected in jn the heat capacity of the system of protein plus solvent, that
the b — lo* and b* — pR transitions. pR represents the relaxed accompany the partial unfolding of the protein, through ap-
PYP structure with the deprotonated chromophore in cis plication of a model derived to explain non-Arrhenius kinetics
configuration (see also Figure 4). This structure, however, is in protein folding34 In this approach the (simplifying) assump-
only semi-stable and leads, e.g., to the displacement of Arg52,tion is made that all thermodynamic parameters are independent
away from the chromophore and Tyr98, which is observed at a of temperature.
very early phase_in the time-resolved X-ray diffraction experi- From this difference in heat capacity, the surface area of
ments®? Protonation of 4HCA (supposedly by Glu46) and large ey nosure of previously buried hydrophobic residues to aqueous
conformational changes occur on a time scale, ranging betweenyq|yent, upon formation of pB, can be calculated. In contrast to
3 and 7 orders of magnitude slower than pR formation. Details hjs, the same analysis applied to a mutant protein with the first
of these reactions will be discussed in the next section. 25 N-terminal residues genetically deletet26-PYP) shows

) ) ) close to normal Arrhenius behavit This indicates that the
Signaling State Formation N-terminus of PYP is largely responsible for the observed partial

The transition from pR to the signaling state pB consists of unfolding (i.e., the large structural changes) of the protein.
two distinct events, i.e., protonation of the chromophore and  An alternative way to study exposure of hydrophobic surface
structural change of the protein. It has been demonstrated withis Via the use of fluorescent probes sensitive to the hydrophobic-
FTIR spectroscopy that protonation of 4HCA precedes the ity of their environment. Two different probes have been used
majority of the structural changes in the protéifransfer of ~ to study PYP, 8-anilinonaphthalene-1-sulfon&teand Nile
a proton from Glu46 to the chromophore leads to formation of Red’® For both, it was shown that they transiently bind to pB.
the intermediate pB that has very similar spectroscopic However, only for Nile Red was a possible binding site
properties in the visible part of the spectrum as pB (Hendriks determined. Interestingly, Nile Red does not bind to the pG-
et al. Biophys. J.in press). Presumably, this is the reason pB nor to the pB-state of PYP; it binds only to pB. Furthermore,
was not clearly identified with UV/Vis spectroscopy earlier, analysis of A25-PYP shows that Nile Red binding is not
although the existence of an intermediate with spectroscopic Sensitive to the structural change in the N-terminus of the
properties similar to those of pB was proposed on the basis ofprotein. Therefore, also ConSidering available NMR reS7l9|tS,
the biexponential character of pB formatidhe pB inter- it was concluded that Nile Red must bind close to the 4HCA-
mediate differs from pR only in one respect, i.e., whereas in binding site.
pR a buried negative charge resides on 4HCA, where it can be In an NMR study of the pB intermediate (i.e., in aqueous
effectively stabilized via delocalization of the charge over the solution) it was shown that pB exhibits structural and dynamic
conjugated system of the chromophore, via the hydrogen- disorder with respect to the ground stéfté subsequent NMR
bonding network with Glu46 and Tyr42, and via the vicinity of study on pBa (i.€., the unfolded state that is formed at very
the positive charge from Arg52, in pBhis buried negative low pH) formatiori® showed that the photocycle intermediates
charge resides on Glu46 where it no longer can be effectively pB and pBa« have several features in common. It was also
stabilized. This is a stressful situation that can be resolved in revealed that upon formation of pi« the backbone of the
two different ways: (i) Glu46 can be protonated again by the protein could be divided into three parts: a relatively stable
4HCA, i.e., return to the pR state, or (ii) formation of pB. In core (residues 3241, 80-94, and 113-122) and two areas
this latter process the chromophore becomes exposed to solventhat display large structural perturbation. These latter are the
which can be accompanied by a large structural change of theN-terminal helices (residues—.8 and 26-29) and the area
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Figure 4. Detailed model of all distinguishable steps (with transient UV/Vis spectroscopy) in the photocycle of PYP. The relevant changes in the
configuration of the chromophore and in the surrounding functional groups, at the various steps, are indicated in the structural diagrams. The inner
part of the figure shows the structure of PYP, color-coded according to the extent of structural change in pB, as measured WithtbiviR.
numbering of the carbon atoms of the chromophore is given in the inset corresponding to pG. Color code: green: large structural change in the
N-terminal domain; red: identifiable residues with large structural change surrounding the chromophore; blue: no structural change. For further
details: see text.

around the 4HCA-binding site (residues—428, 69-78, and Nile Red® and by a molecular dynamics study on the crystal
95—-100). As discussed above, the structural perturbations of structure of pB in a box of water molecul&s.

the N-terminus are largely responsible for the observed non-  Significant structural changes have also been detected by
Arrhenius behavior of the photocycle kinetics of PYP. The means of circular dichroism (CD) and optical rotary dispersion
structural perturbation around the chromophore-binding site is (ORD) spectroscopy in the far UV and visible spectral region.
most likely monitored by the hydrophobicity probe Nile Red A decrease in secondary structure was detected for both, wt-
(see above). Furthermore, the NMR data suggest that the pBPYP at pH 47 and a mutant (M100L3! in CD experiments
intermediate is a mixture of (a) structurally perturbed form(s) exploiting the enrichment of pB under blue light illumination.
and a form structurally similar to pB formed in crystalline We have recently performed a study combining CD and time-
PYP37 This model is supported by the results obtained with resolved ORD spectroscopy on wt-PYP at pH 8 in which we
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confirmed this loss in secondary structure (Chen etBab- only (de)protonatable groups will be detected that undergo a
chemistry in press). In addition, we could identify this loss as significant change in their immediate surroundings, e.g., go from
a decrease irn-helix content. More importantly, we have a buried state to a solvent-exposed state. For the Photoactive
investigated the time course of the change in secondary structureYellow Protein, net proton uptake is observed at low pH and
which revealed-as in the case of the FTIR and Nile Red net proton release at high pH, with no or little change around
experiments-that only pB, but not the precursor fBhows the transition point at pH 7.8. Furthermore, in early experiments
this structural change. Time-resolved ORD measurement in theit has already been shown that the proton uptake events follow
visible spectral region, which monitors the conformation of the formation and decay of the signaling state pB, and not that
4HCA, shows that a large rearrangement of 4HCA takes place of the pB intermediateé®® This is consistent with the assumption
in a few microseconds. This transition is hardly reflected in the that these proton uptake/release events are linked to altered
UV/Vis spectrum of pR, but may reflect a very late rearrange- exposure of (de)protonatable groups, rather than due to proton
ment of the latter. uptake by the chromophore upon formation of pB. In agreement
Another way to monitor structural change within the protein with this, it was observed, using the His108Phe mutant protein,
is to study hydrogen/deuterium (H/D) exchange (rates). Ex- that residue His108 is involved in net proton uptake events
changeable protons are abundant and can be divided into thregiround pH 6.83 Above, it was already described that Glu46
groups: (1) protein backbone amine protons, (2) protons that donates a proton to the chromophore upon formation ¢f pB
are part of a (de)protonatable group and thus may not alwaysTherefore, this reaction does not lead to net proton uptake nor
be present, and (3) amino acid side chains with exchangeableto release. This route of intramolecular proton transfer, however,
protons not part of group 2. Exchangeable protons can beis not possible in the mutant protein Glu46GIn. In this mutant
exchanged by other protons (i.e., hydrogen atoms) and by protein an increased net proton uptake is observed around pH
deuterium and tritium atoms, thus making it possible to monitor 743 which may indicate that 4HCA under these conditions is
the exchange with various techniques. A buried exchangeableprotonated via solvent.
proton may take hours to days to exchange, whereas an exposed |, 4 recent study, the kinetics of proton uptake was again
exchangeable proton may equilibrate with solvent within seconds yatermined for wild-type PYP and also for the mutants

or even faster. Exchangeability is influenced, e.g., by formation & ,46GIn and Glu46Ala using pH indicator dy¥sProton

of hydrogen bond;, solvent accessibilit'y, local secondary uptake was monitored at pH 6.2 for wild-type PYP and the
structure, and protein dynamigSPYP contains 235 exchange- Glu46GIn mutant. The measured proton uptake was ascribed

able protons, 42 of which are from (de)protonatat_)le groups. In 4o (direct) protonation of the chromophore by the solvent.
a H/D exchange study where Elgctrospray lonization Mass Elsewhere, however, it has been argued that, at this pH, net
Spehctrorggt_rty wash usedthtot _mt?]mtgrYFE)rogres; ?ft thle77H_/ D proton uptake is largely caused by protonation of His4080
e’éclggg dl A :\‘;‘Q 21&; r':]d e tgroun state hat in gfurther experiments are reported in Borucki et4abn the pH

p and in apo- ydrogen atoms were exchangetyq,engence of the net proton uptake signal. Measurements at

for r?euterué:n aft(tar 30 min. It |sdcf[lea:;] thatl In tpt?] mqreth higher pH (i.e., 8.3) were exclusively performed for the
exchangeable protons are exposed fo the solvent than In &g 1641 mutant protein. Under these conditions, net proton

g?cjsgt\?viginpt\:lz, (igglirnmr%r:hf?,trrﬁa?:f{)fsngcmr? gljs\r;%e uptake was also observed, a phenomenon that, however, was
P P pb. P 9not observed with wild-type PYP at pH“8.Borucki et al.

29, exchangeable protons resist exchange. This implies that 2 furthermore conclude that proton uptake and the UV/Vis
or less of the 42 (de)protonatable groups are deprotonated. Also " . ; . X
. : ) transition reflecting pB formation occur exactly in parallel. This,
a certain degree of stable structure may still be present in apo- S ) 3
) . . . however, is in contrast to the earlier report of Meyer et3al.
PYP. The light-induced increase in the extent of H/D exchange . _ -
Binding of the pH indicator dye bromocresol purple to PYP

was confirmed with FTIR difference spectroscopyThese S

experiments, however, provide only a global picture of the \C')VfasSI(S:ﬁ::Sgg\ﬁidéht;u;gﬂggtbsvgi'iﬂngélsggr?s{g%r?ame ;aaf;?g:s

rearrangements in the structure of PYP upon formation of pB P ges I L . y ’
These observations are in agreement with the notion that

and are unable to pinpoint specific parts of the protein chromophore protonation precedes structural change
responsible for the light-induced difference in H/D exchange. P P P ge.

By monitoring the H/D exchange rate withi NMR, a more As r_nentioned b_efore_, the extent of structura_l change upon
precise picture was obtainé¥Though only information for the ~ formation of the signaling state pB depends significantly on
exchange rate of the backbone-amide hydrogen of 51 (out ofthe measurement conditions (or the mesoscopic context of the
the 125) residues was obtained (in part because only a limitedProtein) selected for measurements. Water may play an impor-
time-window of exchange rates was accessible), 14 of thesetant role in this. Only at maximal water activity are major
showed a significant change (i.e., increase) in the exchange ratestructural changes observed. Furthermore, residues Glu46,
upon formation of pB. The latter number is only 2 smaller than Arg52, and His108 have been shown to have an influence on
the number predicted on the basis of the mass spectrometrythe extent of structural change. Both the Glu46Gland
experiment described above, which was not limited to just the His108Phé protein show a reduced extent of structural change
backbone-amide hydrogen atoms. The backbone-amide hydroUpon formation of pB (as compared to the wild-type protein
gen atoms with the most significant increase in exchange rateand based on the Amide-I signals in FTIR difference spectra).
are from amino acids Phe28, Glu46, and Thr70. The latter two Both residues have been shown to change their state of
are close to the chromophore, whereas Phe28 is close to Glu4eprotonation upon formation of pB. Furthermore, Arg52 also
By monitoring pH changes as a function of signaling state affects the extent of structural change, as a function of the anion
formation it is possible to obtain information on uptake/release composition of the solution (e.g., through the addition of
of hydrogen atoms from (de)protonatable groups. When the citrate®®). It therefore seems that protonation changes of specific
apparent K, of such a group changes upon formation of the residues can influence the extent of structural change. As water
signaling state, it is possible that a net proton release into theis likely involved in such protonation changes, it is not surprising
solvent or proton uptake by the protein takes place, resulting in that the state of this water also has an influence on the extent
a small change in the pH of the solution. In such experiménts, of the structural change. In fact, a structural water molecule
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detected near His108 in the crystal structure of the ground-stateisomerization. This is evident from the fact that at very high
pG has been found to be involved in the structural change uponpH, where the chromophore can easily become deprotonated
formation of pB?% Since the protonation state of specific and a pBePl-like intermediate actually does accumuléte,
residues is involved, pH will also have an influence on the extent recovery of the ground state slows down. Under these latter
of structural change. This is confirmed, e.g., by the pH conditions, recovery of the ground state of PYP will be under
dependence observed in the Nile Red probe binding experimentkinetic control of the PYP protein. This conclusion is in
that were recently reported. agreement with the observed heterogeneity of the pB structure
(as evidenced by the NMR rest#tg°and corroborated by Nile
Ground-State Recovery Red probe binding experimeri®s at high pH. Because little
During recovery of the ground state of the Photoactive Yellow structural change occurs upon formation of pB in crystalline
Protein, several processes have to occur. The chromophore hagYFs7 and the photocycle recovery kinetics in crystalline PYP
to re-isomerize to the trans configuration, the state of protonation are faster than in aqueous soluti8iit is likely that a relatively
of several residues and of 4HCA has to change, and the proteinfolded state of pB is required to facilitate re-isomerization of
has to return to its ground-state fold. Though these are seeminglyAHCA. Exchange between such a folded state and (the)
distinct steps, until recently they have appeared to occur relatively unfolded state(s) of pB in solution, is then a possible
simultaneously, with re-isomerization of 4HCA presumably mechanism to exert kinetic control over ground-state recovery.
being the rate-determining step. Via light-induced isomerization At present, it is unclear how the protein-fold of pB, in
of the chromophore from cis to trans, in a photocycle branching combination with a deprotonated chromophore, facilitates re-
reaction, a 1000-fold increase in the rate of recovery to pG canisomerization of the chromophore, but Met100 may have an
be achieved?® It is important to keep in mind that the existence important role in this proces:%°
of this photocycle branching reaction can influence data
acquisition significantly. Specifically, the rate of ground-state pnotoacoustic and Photothermal Analyses
recovery can be influenced by the presence of actinic- or probe
light, that can be absorbed by any of the pB intermedi#ités. Nonradiative processes are not always easily analyzed via
dramatic example of this is shown by the Met100Ala derivative absorption or emission techniques. Though they may coincide
of PYP, for which the light-activated recovery rate is 6 orders With events observed via absorption and emission techniques,
of magnitude faster than dark thermal recov&in this protein, this is not necessarily the case. These nonradiative processes
ambient light-even at moderate latitudeslready drives a can be followed in a time-resolved manner by photoacoustic
considerable fraction of the protein in the pB form. In the and photothermal method%,% that record among other
branching pathway in wild-type PYP an additional intermediate, phenomena the amount of heat released, i.e., the change in
pB!, was observed to form instantaneously on a nanosecond timeenthalpy. The time resolution of this technique covers the range
scale, which then relaxes to the pG state on the microsecondfrom picoseconds to seconds, depending on the particular variant
time scale. This intermediate differs from pB only in the selected. The method is very sensitive since the energy released
configuration of 4HCA. This suggests that a large change of in nonradiative deactivation processes can easily amountto 50
the protein fold, and of the state of protonation of several 95% of the energy absorbed. Although this principle has been
residues, can be achieved quickly, once the chromophore hasknown for a long time, only a few experimental setups have
been isomerized. Interestingly, refolding kinetics of denatured been established in the past thirty years. Three of these have
PYP molecules show the same order of magnitude difference been used to characterize the enthalpy changes during the PYP
between refolding of denatured PYP molecules with the photocycle, in the pG-to-pR transition, i.e. photoacoustic
chromophore in the trans and cis states, respectf?éRgs the ~ spectroscopy (PhAS, also named light-induced optoacoustic
rate observed for the difference in recovery via the photoinduced spectroscopy (LIOAS)), thermal grating (TG), and thermal
branching and the dark reaction of the photocycle, respectively.lensing (TL). All three methods suffer from the fact that
For re-isomerization to take place at the observed rates theprocesses other than heat release contribute to the signal
energy barrier for cis-to-trans isomerization of 4HCA will have generated, such as structural volume changes (PhAS, TG, TL)
to be lowered significantly. It has already been shown that when and absorption changes (TG, TL). One can, however, separate
the chromophore is deprotonated, isomerization can proceedthe different contributions to the signal to obtain the enthalpy
much fastef? It is therefore likely that deprotonation of 4AHCA  change and additional information from the structural volume
will precede re-isomerization (Figure 4). Chromophore depro- changes. The latter reflect alterations of bond length, solvation,
tonation has been shown to significantly shift the absorption protonation state, and interactions of the chromophore with
spectrum of pB to the retk Until recently, no red-shifted  surrounding amino acid side chains. Under certain circum-
intermediate has been observed in the recovery reaction of pG,stances, the structural volume change can be related to the
the ground state of PYP. Therefore, the proposal that re- difference in entropy between two photocycle intermedit€s.
isomerization of the chromophore would be preceded by The PhAS and TG studies performed on the Photoactive Yellow
deprotonation has been under debate. Recently, in measuremenfdrotein used nanosecond time-resolution. Therefore, only
of the kinetic deuterium isotope effect of the recovery reaction information about the pR intermediate was obtained, with regard
of PYP (Hendriks et alBiophys. J. in press), we obtained  to the first step of the photocycle. Information on intermediates
preliminary evidence that indeed deprotonation of 4HCA occurs between the ground state and pR will require the use of
before re-isomerization. From these measurements it has alsgricosecond time resolution.
become evident that the relevant intermediatedepfi, which In the first photoacoustic investigation reported the energy
is formed upon deprotonation of the chromophore in pB, may content of the pR intermediate was determined as 120 kJ'mol
have an absorption spectrum very similar to that of pG. This The formation of pR is accompanied by a large negative volume
makes it understandable why this intermediate has not beenchange 23 A3).98 For the estimation of the two values it was
observed before during studies of ground-state recovery. assumed that the photocycle quantum yield, enthalpy, and
Besides the protonation state of 4HCA, it is also important structural volume changes are temperature independent. This
for the protein to have the correct fold in order to facilitate re- is the standard procedure in PhAS and TL stUi#sand was
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found to apply to many different molecules. In a second study, unlikely, because of the observed strong temperature dependence
PhAS was applied in combination with T%.With the TG of the structural volume change in the pG-to-pR transition.
technique, it is possible to separate the heat dissipation in theNevertheless, the obtained value is strikingly similar to the
first step of a reaction (i.e., from pG to pR for PYP) from the energy difference between the cis and trans configurations of
other contributions to the TG signal. This is because of the the free (protonated) chromophdf@That would indicate that
orders of magnitude faster heat diffusion compared to the lateralthe large conformational change in pB does not lead to storage
diffusion of the molecule under studyIn this way the structural of (free) energy in the PYP protein. Interestingly, the TL signal
volume change could be determined without the necessity to showed kinetics for pB formation similar to that of absorption
assume its independence of temperature. A value I A3 spectroscopy, i.e., the heat release is coupled to the absorption
was obtained at 293 K; i.e., also a contraction, but only of half changes.

the size as calculated from the results obtained with PhAS by  Recently, new results about the time scale of pR formation
van Brederode et 48 In addition, an energy content of 160 kJ have been obtained. While pR formation is completed within
mol~1 was obtained for pR at this temperature. The structural 10 ns according to time-resolved absorption spectros€bjpy,
volume change of pR formation was observed to be temperatureextends to several microseconds as measured with PhAS
dependent. With decreasing temperature, the magnitude of the(Gensch et al., unpublished results) or T Transitions on
contraction increases. At 273 K it amounts+@5 A3, a value this time scale have also been detected by visible absofption
very similar to the one measured with Ph#SThe TG signal ~ (Chen et alBiochemistryin press; Hendriks et aBiophys. J.

was not large enough at temperatures lower than 293 K to decidein press) and optical rotary dispersion spectroscopy (Chen et
whether the energy content of pR is temperature dependent agl. Biochemistryin press). To account for these “late” changes
well. Because of the temperature dependence of the structuraln the pR spectrum, the states pdhd pR have tentatively been
volume change, the initially estimated energy content of pR (120 introduced into the summarizing photocycle scheme shown in
kJ mol! 98 is valid only at temperatures neg = 0 (i.e., 273 Figure 4.

K). Furthermore, the difference between 160 kJ thaind 120 Future studies on wild-type PYP and mutant derivatives
kJ mol* may indicate a modest temperature dependence of thethereof will have to reveal further detail about the optical,
enthalpy of pR. The unusual and strong temperature dependenc&nergetic, and structural changes that underlie the photocycle
of the structural volume change is attributed to changes in the of PYP.

voi(_JI volume of_ PYP ortoa change in interactions _of certain Comparison of PYP with Other Photoreceptors

amino acid residues with 4HCA and/or the solvent in the pG-
to-pR transition.

TG and PhAS measurements have also been performed o
the free chromophore, 4-hydroxycinnamic atd®l.lt was
revealed that the cis configuration has about a 50 kJ-fol
higher energy content than the trans configuration. Also a
volume change of-1.2 A3 was observed upon trans-to-cis
isomerization. This is much smaller than the volume change
observed in PYP. However, a direct comparison between the

free chromorf)h(;re an%the pr%tem 'Shd'ﬁiﬁgksmce in measured- the photoreaction that initiates signal transduction and leads to
ments on the iree chromophore the was protonated, y,. physiological response. Another common property is the

wherc_aas itis deprotonated in the protein during t_he isomeriz‘f’mqnuItrafast formation, upon excitation, of transient ground-state
reaction. The large structural volume change in the protein is e rmediates with red-shifted absorption spectra (compared to
most probably directly monitoring the changes in the hydrogen- o parent state) and the appearance of intermediates with blue-
bonding network of 4HCA with the neighboring amino acids, ghitteq absorption spectra (compared to the parent state) at later
which is absent for the free chromophore. The reason for the stages of the photoreaction, which often represent the signaling
large temperature dependence of the structural volume chang&ate of the photoreceptor. Intramolecular proton transfer is

of pR formation is unknown, but it is unlikely that this should 5 other feature of PYP shared with the rhodopsins and sensory
be attributed to the chromophore itself. Terazima and co-workers rhodopsins; whereas light-inducel phanges are also intrinsic

conclude from their studies that pR and pB are partially unfolded 4 the photocycle of (bacterio)phytochromiégli4
and that large structural rearrangements take place during the - gyt also significant differences exist: PYP is not an integral
formation of these intermediaté®.Considering all the evidence  ,embrane protein as the rhodopsins, sensory rhodopsins, and
available from spectroscopic and structural characterization of \hoqpsin-like ion pumps. Furthermore, the structure of the
transient intermediates of PYP, this conclusion may not be . coumaryl chromophore of PYP is very different from both
warranted for pR. It must be kept in mind that a *large” phytochromobilin and Schiff-base linked retinaldehyde. The
structural volume change may still be smaller than a water conformational changes during the photocycle of PYP presum-
molecule. The change of a few hydrogen bonds already leadsaply are much larger than those that occur during the photore-
to similarly “large” structural volume changé31%The nature  action of phytochroné2 and the very subtle rearrangements
of the structural volume change of PYP during its photocycle, in the (sensory) rhodopsifg7:109.115
in particular of the early photocycle intermediates, has to be  The PYP crystal structure is the prototype of the PAS-domain
investigated in more detail in the future. family, which can be found in proteins involved in very different
The energy content of pB was also determined with the TL intracellular signal transduction processes in all kingdoms of
technique. A value of as 60 kJ mdlwas obtained (under the life. The supposed function of PAS domains ranges from co-
assumption of a temperature-independent structural volumefactor binding to the facilitation of dimmer formation. It is inter-
change in the pR-to-pB transitiot) This result is, however,  esting to note that the PAS domain is also present in other photo-
not very informative, since the temperature independence of receptors. Phytochromes contain PAS-domains (with no cofactor
the structural volume change in the pR-to-pB transition is bound and therefore colorless) while the phototrofns ~—a

PYP shares several homologies in spectroscopic properties,
as well as in mechanistic aspects of its function, with other
rbhotoreceptors. The photoisomerization of PYP-as for
the classical photoreceptors for vision in animals and eu-
karyotic microorganisms (the rhodopsit%!%3, and for light-
quality analysis in plants and algae (the phytochrdfife¥)
and their recently found counterparts in bacteria (i.e., sensory
rhodopsing?7-199 jon pumps (bacterio- and halorhodop-
sins)110.111and bacterial phytochrom&d—the primary step in
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recently established new class of blue-light photoreceptors from arrangement of functional groups of apo-PYP around tiwe C
plants and algaehave two PAS domains, both binding a flavin  Cg bond will be crucial in this process. Recent evidence has
chromophore as (blue) light-absorbing cofactor. One can reveale that the electronegativity of the residue at position
speculate that in all these three photoreceptor families (i.e., #100 in the amino acid sequence of PYP is crucial for this. It
including the xantopsins) the PAS domain (besides binding the is proposed that this is mediated through its interaction with a
chromophore) is involved in a similar (and more general) way titratable group that is in hydrogen-bonding contact with the
into the signal transduction process to (a) downstream partnerchromophore, presumably Arg52.

protein(s). (4) Tracking All Atoms of PYP during the Entire Photocycle.
The ultimate challenge regarding PYP is to give aomtc
Challenges & Prospects description of its functional dynamics. The application of time-

. . . ) resolved X-ray diffraction is the most direct way to achieve
%elt.:aufe gf ;]ts exceptlpﬂal i?h%/S_ICcf)chemwall-l (?Pfd photo- this 20 However, before the results of this technique can be used
stability'” and the ease with which it forms well-diffracting = 5 generate a “film” of the events occurring upon light activation

crystals, e.g., ref 31, PYP has become a very attractive model ¢ pyp more detailed (spectroscopic) experiments will have
system for studies of the primary photochemistry of light sensing , e herformed to identify all relevant intermediate states, and

and for studies of (functional) protein folding processes. This qi kinetics, in this process. Because of the dependence of
suitability as a model system subsequently was the incentive 10y, yansitions in PYP on the mesoscopic context of the protein,
try out several theoretical and experimental approaches on PYPj i pe relevant to study the structure of the photocycle
e.g., ref 39. The com.blnatlorll of these two facts has.prowded intermediates of PYP also with multinuclear NMR and time-
the wealth of information available regarding the physicochem- \oq1yed FTIR. The first of these suffers from a limited time

ical basis of PYP functioning. Nevertheless, regarding several \inqow, the second from the assignment problem. For all these
aspects, significant further progress can be anticipated in the 04 ches it is important to back-up and refine the results with

years to come: _ _ molecular dynamics calculations. However, particularly the
(1) Primary Events.Quantum chemical calculations on PYP  yagyits of time-resolved diffraction experiments, on the other
become more and more refined, to the extent that they may hand, may be useful as a calibration set to lengthen the time
become useful for the prediction of absorption spectra and the yomajn that can be covered by molecular dynamics calculations.
initial trajectory of the photoisomerization process. In most (5) Small-Angle Scattering Experiments on PYP and lIts
cases, a combined quantum chemical/molecular mechanicspagius of GyrationSparked by the observed dependence of
approach is used. The a-symmetry of the visible absorption bandine degree of unfolding of the signaling state of PYP on the
of PYP, however, still remains to be firmly established. mnesoscopic context of the protein, an intense interest has
Although it is often explained as being caused by a vibronic emerged to measure the conformation of transient intermediates
sideband, further experiments may be useful to ascertain whetheios pyp ynder various conditions. Because of this, a number of
it is due to more than one optical transition. groups have initiated the application of small-angle scattering
(2) Smaller, Faster.Further application of femtosecond analyses, using X-rays or neutrons. Both techniques can be
spectroscopy will be required to unravel the details of the applied in aqueous solution and hold promise to resolve
primary photochemical events that are initiated by blue photons molecular shagé®11%f the relevant intermediates at significant
in PYP. Not only studies using visible, but particularly also resolution.
vibrational spectroscopy in the mid-infrared region of the  application of these techniques so far, however, has produced
spectrum will prove rewarding. In this latter region, many some confusing results. Although under some conditions an
functional groups of the chromophore show typical absorbance jncrease in the hydrodynamic radius of PYP, in particular in
bands (e.g., the phenolate ring). Such studies can be performe&ome of its mutant derivatives, was detected upon formation of
in a visible pump-IR probe mode, but several alternative modes the pB staté5 in our own studies, neither with X-ray nor with
can be thought of as well. In addition, ultrafast time-resolved neutron scattering, a significant increase in the apparent radius
resonance Raman studies of photocycle intermediates will of gyration was detected (Hendriks et al., unpublished experi-
provide crucial insight into the correlation between PYP color ments). Surprisingly, a similar discrepancy can be noted when
(i.e., spectra) and the chemical structure of the chromophorethe difference in apparent radius of gyration of the pG and pB
during the primary photochemical transitions. Vibrational states of PYP are calculated from results obtained from NMR
spectroscopy eventually may turn out to be better suited to and photo acoustic spectroscopy, respectively. Using photo-
improve our insight into the structural basis of primary events thermal beam deflection, Terazima’'s group obselfedn
in PYP than structural techniques. Nevertheless, because of thgncrease of 20% in the pG-to-pB transition. i NMR
power of polarization spectroscopy, it is a challenge to carry experiments, however, no significant increase in the coefficient
out part of these experiments in (crunched) PYP crystals.  for |ateral diffusion (and neither therefore in the apparent radius
(3) Catalytic Actiity: Proton Transfer and Chromophore  of gyration) was detected upon activation of PYP to the pB
Re-isomerizationThere are two specific aspects in the PYP state (D. R. A. Marks and R. Kaptein, unpublished experiments).
photocycle that are of interest to enzyme catalysis in general, Whether these observations have to be explained by failing
and of which the atomic mechanism still remains to be resolved. assumptions in the theoretical derivations, by subtle differences
The first is the intramolecular proton transfer from Glu46 to in experimental conditions, or any other factor, remains to be
the phenolate moiety of the chromophore. This clearly is not determined in future experiments. Nevertheless, such experi-
an excited-state process but occurs in parallel to the pR-to-pBments will teach us more about both the functioning of PYP
transition. Recent molecular dynamics calculations indicate that and the biophysical techniques available to characterize this

the nonplanarity of the chromophore plus the dynamical small but interesting photoreceptor protein.
fluctuations in the pR state of PYP actually allow a downhill

proton transfer to the chromophdi®The second is the dark- Acknowledgment. This study was supported by the Dutch
catalyzed re-isomerization of the chromophore from its cis to Science Research Council (NWO) and The Royal Dutch
the trans configuration. As is argued above, the detailed Academy for Arts and Sciences.
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