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ABSTRACT

We report a lontemperature fluorescence spectroscopy study of the@NSPHY sensory module of
Cphl phytochrome, its Y263F mutant (both with known 3D structures) as well as Y263H and Y263S to
connect their photochemical parameters with intramolecular interactMone of theholoproteins
showed photochemical activity at low temperatand the activation barriers for the Pr—lumi-R
photoreaction (2:8.1 kJ mof) and fluorescence quantum yields (0(292)were similar The effect of
the mutations on Pr—Pfr photoconversion efficiency (®p,_p;) Was observed primarily at the preluRIS
bifurcation point corresponding to the conical intersection of the enarfgces at which the molecule
relaxes to form lumR or Pr, lowering ®p,_p; from 0.13 in wild type to 0.050.07 in the mutants. We
suggest that th&, activation barrier in the Pr*;Sxcited statemight correspond to the-Bng (C19)
carbonyl—- H290 hydrogen bond or possibly to the hindrance caused by tH¢CTF3methyl groups of
the G and Drings. The critical role of the tyrosine hydroxyl group can be at thempr®® bifurcation
point to optinize the yield of the photoprocess and energy storage in the form eRldionisubsequent

rearrangement processes culminating in Pfr formation.



INTRODUCTION

Phytochromes are a family of photoreceptors ubiquitous in plants and widespresciaorganisms
They consist of a biliprotein dimer in which an opdrain tetrapyrrole is thioethdinked to the protein at

a conserved cysteine residue. Light regulation of phytochrome action is baseghgpexghotocycle in
which lightdriven reactions in the otmophore initiate dark thermal relaxations of the protein
culminating in one of two thermodynamicalyable products, namely the f@dlight-absorbing Pfr
state in the forward route and the tgght-absorbing ground state Pr in the reverse routeaxyitle (see
reviews (1-4)). Whereas in Pr the chromophore adopt&ZZssa conformation, Pfr isZZEssa due to
photoisomerization at the C2616 double bond although recent structural studies have shown that the A
and particularly the D rings are twisted relative to th€ Bng plain(5-10). Interestinglyhowever Pr in
various phytochromess heterogeneousthe different substates being associated with spectroscopic
photochemicalnd/or structural differencgd0-18) No such heterogeneity has been reported for Pfr,
however.

The first intermediate following light activation of Pr is [uRi A hypothetical energy level scheme of
the initial photoreactioin plant phyA(2, 12)postulated that initial structural changes ofaPeady take
place in theS; excited state Pr*that there exist@n S activation energy barriefE,) for the Z—F
isomerisationand that the photoreaction (completedincompleted) ishe only temperaturdependent
route for deactivation of the excited stdteig. 1). This schemecontradicts models in whiclan
equilibium between Pr* and luriR* on the $ surfacels assumedsee(19-22)anddiscussion in Ref.)2
The formerconsiders thaat ambient temperatur€l =293 K) the activation barrier is easily overcome
and the quantum yield of the initial photoreaction is detezthioy the partitioning coefficients between
the initial statePr and photoproductumi-R at the "prelumiR" & transition point at the conical
intersectionof the S; and §) surfacesExtensive work on plant phytochromes implies that as mudb@s

kJ mol* is stored in lumiR relative to Pr(AE; (23)), erergy that is available to drivprocesses in the
proteinframework subsequently leading to Pfr formation. These have yetdesbeiated with specific
structural changesfiowever.

<Figure 1>



Recent progress in physicochemical and structural studies of phytochrome is edfargely with work

on prokaryotic phytochromes (24-26). Cph1 phytochrome from the cyanobac8mnechocystis 6803is
particularly valuable as it represents an excellent model forlém¢ phytochrome family. Cphl attaches
its phycocyanobilin (PCB) cofactor via lsidether bond to C25@7, 28) closely reflecting the situation

in plant phytochromes. Ther extinction cefficient of 85 mM! cm? at A iS Similar to that of plant
phytochromes as are the photoconversion efficiencies of ~0.15 in both dir¢28or@0). Furthermore,
photoconversion of Cphl, whose chromophoreristonated both as Pr and Pfr, is associated with
transient proton releag8, 30, 31) an effect seen in plant phytochromes after proteolytic a(B;k33)
Time-resolved UWVis absorbanceanalyses as well as vibrational spectroscopic (FTIR and FTRR)
studies at cryogenic temperatures JT(30, 34-36) revealed many additional featured Cphl
photoconversionin common with plant phytochromes as did fluorescence and photochemical
investigationg13, 37).In particular,time-resolved studiesf the initial photoisomerization (P¢lumi-R)

of the cyanobacterial photoreceptor CB&, 38)performed ail, supportedhe initial Pr photoreaain
schemeproposed on the basis of le@emperature steaestate investigations of plant phy®, 12) This
scheme also considethe Pr—lumi-R photoprocess as the ratk excited/ground state mechanisith a
potential barrier for isomerization in the excited stateontrasto theidea of isomerization exclusively
on the $surface requiringnequilibration of Pr* and lumR* (39).On the other handtiglies ¢ amino

acid substitution mutant®8, 40, 41)and fnally crystal structure$7, 40)of the Cphl sensory module
(Cph1A2, comprising the PASAF-PHY domains)provided insights into phytochrome molecular
function identifying roles for C259 (chromophore attachment), H260 (chromophore protgnB207

(Pfr protonation), R254 (intramolecular signal transduction) and Y176tdphemistry).The role of
Y263 - which directly interacts with the D ring of the chromopheras investigated in structural,
spectroscopic and photochemical studies of the wild tYgé3F, Y263H and Y263#utarts (40). In

that initial analysiswe considered thahe aromatic character but not the hydroxyl group of Y263 was
central toPfr formation although the reduced volume of the rasomatic side chains represents an
alternative explanationThe high resolution Y263F crystal structure (3ZQ5) presented in that paper
revealedmultiple side chainconformations for several residues near the chromopisapporting the

notion of Pr structural heterogeneitylAS NMR at T, revealed that the Pr grodinstate of Cphl
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comprises two isoforms, FPrand Prll, the latter being equivalent the 2VEA crystal structur€l0). A
similar dimorphism is seen for oat phyABthe Pr stat€14). It should be noted thatpotential effect of

the transmiter domain is negligible: the -@rminus has no effect on spectroscopic and photochemical
properties of the pigment as compared with CphlA2; full-length Cphl was also shown to be
heterogeneous (13).

In this work, we further investigatede CphlA2 sensor moduleand its Y263F, Y263H and Y263S
substitution mutants using the fluorescence / photochemical approach employed e#&tliBbut now
exploiting knowledge of the 3D structures of Cgt2lwild type and Y263F (740). The two isotypes of
wild-type CphlA2 showed much smaller differences at T, than at T. This was also true fo¥263
mutants,which in any case showed much smaller inhomogeneity. The substitutions brought about
changes both in the Pr fluorescence and photochemical propgveeshow thathe critical parameter
affected by the mutations in lowering the overall quantum yield of thePRrphotocaversion is at the
bifurcationpoint of the routes from prelupi to lumiR or back to PrThe conserved Y263 residue was

thus shown to play an important role in optimizing the photochemical efficiertbg ghotoreceptor.

MATERIALSAND METHODS

Protein expression of the histidiegged Cphl photosensory module (CiPylcomprising the first 514
amino acids), production of its sitkrected mutants Y263F, Y263H and Y26&8nple preparation
manipulationsand dsorption and fluorescenapectrosopy were carried outas described13, 37, 40
42). Briefly, absorbance spectraf phytochromein solution were recorded in a quartz cuvetteaon
Agilent 8453UV-Vis diodedetectorarrayspectrophotometesuitablymodified toallow thesanple to be
irradiated laterally by either FR or R light. Absorbancespectraof phytochromewere taken after
saturatingFR and Rirradiation. Kinetics of phytochrome absorption changes upon red illumination f
determinatiorof the quantunyield of the Pr—Pfr phototransformationds, .p;) were measured witan
UVmini-1240 spectrophotometer (Shimadzu). The photoconversion was monitargdaditthe Pfr state
to measure the increase of the Pfr fraction by irradiating the samjiteraspective Piyax (phobn
fluence rates 6-77.9 umol - m™ s%) using appropriate interference filters (wilgbe: . = 660 nm, T = 37

%, FWHM = 16 nm; Y263FA = 651 nm, T= 45 %, FWHM = 13 nm; Y263H / Y263S= 643 nm, T=
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41 % FWHM = 10 nm; Schott). The photoconversiate constantk andthe quantumefficiency of
photoconversionbg,_p; Were calculated as describgd3, 44) integrating with respect to wavelength
from 620 nm to 680 nm to account file spectral distributions of the light sour¢eseasured withra
Ocean Opticsspectroradiometer(30)). The photoconversionrate constantk was determined by
extrapolating thénitial slopeof the resulting curves of phototransformat{d@d). The measuring light did

not induce significant photoconversion relative to the actinic source.

Determination of the flu@scence parameters and kinetics and energetics characteristics of the initial
processes in the pigments were done as described in detail els@yli&xe1337). Briefly, fluorescence
spectraand its kineticassociateavith the R—Pfr photoconversion of the pigmentgrerecordedusing

a Fluoromax4spectrofluorometer (HORIBAJobin Yvon).To minimize spectral artifacts deriving from
selfabsorption and scattering a protein concentration of approximately 0.1 mgldsutifance at ., <

0.1) was used. Emission spectra were measured using an excitationngivele 610 nm, a slit
bandwidth of 0.3 nm and a red interference filigr,{= 610 nm, T= 40 %) to minimize phytochrome
photoconversion during the scaro exclude possibleinterferenceof scatteredexciting light with the
fluorescencespectraneasurements 600 nm cuteff filter wasusedandthe spectrawere recorded from

630 to 750 nm with a slit bandwidth of 10 nm and an integration time of 0.1 s. The low protein
concentrdbn and the reduced integration time necessitated three separate \gos,were then
averaged and smoothed (by adjacent averaging method) for the fisal@nspectrum. To determine the
fluorescence quantum yield{), chlorophylla (Chla) solution with a definedb; = 0.3 was used as a
referencg45). The fluorescence intensityasdetermined by integrating the emission spectrum from 630
to 750 nm.Excitation spectra were recordeéd the region500-700 nm and 358700 nm with a sk
bandwidth of 1 nm and usinf % grey transmission filter to minimize photoconversion. The emission
was measured at 720 nm with a slit bandwidth of 10 nm and using a 680 4offi filter to avoid
interference from scattered light. The imegon time was 0.1 s and excitation spectra were averaged and
smoothed from 3 measuremeni® determine the yield of the PPfr photoconversiombp, p; by
fluorescence spectroscopy, a kinetic measurement was done with excitatiohthghtespectivémax (1o

~ 5 umol nif s%), with a slit bandwidth of 5 or 10 nm, a 0.2teansmission grey filter and an integration

time of 0.1 s. Emission was recorded for 600 s at 720 nm, slit bandwidth of Atdhim cubff filter of
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680 nm. The resulting initial slope of the curveas used todetermine the rate constant of
photoconversionk}) and®p._,p of the samples as described irtadein (40). ®p.p: Of the mutantsvas
obtained by comparison with the wildype Action spectra of the Pr—Pfr photoconversion were
determined for the fluescent species of CphlA2 based on similar kinetic measurements of the Pr
fluorescence decayduring Pr—Pfr photoconversion under exciting / actinic light of different
wavelengtls. Three kinetic curves were recorded for each exciting wavelength with adshtof’5 nmat
3-10pmol m? s*(l, below).A diffuser was inserted in the light path to reduce the fluence rateresue
that the entire sample was irradiated uniforrilye initial slope (during the first 20 s of registration) of
averaged kinetic curves of the Pr fluorescence dexsjting fromPr—Pfr photoconversion wdmearly
approximated twbtainthe tangent of the angle)(of the decay as a measure of its rate for different
wavelengths of the exciting / actinic light. (\Ntaru)/l, is proportional to the absorption coefficient of the
investigaed fluorescing and photoconverting Cph1A2 species andwas plotted as the action spectrum of
photoconversiomccording tahe procedure suggested in R@46). Fluorescence excitation spectra of the
samples usetb obtain the PrPfr action spectra were constructed by plottingpheton fluence ratef
the fluorescence emission recorded at 720 nm taken at time t=0 on the same fluorestankmeltics
and divided by the photon fluence ratiethe exciting lightmeasured using spectroradiometer (Ocean
Optics).

Low-temperaturdluorescencaneasurementsere performedin a quartztube placedin a Dewar flask
coated with a mixture of 50% glycerol and 50% ethanol to asoidlensation on the outsurface.The
sampes were irradiated with saturating FR before being placed in the Dé&lpan thawing, either
fluorescence spectra or single wavelength measurements at Amax Of the emission at 85 K were taken in 10
or 20 K steps, respectively. Emissigpectrawere essentiallyrecordedas mentionedabove using
excitationslit bandwidthof 1 nm andemissionslit bandwidh of 5 nm. Temperature was monitored using
a thermocoupleThe @; values in the temperature interval from 85 KTtovere determined based on the
®@; of the respective protein at &nd the coefficient of its temperature dependenbe.later waslerived

by integration ofthe fluorescence emission spectrunsionply from thefluorescence intensity maximum
- each yieldingessentially similar result3he determinatiorof thefluorescencelecayactivationenergies

(Es) and the temperatuindependent excitath energy dissipatiorky, were determineds describedl12)
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by linearizationof the temperature-dependemtin the Arrhenius coordinate$he fluorescene constant,

ki, was determined from the oscillator strenftbbtained from the absorption spectra of the samples
according to established principlé$7). The temperaturdependent constant of the excitation energy
deactivation along the photochemical route (see the scheme in Fg.&ab well astte quantum yield of

this process®de.preumir, Was calculated based on the determined values of the tempéndependent
constantsky, ki and of the® valuesat T, and T, . Finally, from the quantum yield athe primary
photoreaction®p,_,;;mi-r, Which is assumed to be the samelas.r+ (48, 49)and from®dp._preumir WE
obtained the coefficients (probabilities) of partitioning of the routes tl@rprelumiR (virtual or real)

state either to the ground state of the photoproductRumi back to the ground Pr statBs, jumir =
Dprpreumir * [Ka/ (KastKsg)] as describedl2). We discuss thephotophysical and photochemical processes
in Pr and its initial photoproducts in the framework of the energy levehselsuggested earliéz, 12)

for plant phytochrome and related photochromic isomerizing pigments, (bacterio)rhodopsins and
biliproteins (see Fig. 1). This approach is justified, in particulathbyappeance of a similar scheme of
the initial P—~lumi-R photoreaction proposed Bym et al.(38) based on mulpulse pumpgump-probe
transient spectroscopy of Cphllechnical details of the spectral measurements and derived parameters

are also presented in the text and in the figure legends.

RESULTSAND DISCUSSION

Spectroscopic studies at ambient temperature

Optical studies othe wildtype Cph1A2 sensory modul@nd the Y263 mutantat T, reported in our
previouspaper(40) revealedhe followingimax values for emission / excitation (absorptispgctrawild-
type Cph1A2°"Ysag660) Y263F Yesaesy Y263HVsaasanand Y2638 Ysa0643) GIVING Amax (€M) - Amax (€X)
spectraldifferences(Alemex ; We use this in place of "Stokes shift" whose formal definition as th
emission absorption spercdl difference (Alemany fOr the fluorescing speciesis ambiguous in the present
context)of 28, 24, 25 and 23 nm, respectively. Thus Y2@&cifically provides for longvavelength
absorption as the mutatiomgluce considerable (87 nm) blue shift of Pr and Pfras well as changes in
the extent of the PsPfr conversion data summarized in Table Tjhe emission specirtoo areblue-

shiftedin Y263H andY263S but not Y263FInterestingly the Pr absorption and excitation specioanot
8



always coincideThe trivial explanation thathe differences result from a wavelength calibration error in
the instrumentation was ruled out by measurements with pugss@htions in which we observed close
coincidence of the absorption and fluorescence excitation sp@dtrdk nm) The discrepancys
particularly marked in thavild type, which showsa 12 nmdiscrepancyThis emissiorcorresponds to a
minor, strongly fluorescentlueshifted species (Cphl1A264g) Whose existence is not apparent from the
UV-Vis absorbance spectruifihemajor specie$Cphl A2, on the other handoes not efficientlyemit

at T,. In the case of the mutants, these discrepanciesnzalterand there is no systematic relationship
between theelative positionsof the excitation and absorption maxiadthe anino acidsubstitutions.
Neverthelessnhomogeneitys still apparent.

<Table 1>

Spectroscopic studies at cryogenic temperatures

At 85 K weobservedhe following fluorescenceemission/excitatiof,qx Values wild type Cph1A2679/659,
Y263F gs6, Y263H g5, and Y2638 ¥gss, giving Alemex Of 20, 18, 16 and 18 nmespectively (see
Fig. 2 and Table 1). The calculatebl valuesare much higher and more similar thanTat Thus the
spectra are geerally displaced to longer wavelengths as expected andihe, valuessignificantly
smallerthan those atJ whereas thaigh ®; reflects theabsencef photochemistry a5 K. Interestingly,
with the exception of the Y263S mutant, the absorptionflalmdescence..x values are closely similar
at 85 K. Thus the spectraf the different sampleat 85 K are much more similahan those observed at
T, We proposdhat theseeffect result fromdifferent temperature dependencests differentspecies
involved in regard tgositions oftheir spectraandfluorescencegields. At85 K we expectfirstly, @ for
different speciesto reach its maximum because thexcitation energy cannot be funneled to
photochenstry and temperaturdependenthermal relaxabn associated with iand thus appears as
fluorescenceof the bulk absorbing species poorly fluorescent gsée Fig.l). Secondlythe variety of
emitting/absorbing speciedecreasevecausehe thermeequilibrium between differengpecieswill be
shifted towardghose withthe lowest energievel. This would result ina more homogeneous emitting
speciesat T.. Conversely, the fluorescence and absorption spectroscopic divasityafl, arises from

(i) considerable differences in the fluorescence giedtd the individual emittingspeciesand (ij



differencedn theproportions of variouground state populatiomie to different barriers separatitigem
(see(2)).

<Figure 2>
Wild-type Cphl comprises two species
Considering further the propertiestbe wildtype sensory modulat T, (Fig. 3), theabsoption spectrum
reflects the dominant species corresponding to Amax = 659 nmwhereas hie correspondindluorescence
excitation measurement®rrespond t@ shortewavelength specie@.max for excitation and emission at
648 nm and 670wm, respectively)Action spectra for photoconversion corresponded to the shorter
wavelength specie$or Cphl1A2 the Alemex Valueof 22 nmis muchgreater thamiemans 0f 10 Nm and
also ofthe 14- 16 nm derived for plant phytochrosé2) andclose tothe 19 nm forin vitro-assembled
full-length Cphlreported earlie(37). At the same time, for a number of mutamsluding Y263F and
Y263H, Akemex iS againhigher (24 and 25 nm, respectively) than in the aforementioned phytochromes,
but close to th& Alemans Values(27 and 25 nm). This indicates that the Akemex Value of 22nm obtained
for the wild typeat T, may beactualy close tothe Alenans Value ofits predominantly fluorescently active
speciesimplying that e emission band measured here migdlbng primarily tathe speciesabsorbing
maximally at 648 nmThis is consistent with themission peakeingof approxinately of the same width
as that of the mutan{&WHH 50, 44 and 6(m for wt, Y263F and Y263H, respectivglySince the
emission and excitation spectra were found to be independetiite oivavelengths of fluorescence
excitation and monitoring, respectivethe longemwavelength species absorbing at 660 nm is likely to be
only very weakly fluorescergindis not apparent ifluorescence measurements gt T

<Figure 3>
At T, however,fluorescencefrom the longerwavelength species obvious Figure 4describs the
wavelengthdependenciesf excitation andemissionat T.. Pronounced variations in the position of the
exdtation spectraat differentemission monitoringvavelengthsvas found Ao« Was at 652 nm (satellite
at 594 nm) and 664 nm (satellite at 606) mvhen monitoed at660 nm and 676 nm, respectively. Small
variations in the position of the emission spectra were also observed: 674dn&Y& nm when the
excitationwavelengthavere at 652 nm and 594 nmespectively. These demences imply that at

there are at least two fluorescing speciese of which can becharacterizé as Cphl1A2%Yges
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Determination of the position of the emission spectafithe speciesvith excitation (absorptio.x at
652 nm ismore difficult because of the overlap of the absorptigmectra.However, taking into
consideratior{a) thelarge Alemans Value 0f22 nm for thisspeciesat T, and the fact that it magecline at
lower temperaturesand (b) the Alemans Value of around 1215 nmat T, of Cph1A2%'%s, in this and
earlierpapers (1337) and plant phyA(2), we postulate that the shorwavelengthspecieswith Aemans
=15 - 20nmis Cph1A2°7%%" e,

<Figure 4>
Temperature-dependency of fluorescence
Emission spectravere recordedequentially upon warming the samples €K temperature steyFig.
5a). The emissionmx Was constartbelow 2260240 K butsteedy blueshifted at higher temperatures for
all the samples (Fighb). The fluorescence yield (Fig, left panel)showeda monotonous decline up to
220240 K and a steep drop above this was seen in all cases except YRE3E.dependences are
linearizedin the Arrhenius coordinates (Fig. right panel) giving two parts 80220 K and 22273 K-
corresponding to different activation energies for the photoreactithreiRr excited state. This was also
seen in earlier workl3). The 80220 K interval primarily reflects changesdnof the weakly fluorescent
bulk species, as in the case of Cph1A2%"%ge, wild-type species because the yield of the minoréiscent
Cph1A2%7%%"4¢s, is high already at Jand is likely to saturate in the interval 2223 K (as demonstrated
by the deconvolution of the experimental curves of the Pr fluorescenceré¢émmpalependence into the
sum of individual curves of differérspecies of plant phy&L2)). For Cph1A2 in the 80-220 K interval,
E.was derived as ~3.0 kJ riidior the wild type, Y263H and Y263S and only slightly lower (2.5 kJ mol
Y for Y263F. This coincidence provides further supporttiemotionthat we are dealing primarily if not
exclusivelywith changes of the fluorescence of the bulk relatively weakly fluorescent species of Cph1A2,
although the input of the highly fluorescent species in the fluorescétive wild type and the mutants is
different. This is alsamplied by the good linearityf the Arrhenius plot in this temperature interval. The
higher T interval (22273 K) reveals, however, complex changes, probably due to at least thres factor
firstly, formation of highly fluorescent species even under relatively weak monaaticamcting light
(13, 37) seconty, operation of the PpPfr photocycle and formation of intermediates staigler T; and

thirdly, possible redistribution of the conformers of Cph1A2 in thermoequilibrium with each other. The
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latter is supported by the fact that redistribution of the conformithstemperaturdakes place in the
case of phyA(15, 23).This complexitymay explain the scatter of the data in the Arrhenius plbich
gives more variable and higher values ot 6756 kJ mot in the nterval 220273 K (Table 1). Thus, we
may conclude that below 220 Kd Y263 substitutions do not dramatically change ekeited state
activation barrier.

<Figure 5>

<Figure 6>
Photochemical parameters
Evaluations of @ at T, from thatat T, gaveca. 0.30for the wild type and Y263H and somewhat higher
values 0f0.35 aml 0.41for Y263F and Y263Sespectively (Table)1 The heterogeneity of the emitting
species whose proportion could change with temperature is not taken inigecaticn in these initial
approximationsThe eperimentallydetermined fluorescence cond@ik;, at T, derivedfrom the integral
under the absorption cureerrelate withd; at T, (Table 1) The derivedvalues forky (the Emperature
independent emissidrss excitation energyissipationconstantobtained according t¢12, 50) were
higher tharthose fork;. The two temperatursndependent constanté; and ky) and the @ values at T
and T; allowed evaluations ok, for the transitiorfrom Pr* via E, to prelumi-R and its yield (®p—preumi-r
or ®p) as well as the yield of the prelwRi—lumi-R transition (Opreiumir—umi-r 0 Pap) at the two
temperatureqTable 1). The efficiency of the photochemical route fronm* Ro prelumiR at T. is
surprisinglylow in the wild typeandis further loweredgequentilly in the H, FandS mutants. Assuming
in the first approximation the partitioning coefficients foelumi-R—lumi-R at T, to be the same as
those at T (see Table 1 and belowthe yields of formation of lumR from Pr atT, were derived. The
values obtained weneery low, especially in the mutants. Were the IdRi>Pr reverse photoreaction to
be significant, lumR yield would be even lower under steadgte conditionsexplaining the lack of
formation of lumiR at T.. Due to the activation character of the-Rumi-R photoreactiorvia Pr* and
prelumi-Rat T, the rate and the yield of the photoreaction increasee than 1dold upon warming d
T, while @ for Prfalls (Table 1): @p_preiumi-r or @p, iN particular, approaches unity (0.93) in the wild type
and 0.760.79 in the mutants. Siney, _ps, the quantum yield athe overallPr—Pfr photaconversionat

T4 is 0.13(40) andasthere is probably ntumi-R—Pr darkreversion(51) (this has been shown for plant
12



phytochrome A although not for Cphlye can evaluate the coefficient of partitioning of the routes
Preprelumi-R—lumi-R (®p, and &, as 0.86/0.14 for the wild typand 0.92/0.08; 0.90/0.10 and
0.89/0.11 for Y263H, Y263F and Y263S, respectivatiyl, (Table 1). On the other hand, the fact that
®p,_p; Obtainedby absorbance(i.e. for the longeiwavelength speciesvith low fluorescence and
fluorescence (i.efor the shortemwavelengthfluorescent speciesheasurementgere almost identical
((40), see Table Jlsuggests that @, and ®,, are alsesimilar for the two species. This and the fact that the
extent of P+Pfr transformatiorin red light isquite high (ca. 0.700.75 in the wild typg supports the
notion that all molecules(i.e. boththe predominantow fluoreserce andthe minor highfluorescee
specie} haveeithersimilar ®@p, g Valuesor arein rapid dynamic equilibriumThe latter assumption is,
however, unlikelyas the action spectrum dfr—Pfr photoconversion obtained from thekinetics of Pr
fluorescence decay coincides with the fluorescence excitation spectrum of therwheelength
Cph1A2 species (Amax = 648 nm; Fig. 3)The nature of the minor form unclear It is not associatedith

the Pr' / Pr" distinction:lthough inplant phyA a large fraction of the Pr populatierdenoted Pr can
photoconvert to lumR even at 85 Kthis is not the case for Cphl, whose dark state comprises
exclusively Pr" in which photochemistry is minihkeelow 85K because othe relatively highg, barrier

(2, 37, 52) MAS NMR has indicated, however, that two isoforms of Cphl1A2 Pr (I and II) exist, Pr-I
representing the crystal structure and Binowing a different position and charge of the H260 side chain
and the hydrogen bonding of romophore ring D(10). These differences might be associated with
different fluorescence propertidsriving from differentg, valuesand Pr $energy levelsGiven that the
yield of the Pr deactivationalongthe photochemical routghat is via theE, barriertowards prelumR)
almostreaches unity ak, in all thespeciesunder investigationthe decisive functionaharacteristicare

the partitioning coefficiats at the orthogonal prelutRi state.

®p,_pg; IS lowerin the mutantshan inthe wild type.However this isiot directly reflected by an increase
in @ because the decline of ®p,_,reumi-r IS ONly ca. 20 % a difference thatannot account fathe much
more pronounced drop p,_ps. The danges associated withe mutationsare thus likely to affect the
system primarily at the point of the preluRirelaxation either into lurR (and further into Pfr) or
revere into Pr (in contrast to the differencestween the fluorescing and ninorescing vild-type
species) Mutatiors might also change thelistribution of the pigment molecules between different
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conformersan effect that manifests itself particularlyTat At 85 K the moleculetends to freez€ in one
dominatingstate which is not so prominently modified by the mutatiobmder these conditions, the
initial stages of the photochemical proces®r to the activation barrier are likely to tmilar in the
wild type Cph1A2°"Ye6, and the mutants judging by the similarity of their absorption and emisganira

at 85 K and theik, values.All the differences between them T, are thus relatedrimarily to the states
and transitions after crossing thgbarrier andat the prelumR partitioningpoint.

Possible structural interpretations

Explanation of phytochrome functiorelies upon structural, physical, biochemical and cell biological
approaches including experiments in which the systemxperimentallyperturbedby mutationsor
chemical modificationsf the chromophordn the three mutants described here an@4if), the @, value

for the Pr to Pfr conversion is less than half that of the wild tymmitgethe fact that £-3 kJ mof* from

the Pr* excited state remains the sarmde key point in Rrlumi-R—Pfr conversion is théifurcation
point of the routes from the orthogonal prele®ito the lumiR ground state or back to that of Pr: we
observe pronounced differences in the @y yields between the wild type and the mutants in harmony with
the changes i®p,_p;. This means that in terms of the chromopHareling pocket arounthe D ring,
Y263 pranotesforward relaxation of preluniR to lumiR. The principlethermal relaxatiomoute of the
excited statas via the E; barrier We hypothesize that rings, B and C are held in such a way as to
channel the energytimthis essentighhotochental process. Since there is no appreciable changgiin
our mutantsY263doesnot directly affecthis funnelingprocessThus, it likely plays its role at the latter
stages of the photoprocesses, i.e. at the préRupartitionng.

We have solved the crystal structures of both the wild @§f)e2VEA) and Y263F ((40)3ZQ5 in thePr
stateand olbained corroborative evidender the wildtype structures both & and Pfr from soligtate
NMR (10) usingthe crystal structure d®aBphP,an unusual bacteribgtochromeas a template for the
Pfr state ((8); 3C2W). The 3ZQ5 high resolution structure of the Y263F mutant shows rather modest
changes around thB ring, providing agood basis for understanding several physical aspeats
phytochrome photoreaction.

Probably in all phytochronsein theinitial Pr statehe chromophore D ring liebave (a-facial) the plane

of the BC rings, such thdts C19 carbonyl oxygen forms ©2.8 A hydrogen bond with Ne of the nearby
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histidine (H290 in Cphjlas well as 8.2 A hydrogen bond between its pyrrole nitrodé24 and a water
moleculewithin the chroanophore binding pockefsupplementaryFig. Sk). The a-facial disposition
arises from these interactions amdotation about the C1@15 single bond of the methine bridgée
structural changefollowing photon absorptiorare still unclear.Interestingly CD spectroscopghows
opposite changes up®ir formation inbacteriophytochromesnd plantCphl type phytochromes. As the
D ring in PaBphP Pfris a-facial, it is likely that the D ring irplant phytochromes and CpPRftr is below
(B-facial) the BC plane((53), see supplementafig. Sic). In view of the C{and C17 hindrances and
the angular distances involved, this iarrt was interpreted as the D ring rotating clockwise in
bacteriophytochromes and anlockwise in planfiCphliype phytochromes duringPr—Pfr
photoisomerization (53)There is, however, no obvious explanation for such a fundamental difference
despite various characteristic structural features ofvileefamilies Even if 3C2W represents general
model for bacteriophytochrome Pfr, it certainly would notapplicable toCphl/planttype Pfr if the D

ring adopts the opposite disposition (54).

Whichever direction the ffing rotates, both Hbonds associated with the pyrrole nitrogen aacbonyl
have to be broken, a procegdich might explain theE, barrier. The measured, values for all
plant/Cph1l type phytochromes, including the mutants described here (Tahte dpse to 3 kJ md},
abouta quarterthat of a typical Fbond. Interestingly, theD-ring flip following photon absorption
requires 30 ps in Cphl and plant phytochromaemarkably slow when comparedo the <1 ps
isomerization seen iphotoreceptors such as bacteriorhodogBIR) or rhodopsinand, irdeed,Pfr (21,

55, 56).We note however,thatthe initial photoreactionin these photoreceptors were also shown to be
activation process with E, barriess for isomerization in the excited state simil® thatin Pr (see
comparative analysisf phytochromes and (bacterio)rhodapsi (2)). In the casef bacterishodopsin,

E. is comparable with that in B Cphl1A2 for the fluorescent BR species, B®, for instancewith E,

in the region of 1.2-4.2 kJ myland much lower fononfluorescent photoactive BR speci€iereis also

an inversecorrelation between thituorescenceyield and photoactivity of (bacterio)rhogkins. Pfr, on

the other handwhich does not fluoresce even at liquid helium temperature (Sineshchekov,&Deeg
Rudiger, unpublished datalso hasanE, valueclose to that of Pr (57). The existence of the barrier in Pfr

for isomerization in the excited state sedmbe in contradiction with thiack of Pfr fluorescence and
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also withthe notion thathe initial isomerization of the chromophoire Pfr proceeds witbut steric

hindrance by the protein moietiy the case oPr*, howevert is much more clear théthe Dring might

experience changing interactions during its photoflipe potential energy surface of the Pr* stataild
thus be fairly flatbut alsorugged due todynamic changem the protein frameworkwhich slow down

chromophoreisomerizationand might explain the observed, valuesas well Additionally, the S

potential surfacenight be affectedby interactios betweernthe C13' and C17 methyl groug of rings C

and D.

The role of Y263 during photoisomerization contrasts to that of antttegine in the Ering pocket,

Y176. Y176H is highly fluorescent but photochemically inactive in CphlAhge phytochromes, but

not the bacteriophytochrome fami(41, 58) This impliesthat although Y176 itself is conserved in

different phytochrome clades, its fuieet is not.This differencewas associated with thelockwisevs.
anticlockwisephotoflip of the D-ring. In terms gdrelumiR partitioning ananticlockwiseD-ring rotation
predictsthat a transienthydrogenbond might be formedbetweenN24 of the Dring and theY263
hydroxyl (see Fig. S1b)Jn the orthogonal excited stat&iven that all chromophore nitrogens are
protonated irboth Prand Pfr,such ahydrogen bond formatiomight be associated with proton transfer
for exampleto D207 via Y263see Fig.S3x). Our findings for Y263F imply thatdespite the2- to 3-fold
reduced photoconversion efficiend3fy formationdoes not depend dhis interaction Why then isY263
perfectly conservedithin the phytochromsuperfamily?

0] Y263 might beimportant in intrarolecular signal transductioe.g. by disrupting the salt bridge
between D207 and R472 from the tongue re@i®nRecent data indeed imply that this might be
true in plant phyB because, although photoconversion iidiegift asexpectedits physiological
responses are exaggera(s).

(ii) Y263 might represent dlip/flop gate either trapping the energy lumi-R necessary fothe
rearrangements associated with Pfr or, more often, losinghieatdn Y263F, however, lumiR
formation is less likelypossibly becausef a loss oanN24 — hydroxyl H-bond.

(i) The hydroxyl groupof Y263 might allow only anticlockwise Dring rotation by steric
interference with theC17* methyl group (2VEA: 2.58). In this scenario clockwise rotation
would be norproductive for the formation of the luri-state.
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On the basis of the present work propose that interactisbetweenthe D ring andY263 optimizethe
probability of directPr*—lumi-R conversionPhotoswitching between Pr and the photoproduct {&mi
(andthencePfr) depends on thbifurcation point— the point of intercrossing of the two ground state
potential curves of Pr and lufi as a function of th€15=C16torsional angle- and its interaction with
the § potential curveseeFig. 7). In other wordsif we assume that the relaxatiohthe pigment from S

to S occurs via a conical intersection at the twisted8€ate of the molecule, then we can speculate that
the Y263 residue provides the most optimal shape to yield the hegfiesncy of the direct route from
this point tothe lumi-R photoproduct.The Y263 mutants described hergbviously lowered the
probability oftransitions alondhe forward branch of this crossg, revealingthe importance of the wild
type Y263 residuenterestingly,Pfr (andlumi-R) formation hasa similarlow probability of~0.15 in all
known wild-type plant phytochromes and Cphh addition to the conformational heterogeneityCphl
andplant phyochromesdn the Pr statethe lowquantum yields for photoconversiamboth directions is
remarkable Y263 is clearly a crucial factor in the optimization of ths&eemingly impaired
photochemistry.

<Figure 7>
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Figure 1. Energy level scheme of the photoreaction of Pr into the first photoproducitR)) stable at
low temperatures vidhe "hot" § crossover point preluaR. |, fluene rate;e, molar extinction
coefficient k, rate constantsk{ fluorescenceky temperaturendependent degradation of excitatidp,

initial photoreactionk,, phototansformatiorto lumi-R photoproduct ané,,, return toPr); E,, activation

energy baier to forwardphotoreactionsAE, lumi-R — Prground statenergy differenceAfter (12).

Figure 2. Fluorescence emissiqem) and excitation(ex) spectra of Cph1A2 and Y263 mutants at T,

(solid lines) and T, (dotted lines, frm (40)for comparisoh The wildtype maxima at Jare indicated.

Figure 3. Absorption (), fluorescence emissiqgf2) andexcitation @) and photoconversiomction ©, o)
spectraof CphlA2 in the Pr form at T,. The action spectx wereobtainedfrom the kinetics of the Pr
fluorescence decajuringPr—Pfr conversionn actiniclight for two different sampleas described ithe
Materials andviethodssection The maximan the spectrare indicated. Wavelengths of fluorescence

excitation and monitoring were 610 nm and 72Q respectively

Figure 4. Fluorescence emission and excitation spectra of Cph1A2 at T. Excitation spectra were recorded

atiem= 660 Nnm (1) and 676 nm (2)nession spectraupon excitation akex = 652 nm (3) and 594m (4).

Figure 5. Temperature dependence of the fluorescence emission spectra andXof.ivailuesof wild-
type CphA2 (m), Y263F(0), Y263H(A) and Y263F°). The spectra were takén steps of 20 K from 80

K (1) to 300 K (12).

Figure 6. Temperature dependence of the fluorescence intensity ofA@ptild type and Y263 mutants
(left panel) and their linearization in Arrhenius coordinates (righepaThe breaking poinfbp) of the

linearizd curve of Cph1A2 at 219 K is indicated.

Figure 7. Hypothetical potential energy curves and quanyigfds of Pr photoactivation andssociated
processe$ollowing Figure 1and (2,12). Note that the reaction coordinate is théQCing angle rather
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than the C15=C16 dihedralhe ring angle reaction coordinate cannot approach 180° at C15=C16
isomerization because of the 117" clash (dotted line) bus accompanied by a rotation of the C14

C15 single bond.

Supplementary Figure S1. Steregairs of the chromophore D ring environment.

(a) 2VEA structure of Cphl Pr (Essenal. 2008)showing the interactions of the pyrrai24 and C19
carboxyl oxygen (b) hypothetical structure of prelwRi at C15C16 isomerization angle of 117°; (c)
HypotheticalPfr structures witlp-facial PCB Dring in Cphl (cyanandthe a-facial biliverdin D-ring in
PaBphP(green).Y263 and D203 in Cph Pr(2VEA, (7)) and their homolog¥250 andD194 in PaBphP

Pfr (3C2W:;(8)) areshown ingold andgreen respectivelyPyMol mdecular images.
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