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ABSTRACT: We show from time-resolved fluorescence intensity and depolarization experiments that the
fluorescence of the unique tryptophan W119 of PYP is quenched by energy transfer to the 4-hydroxy-
cinnamoyl chromophore. Whereas the intensity decay has a time constant of 0.18 ns in P, the decay in the
absence of the cofactor (apo-PYP) has a single exponential lifetime of 4.8 ns. This difference in lifetime
with and without acceptor can be explained quantitatively on the basis of energy transfer and the high-
resolution X-ray structure of P, which allows an accurate calculation of«thiactor. Fluorescence
depolarization experiments with donor and acceptor indicate that both are immobilized sastanstant

on the fluorescence time scale. Using background illumination from an LED emitting at 470 nm, we
measured the time-resolved fluorescence in a photostationary mixture of P and the intermgdiades |

I,". The composition of the photostationary mixture depends on pH and changes from matrigw pH

to predominantly 4 at high pH. The 41, equilibrium is pH-dependent with akKp of ~6.3. In kL the

lifetime increases t0~0.82 ns. This is not due to a change in distance or to the increase in spectral
overlap but is primarily a consequence of a large decrease. ¥ was calculated from the available
X-ray structures and decreases frer®.7 in P to 0.27 inJ. This change im? is caused by the isomerization

of the acceptor, which leads to a reorientation of its transition dipole moment. We have here a rare case
of the «? factor dominating the change in energy transfer. The fluorescence decay in the light is pH-
dependent. From an SVD analysis of the light/dark difference intensity decay at a number of pH values,
we identify three species with associated lifetimes: P (0.18 pgP.82 ns), and X (0.04 ns). On the

basis of the pH dependence of the amplitudes associatedyattd X, with a K, of ~6.3, we assign the

third species to the signaling state The absorption spectra of the 0.82 and 0.04 ns species were calculated
from the pH dependence of their fluorescence amplitudes and of the photostationary light/dark difference
absorption spectra. Thanax values of these spectra (372 and 352 nm) identify the 0.82 and 0.04 ns
components withJand b', respectively, and validate the fluorescence data analysis. The mutant E46Q
allows a further test of the energy transfer explanation, since lowering the pH in the dark leads to a
bleached state with an increased spectral overlap but without the isomerization-induced dectéase in
The measured lifetime of 0.04 ns is in excellent agreement with predictions based on energy transfer and
the X-ray structure.

Photoactive yellow protein (PYP)s a bacterial photore-  transcriptional factors, oxygen and redox sensors, serine/
ceptor whose putative function is phototaxis. PYP is sig- threonine kinases, carboxylic acid sensors, voltage-gated
nificant as the structural prototype of a large, diverse and potassium channels, and light sensors of bacteria and plants.
important superfamily of signaling proteins which have a Well in excess of a thousand proteins have been predicted
common motif termed the PAS domaih @). PAS domains  to contain a PAS domain based on amino acid sequence
are found in all kingdoms of life, generally as the sensory alignments.
component of multidomain proteins. The superfamily consists  pyp js g 14 kDa cytoplasmic protein absorbing in the dark
of many subfamilies. The functional diversity is broad: gatj. . ~ 446 nm. The chromophore isphydroxycinnamic
acid that is covalently bound to cysteine 69 via a thioester
" This work was supported by NIH Grant GM 66146 (to M.A.C.) linkage. Photoexcitation initiates a photocycle which is

and goﬁ%s(i‘)fr:‘éisn;'eaﬁﬁgf%lhggg Hfglg’gzé%&%fé’o-“"‘fi'x'”@ 4. COMpleted in about 400 ms. A simplified version of the
83856299; e-mail, heyn@physik.fu-berlin.de. B photocycle at neutral pH, which omits the earliest intermedi-
¥ Freie UniversitaBerlin. ates and the photoreversal reactions, is presented in Figure
$ University of Arizona. 1. In the initial dark state P the chromophore is trans and

{Abbreviations: 'SVD, singular value decomposition; PYP, photo- deprotonated with its phenolate @ydrogen-bonded to Y42
active yellow protein; PAS domain, acronym formed from the names

of the first three proteins recognized as sharing this sensory domain; and E4(_3- The first long-lived intermediate i§_ hich is
LED, light emitting diode; 4HC, 4-hydroxycinnamoyl chromophore. formed in several nanoseconds and decays in abouu200
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Aw=446nM PYP contains a unique conserved tryptophan (W119) at
y P v the interface between the centfatheet and the N-terminal
*f x\'& cap. The fluorescence of this tryptophan may thus be used
P as a probe to monitor changes in polarity, accessibility,
400ms guenching, and dynamics during the photocycle. The hy-
drophobic collapse model2) postulates that the signal
7o =350nm |2 triggered by the chromophore isomerization is propagated

across thes-sheet to the N-terminal cap.
The quantum yield for fluorescence of the 4-hydroxycin-

) .
2ms Ae=460nM namoyl chromophore of PYP is 0.0014, very weak as
| expecteddl). In the mutant Y42F, which lacks the hydrogen
ho=370nm 200us bond between Y42 and the chromophore oxygen, the
"™

fluorescence quantum yield is about 10 times high€).018)
FicurRe 1: Photocycle of PYP at neutral pH. The early intermediates (32). Steady-state emission spectra of the 4-hydroxycin-
before | are omitted. namoyl chromophore withem ~ 495 nm were recorded with
) ) o excitation at 280 nm, i.e., in the absorption band of
to the b intermediate. In 4, the chromophore is cis and  ynhiophan 83). These observations were interpreted as
deprotonated with a red-shifted absorption maximum (465 ggnsitized fluorescence, caused by energy transfer from the
nm). |, is the first |_ntefmed|ate .Wlth a protonated Cis  5romatic amino acids (W119 or the five tyrosine23)( Since
chromophoreg, 4) which is blue shifted. The OH group of o 4-hydroxycinnamoy! chromophore also absorbs in the
the chromophore is hydrogen-bondedrd the side chain v a¢ 280 nm, direct excitation could not be excluded,
of RS2. b decays to the signaling state in about 2ms. In po\vever, These authors were the first to report on the
solution k' is characterized by a disordered structusf & fluorescence of the aromatic amino acids of PYP. The
larger radius of gyratlor’16( 7), and a major conformational  fqrescence quenching (presumably of W119) by acrylamide
change § 8-10). In I, a hydrophobic surface area is a5 reported to be stronger in a steady-stafg mixture
exposed 11-13) presumably to facilitate interaction with {21 in P, suggesting greater accessibility of W119 in the
an unknown response regulator. The cycle returns to P Viasignaling state§).
the recovery step fromy'l More extensive steady-state measurements on the fluo-
The structure of the dark Statbéb was obtained by hlgh- rescence of W119 were recently reporte8d)( Using
resolution X-ray crystallography. Its structure was also packground illumination, the emission was also measured
determined in solution by multidimensional NMR spectros- in a photostationary mixture of P, land }'. It was observed
copy (15). The fold of the refined average NMR structure that at pH 8 the fluorescence was weaker in tig Imixture
agrees quite well with the CryStaI structure, with a root-mean- than in P, whereas at pH 6 the Opposite was the case. An
square deviation of 1.77 A for the backbone of the well- approximate Ka of 6.5 was obtained. No definitive exp|ana_
defined regions ¥5). The N-terminal domain is poorly  tion for this pH effect was offered. The quantum yield for
defined in the NMR solution structure. fluorescence in the dark state was found to be 0.01, unusually
Both cryotrapping and time-resolved methods were used low for tryptophan. The authors rejected energy transfer to
to determine the structures of a number of intermediates bythe 4-hydroxycinnamoyl chromophore as the major cause
crystallography 16—22). The isomerization-induced changes of quenching on the basis of the observed pH effects and
of the 4-hydroxycinnamoyl chromophore and the binding since the much larger spectral overlap ifi,l did not lead
pocket are well established. There are strong indications thatto the expected large reduction in fluorescence.
the global conformational changes i, Ithat are detected Here, we use time-resolved fluorescence intensity and
with solution methods, are blocked in crysta®. (t is thus anisotropy measurements to prove efficient energy transfer
unclear at present whether the intermediate accumulates  from W119 to the chromophore in B, Bind b'. We explain
in crystals. the pH dependence of the fluorescence lifetimes in the
It has recently been shown that the photocycle is not photostationary 2l;’ mixture on the basis of theJ/l
unidirectional but that back-reactions and equilibria occur equilibrium. The large difference in fluorescence lifetimes
(23). An equilibrium between;land b has been detected in  between P and:Ireflects the change in acceptor orientation
E46Q @3) and wild type 23—25). This equilibrium is pH- (due to the photoisomerization) and is in good agreement
dependent. Photoreversal experiments demonstrated an equwith current X-ray structures. The lifetime of is anoma-
librium between 4 and b' (26). Recently, it was shown that  lously short, suggesting an additional quenching mechanism
the I/l;’ equilibrium is salt-dependent and that, at low salt, in this structurally altered state.
the L to Iy’ transition for the formation of the signaling state
is blocked 27). It was hypothesized2{) that salt binds to MATERIALS AND METHODS
the salt bridge K110/E12 that links tifescaffold with the Protein Production and PurificationRecombinantHa-
N-terminal domain 14, 28). This salt bridge is presumably lorhodospira halophilaholo-PYP was produced by coex-
broken during theJlto I, transition to facilitate detachment  pression with the biosynthetic enzymes TAL and pCL and
of the N-terminal domain from thg-sheet. A similar loss  subsequently purified frorRscherichia coliBL21(DE3) as
of interaction between two domains has been observed indescribed5). The mutagenesis was performed as described
the activation of another PAS domain photoreceptor, pho- (36). Apo-PYP was prepared according to r&fsand 38.
totropin @9, 30). In that case, the,Jhelix detaches from Fluorescence Lifetime and Depolarization Experiments.
the PAS core. These were performed as describ86) (by time-correlated
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single-photon counting using a picosecond Ti-sapphire IaserutTi are the “basis time traces” belonging to the “pH traces”
system. The instrumental response function had a width of V,,, ands are the singular values, the elements of the diagonal
about 70 ps at the excitation wavelength. For excitation of matrix S. If only two singular values are large;(and s)
tryptophan at 298 nm, a frequency tripler was used. An LED and the others can be neglected, we have a large data
emitting at 470 nm with a full width at half-maximum of 30 reduction from 16to 2022: 2000 elements &f{; andUp,

nm (Conrad, 10 mW) was used to generate a photostationary20 elements 0¥/, andVs,,, ands; ands,, i.e., a reduction of
mixture of P and the .l and b’ intermediates in the  ~80%. The physical background of this reduction is the
fluorescence cuvette [8 3 mm, from Helma (105.251-QS)].  interdependence of the data at the various pH values. By
A UG11 band filter from Schott was used to prevent the neglecting the contributions of the remaining smaller singular
scattered LED light from reaching the MCP detector and to \gjyes. noise is eliminated. Let us assume thatan be
block off the very weak chromophore fluorescence. A represented (fitted) with a sum of exponentidld =

WG320 cutoff filter from Schott selected the tryptopha_n 5 (exp)xi, where exp is a single exponential time decay
emission above 320 nm and blocked off scattered excitation i, decay timez;. Then

light. Data analysis was performed by SVD analysis (see
below) and the DOS version of the fitting program Globals — Ty — e — ot
Unlimited (http:/Ifd.uiuc.edu/globals/). Errors in decay times o JZeXp‘JZXJ'SV"’ JZ(exg])C]p chjpe ©)
and amplitude were calculated using subroutines of Globals.

Radiationless energy transfer is well understood theoreti- Assigning each exponential decay to another conformation
cally and well established experimental§0( 41). The rate  (intermediate) with different energy transfer and fluores-
of energy transfekr is given by cence lifetimer;, we can interpret theCy’'s as the pH-
dependent relative concentrations of the conformational states

I \[Po) 4
k= (8.71x 10° —|s 1 J- . :
= x 3)(n4RgA)(TD) (1) In a similar way we can decompose the matrix of the
absorption spectra of a mixture of intermediates at a number

J is the spectral overlap integral between the emission of pH valuesA;; (1 is the index for the wavelength apds
spectrum of the donor and the absorption spectrum of thethe index for the pH values):

acceptor in units of cAM 2, «? is the angular factor of the o

interaction between the transition dipole moments of the Ap= > U8V, =d) G, (6)
donor {ip) and acceptori{p). Using the angles, 5, ando [ ]

defined in Figure 4, we have

The tilde ¢) signifies that this SVD differs from that in eq

2= (cosf — 3 cosa cosé)z 2) 4 L~J{Tli is the “basis abgorption spectrum” pelonging to the
ith singular valués;, andVj; is the corresponding “pH trace”.

Depending on the values of, 3, ando, «? varies between  The second equality in eq 6 is simply the LambeBeer

0 and 4.n is the index of refractionRpa is the distance  equation, which says thdtis a sum of contributions from

between the transition dipole moments of the donor and each intermediatg, with ¢); its spectrum andCj, its

acceptor in angstroms (see Figure#)is the fluorescence  concentration at theth pH value.d is the length of the

lifetime of the donor in the absence of the acceptor in cuvette.

seconds®y is the fluorescence quantum yield of the donor  If we measure the fluorescence time tra¢gsand the

in the absence of the acceptor. According to eq 1 the rateabsorption spectrd;, on the same sample and at the same

constant for energy transfer is proportional to the product pH values, the intermediate concentrati@sare the same,

of J and«? A useful parameter is the Fsier distanceR,. and we can use thg;, from the fluorescence measurements
This is the distance at whidly equals 1#p. Using the same  (eq 5) in eq 6 to obtain the intermediate absorption spectra
units as abové, in angstroms is given by using the pseudo-inverse Gf.

24, \U6
N

n4

e = (Ld)AC™* (7)

@)

R, = (9.78 x 103)(
In eq 7 the bold symbols signify the matrices, a@d' is

R, may be calculated for a given doreacceptor pair if constructed from the pH traces of the fluorescence experi-
is known. ment (eq 5).

SVD AnalysisSVD analysis is a mathematical method RESULTS
for data reduction42, 43). Let us assume that we measured
fluorescence decay curves (each consisting for example of pH Dependence of the Photostationary EquilibriumP/I
data points at 1000 discrete points in time) at 10 pH values. |.'. Time-resolved fluorescence measurements were per-
This defines a data matriy, with 10* elementst is the time formed with a photostationary mixture of intermediates. This
index andp the pH index. Using Mathematica or a similar mixture was generated by background illumination from an
program packagg, can be factorized in a unique way in a LED emitting at 470 nm. A 3x 3 mm quartz fluorescence
product of three other matricés, S andV (singular value cuvette was used for these measurements with the LED

decomposition) in the following way: mounted inside the cuvette in contact with the solution. The
LED was fixed inside the cuvette in a mechanically stable
lp = zUtTquip 4) way, allowing reproducible illumination conditions. To
I

determine the composition of the photostationary mixture
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0.7 - - traces of PYP at a large number of wavelengths at pH 7 and
osl A dark ] used the extrapolated difference methd8)(to extract the
_ osf pH7.9 ] spectra ofjand b' (Borucki et al., submitted for publication).
£ 04l pH6.3 | These spectra agree qualitatively with the results oRref
S o3l / with Amax Values of 3504+ 5 and 370+ 5 nm for L' and b,
g 02V oH5.4 respectively. From the spectra of Figure 2A, light minus dark
' ’ difference spectra were calculated at 10 pH values between
01y S\ pH4.3 | 4.3 and 8.5. These difference spectra were normalized to
0850300 350 400 450 500 550 the amount cycling and subjected to a joint SVD analysis.
wavelength/nm Only the first two singular values were significant, corre-
sponding to two light minus dark difference spectra. The
02 ' two basis spectrauf, u,) and their associated pH depend-
= B u encies {1, v) are shown in panels B and C of Figure 2,
S 01} respectively. The dominant contribution to the light minus
S //“”\u\ dark difference spectrum comes from, which clearly
S 00 o reflects the P toJll," difference spectrum. This contribution
é \ji/ is pH-independent (seg; in Figure 2C). The smallet,
. u contribution &/s; ~ 0.03) consists mainly of a spectral blue
s 0 2 shift of about 50 nm, which we attribute to thg to I’
300 350 400 450 500 550 difference spectrum. The observed wavelength difference in
wavelength/nm Figure 2B between the positive peak near 340 nm and the
. negative peak near 390 nm is much larger than the expected
0.4r C true difference of about 20 nm, since the positions of the
o 03 v, apparent extrema are pushed apart by the overlap of the posi-
3 oz} tive and negative contributions frorg ind b, respectively.
g o1} The u, contribution is pH-dependent [seg (pH) in Figure
o 00 2C]. Fitting v, with the HendersonHasselbalch equation,
£ -01F Vv we obtain a [, of 6.3 andn = 1. Below the |Ka v, is
° -02p amm __1 ammnmw negative, and accordingly the species with the highek
0.3 , , B value dominates. Above th&pu, is positive, and the species
5 6 7 8 with the lowerlnmaxdominates. On the basis of the results of

ref 24 and of our photocycle studies (Borucki et al., submitted

Ficure 2: (A) pH dependence of the photostationary bleaching of P ;
PYP with a 10 mW LED emitting at 470 nm. Conditions: room for publication) these spectral species correspond to the

temperature, 10 mM Tris, and 100 mM KCI. From top to bottom: Photocycle intermediates (370 nm) and4 (350 nm). We
dark spectrum and photostationary spectra at four selected pHrecently showed thatland b' are in equilibrium 26). Our
values. (B) Basis spectrg(4) andu(4) from the SVD analysis of  analysis here indicates that this equilibrium is pH-dependent
e v St ot wert 5105 3 508 (2 B dapengnce 7  Ksof 6.3, Nole hat s ero near pH 5.3 e where
of v; (M) angyz (O). The continuous solid curve is szittgsvith the b and " populations are equal. This means that
the HendersonrHasselbalch equation withka = 6.3 andn = 1. corresponds to the P (2 + I2') difference spectrum.
Energy Transfer between W119 and the 4-Hydroxycin-
at each pH, the cuvette was mounted in a Shimadzu UV260namoyl Chromophore in P and the Photostationary Mixture
spectrometer, and the absorption spectra were measured if P/I,/1;' at pH 4.1.The fluorescence intensity decay curves
the dark and light. Figure 2A shows the photostationary at pH 4.1 are shown in Figure 3A in the dark (P) and in the
absorption spectra at four selected pH values together withlight (photostationary state) on a logarithmic intensity scale.
the dark spectrum. Whereas at pH 7.9 only about 20% of Under these favorable conditions, there is strong bleaching
PYP could be bleached, this percentage rises to about 95%and the majority of the molecules are in theritermediate
at pH 4. This strong pH dependence of the photostationary (Figure 2C). It is apparent from Figure 3A that the mean
equilibrium between P and/l,’ is due to the reduction in  fluorescence lifetime is much longer ia than in P. The
the rate of recovery at low pH4f). This rate constant has  decay curves for P and tonverge after a rapid decay phase
a bell-shaped pH dependence with a lowét, pf ap- to a much slower decay phase at longer tinte8 (1s). This
proximately 6.2 and a maximum at around pH42)( The is confirmed when the decay is recorded over a longer time
data of Figure 2A show that, with our background illumina- interval, such as 20 ns (data not shown). The third trace in
tion procedure, we can easily accumulate a large amount ofFigure 3A shows the emission from apo-PYP, i.e., in the
IJ/ly" at low pH, but at high pH smaller amounts are absence of the 4-hydroxycinnamoyl chromophore. This decay
accumulated. For our purposes, it is important to know the curve is almost a single exponential with a time constant of
intermediate composition of the photostationary mixture at 4.8 ns. The light and dark decays, after 2 ns (dark trace)
any pH. Sincedand k' are in equilibrium 26), we expect and 4 ns (light trace), parallel the apo-PYP decay curve. Note
that both intermediates contribute to the photostationary that the data of Figure 3A in the light and in the dark are
absorption spectra. The absorption spectra @nid b’ are not scaled and refer to the same sample. We conclude that
similar but not identical. Approximate spectra, presented in the fluorescence of W119 is strongly quenched by the
ref 24, indicate that{ is blue shifted with respect to by 4-hydroxycinnamoyl chromophore, which is about 16.3 A
about 15-20 nm. We have analyzed the transient absorption away from the indole ring of W11916¢). The most likely



16808 Biochemistry, Vol. 44, No. 51, 2005 Otto et al.

The decay curves of Figure 3A were deconvoluted and
100Ky B A fitted with a sum of four exponentials. The light and dark
decay curves could be fitted with the same set of exponential
time constants:z; = 0.03+ 0.02 ns,r, = 0.18 4+ 0.01 ns,
73 = 0.83+ 0.03 ns, and, = 4.80+ 0.3 ns. The residuals
for these fits are shown in the two boxes below the decay
curves. The residuals are randomly distributed and indicate
1k : : : : adequate fits. At pH 4.1 the dark state P relative amplitudes
wereA; = 0.19+ 0.06,A; = 0.71+ 0.03,A; = 0.03 £
0.003, andA, = 0.07+ 0.007. For the photostationary state
4 at this pH (mostly 4), the corresponding numbers ake=
WMWW%WW 0.43+ 0.09,A; = 0.18+ 0.02,A; = 0.32+ 0.02, andA,
‘40 i 5 3 yy = 0.07+ 0.007. The contribution of, = 4.8 ns is the same
time/ns in P and } (7%). We attribute this contribution to a small
amount of apo-PYP in the preparation. The main contribution

fluorescence/counts

w.res
Ao B

w.res
o

07 S in P is apparently from the 0.18 ns component, 71%. In the
o6t ;" fluorescence B \: photostationary mixture, this contribution is reduced to 18%.
5 05 S dark i This large decrease is consistent with the large drop in
g g";’ : 12 absorbance at 446 nm (Figure 2A) at this pH. The amplitude
8 18 As of the 0.83 ns component, which is virtually zero in the
02p 18 dark, increases by a factor of more than 10 in the photosta-
01k e ] % tionary state. We attribute this component to Which is
080 350 400 450 500 the main contributor to the photostationary mixture at this
wavelength/nm pH. The relative amplitude of the 0.03 ns component
05 : increases by a factor of more than 2 in the light. Soghes|
' C also present at pH 4 (see Figure 7D), and in the next section
04 haiiiins apc ] we will attribute the A, component to 4. This fastest
g o3} component withr; = 0.03 ns is the most difficult to measure
Z _ accurately with our time resolution, and the associated
% 0.2 amplitude has a correspondingly large error.
0.1t The 4-hydroxycinnamoyl chromophore is anchored in the
binding pocket in the dark in the trans configuration by three
005 1 2 3 4 hydrogen bondsl@). After isomerization to the cis config-

time/ns _ _ uration and protonation, a new hydrogen bond is established
Ficure 3: (A) Tryptophan fluorescence intensity decay curves of petween the hydroxyl and the side chain of R3B)( We
PYP in the dark, of PYP with background illumination with LED may thus expect the chromophore to be highly immobilized

emitting at 470 nm (light), and of apo-PYP. Conditions: pH 4.1, . . . .
room temperature, and 100 mM KCI. Excitation was at 298 nm. in P and probably also in.I Tryptophan 119 is located in

The weighted residuals for the dark and light decay curves are the interface between the centfasheet and N-terminal cap,
shown in the top and bottom boxes below the data points, and its indole chromophore is also expected to be im-

respectively. (B) Emission spectrum of the donor W119 (- - -) and mgbilized, at least in P. Since the rate of energy transfer

absorption spectra of the 4-hydroxycinnamoyl acceptor in the dark ; " P ;
(P. —) and in the 4’ equilibrium (~). In the light the spectral depends in a very sensitive way on the transition dipole
overlap is larger than in the dark. For the numerical values of the Moment geometry of both donor (W119) and acceptor (4-

overlap integral see Table 1. (C) Fluorescence anisotropy decayhydroxycinnamoyl) (see eqs 1 and 2), we measured the
curves of W119 (lower trace) and the 4-hydroxycinnamoyl (4HC) fluorescence depolarization of both to characterize their
g e 555 i The s v coresond s svge M2LIY on th fuorescence fime scale
gxgotralential decay with a rotational correlation tFi)me of 7.8 ns. ’ These data are pr_esented in Figure 3C for_th_(-?‘ dark state.
The fluorescence anisotropy of W119 has an initial value of
cause of the quenching is thus energy transfer to theabout 0.21 and decays with a single exponential decay time
4-hydroxycinnamoyl chromophore, both in P and in the of 7.8 ns. This rotational correlation time agrees well with
photostationary mixture. An essential requirement for energy the calculated values of 7.4 ns for a hydrated sphere of 14
transfer is a substantial spectral overlap between the emissiorkDa tumbling in water at room temperatud®). This implies
spectrum of the donor and the absorption spectrum of thethat no depolarization due to the motion of W119 was
acceptor. The emission spectrum of tryptophan 119 in the observable (if it occurred, it was too fast to detect). Similar
dark and the absorption spectra of the PYP chromophore indata were collected for the photostationary mixture. We
the dark and in the completely bleached form at pH 4 (mostly conclude that W119 is immobilized on the fluorescence time
I,) are shown in Figure 3B. The spectral overlap is clearly scale. The corresponding experiments with the 4-hydroxy-
larger in the ¥/1,’ equilibrium state than in P. Note that the cinnamoyl chromophore are more difficult due to its very
emission spectrum is structureless with a maximum near 330low fluorescence quantum yiel@1). The very noisy data
nm, suggesting that W119 is in a moderately hydrophobic in Figure 3C for the first nanosecond clearly suggest,
environment and that emission occurs frombgstate 40, however, that the chromophore is also immobilized. The data
47). The numerical values of the overlap integdakill be beyond 1 ns are not shown because of the increasingly large
discussed below and are given in Table 1. fluctuations. The initial anisotropy of 0.39 is close to the
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Table 1: Fluorescence Lifetimes of W119 Calculated from X-ray Diffraction Data

PDBfile  intermediate Roa(A) a(deg) oO(deg) p(deg)  «? JAOBemM™)  Ro(B)  tmax(NS)  Tmin (NS)
INWZP P, WT 16.2 141 32.6 108 2.71 5.55 29.3 0.14

2PYP P, WT 16.4 140 30.3 110 2.71 5.55 29.0 0.15

1079 P, WT 16.3 140 32.8 108 2.69 5.55 29.3 0.14

2PYP I, WT 19.0 88 29.2 61.7 0.15 12.7 20.5 1.92 1.01
1548 l,, WT 18.4 93.1 29.4 68.5 0.26 12.7 22.7 1.07 0.63
1S4R I, WT 18.4 94.5 30.2 70.6 0.29 12.7 23.2 0.98 0.57
1S1Y P, E46Q 16.5 140 315 108 2.69 6.31 30 0.13

1S1Y 15, E46Q 18.8 89 29.7 61 0.18 14.9 22 1.38

1S1Y Poi, E46Q 16.5 140 315 108 2.69 18.8 35.9 0.05

1T1C IL3, E46Q 16.5 138 30.5 107 2.62 14.9 344 0.06

2 Rpa, distance between donor and acceptor transition dipole momenfis;andd angles defined in Figure 4, calculated from observed,
p, ando according to eq 2J, spectral overlap integraRo, Forster radius defined by eq 3imax and zmin, upper and lower bounds of calculated
lifetime of W119.° Reference?2. ¢ Referencel 6. 4 Reference20. € Referencel9. f Reference2l. 9 Referencel7.

FiGure 4: Transition dipole moment geometry of the donag)(

and acceptori{p) in P (blue) and J (purple) from refl6. Rpp is

the vector from the donor to the acceptor. The orientations and
origins ofia andgip in the molecular framework of the acceptor
and donor are discussed in the text. la(l,) two positions are

Figure 4 Lia(P)]. For the origin of the transition dipole
momentzia(P) we chose the point halfway betweep &hd
O. Additional evidence supporting our choice for the acceptor
transition dipole moment direction will be presented in the
discussion.

The angular factor? in the rate of energy transfer depends
on the three angles labeled 3, andé in Figure 4 according
to eq 2. These angles, as well as the distaRgebetween
the transition dipole moments of the donor and acceptor, were
calculated from the published coordinates for various PDB
files and are listed in Table 1. The chromophore orientation
changes due to isomerization. For the orientation of the S
— S, transition dipole moment after isomerization, we again
connected the hydroxy oxygen and [za(l2) in Figure 4].

shown. The dashed arrow is the vector connecting the ends of theFor the origin ofiia(I2) we chose the point halfway between
conjugated system. The dotted arrow is constructed by parallel Cy and O, or the same origin as f@k(P). These two choices

displacement of the dashed arrow to the origifgfP). The values
of a, 3, 9, andRpa derived from the X-ray diffraction structures
are listed in Table 1.

maximal value of 0.4, excluding significant motion on a
faster time scale. The fit of the emission anisotrafty of

are indicated by the parallel vectors (dotted arrow and dashed
arrow). Note that for the choice (dashed arrow) the distance
between the transition dipole momerRsa is about 2 A
larger in b than in P. This is mainly due to this definition of
the origin of the transition dipole moment. The center of

the chromophore has the same rotational correlation time ofmass of the 4HC chromophore does not change by that
7.8 ns as obtained from the tryptophan data. We concludeamount between P and. IFor each structure,, 5, and
that both the donor and the acceptor are immobilized on thewere calculated from the coordinatedwas then calculated

fluorescence time scale. The angular faetdhus has a fixed

according to eq 2, and these numbers are listed in one column

value on the fluorescence time scale, and it is incorrect to of Table 1. We note that the? values are very different in

replace it by its average value &§.
Fortunately, a large number of high-resolution X-ray

P and }. For wild type, the values vary between 2.61 and
2.71 for P and between 0.15 and 0.29 forQOn the basis of

structures are available, for P and numerous intermediates? alone, energy transfer should be stronger by a factor of

which allow us to calculate?. These structures all have well-

about 10 in P. However, there is also a large difference in

defined geometries for the chromophore and the W119 sidethe spectral overlap (Figure 3B). With maximal tryptophan

chain. Figure 4 shows the doneacceptor geometry in the
dark state and what is presumably théntermediate from
PDB file 2PYP (6). The transition dipole moment vectors
Up andu, are drawn fixed in the molecular planes. We excite
W119 at 298 nm in théL, transition. The orientation of
this transition dipole moment with respect to the molecular
framework has been studied in detail by linear dichroism
and is well established!, 47). The orientation of the indole
ring of W119 does not change between P apdnl the

emission near 330 nm, the spectral overlap is significantly
larger in b and b' (Amax ~ 370 and 350 nm, respectively)
than in P §max~ 446 nm). The values of the spectral overlap
integralJ, determined by numerical integration, are collected
in the next column. We note that the spectra for the mutant
E46Q are slightly different with respect to those in wild type,
so that the numbers far differ. The results show that the
spectral overlap is more than twice as largesithan in P.

On the basis of alone, energy transfer should be stronger

published structures. No linear dichroism studies are availableby a factor of 2.3 in4. The next column lists the values of

for the § — S transition of the 4-hydroxycinnamoyl
chromophore. However, based on work with related com-

the Faster radius calculated frodhand«? according to eq
3 using®p = 0.13 @40) andn = 1.39 @0). We can now

pounds (tyrosine) and other conjugated systems (variouscalculate the fluorescence lifetime froRb, Roa, and the

isomers of retinal), it is likely that, to a very good ap-
proximation, the transition dipole moment connects the
hydroxy oxygen and the Lof the thioester, as drawn in

lifetime in the absence of the acceptor (4.8 ns). Alternatively,
we can calculaté&r from eq 1, add to this the rate of decay
in the absence of energy transfer (apo-PYP), and take the
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inverse. For P, the calculated values for the structures in the A
first three lines of Table 1 are 0.14, 0.15, and 0.14 ns and
are listed in the colummna. Experimentally, we assigned
the lifetime of 0.18 ns to P. The agreement is excellent. For
I, (next three lines of Table 1), we either take into account
the larger value oRpp leading tormax Or use the same value
for Roa as in P leading tanin. Using these upper and lower
bounds, we get ranges of 1:92.01, 1.070.63, and 0.98 1k , ‘ , ‘
0.57 ns for the three,Istructures. The average values are 0 1 2 3 4 5
1.46, 0.85, and 0.77 ns. These values should be compared
to the experimentally assigned lifetime of 0.83 farAgain,

the agreement is very good. Only the first value seems too
large. Looking at Table 1, this deviation is due to the small
value of 0.15 fow? in 2PYP, compared to 0.26 and 0.29 for
the other later structures 1S4S and 1S4R, which were
determined by SVD methods from time-resolved crystal-
lography. This lowc? value is in turn due to different values

for a, 5, andd. The table shows that not all X-ray structures
are equal. Our calculations show convincingly that there is
gquantitative agreement between the observed fluorescence

At ; ; FiIGurRe 5: (A) Tryptophan fluorescence intensity decay curves of
lifetimes and their theoretical values based on energy transferthe mutant E460 at pH 4.1 and 7.4. Inset: Absorption spectra of

and the high-resolution X-ray structures Of_ P andThe E46Q at pH 4.2 and 7.8. (B) pH dependence of the amplitude of
excellent agreement strongly supports the idea that energythe fastest component,(= 0.04 ns,00) and the second fastest
transfer is responsible for the shorter lifetime in P than in component, = 0.30 nsM). The continuous curves are simulta-

I,. The lifetime is about 4.5 times shorter in P than jn | neous fits with the HenderseiHasselbalch equation withkp =
since the 10-fold largex? dominates over the about 2.3- 47 andn=1.
fold smaller spectral overlap integral. The predominant effect 4.8 (13). So this mutant provides an opportunity to test the
is thus the isomerization-induced change in the transition effect of an increase in overlap integral alone. In the inset
dipole moment orientation of the acceptor. of Figure 5A the spectra of E46Q are shown at pH 7.8 and
Now that we have explained the different fluorescence 4.2. At the latter pH, the bleaching in the dark is almost
lifetimes in P and 4 by a difference in energy transfer complete. PYP is a very stable protein. Over this pH range
(induced by the chromophore isomerization), the same energyno significant structural changes have been detected, and acid
transfer interpretation should also be able to explain the denaturation sets in with akg of ~2.8 @8). The corre-
difference in lifetimes between P and apo-PYP. These two sponding decay curves at the two pH values are shown in

pH7.8

absorption/mOD
N
o
o

10Kk

300 400 500
wavelength/nm

fluorescence/counts

amplitude

lifetimes are related by Figure 5A. Bleaching and an increase in spectral overlap
lead to a shorter lifetime, as expected from energy transfer
1 1 1 Rg 6 considerations. The fluorescence decay curves were measured
P + Ky = T 1+ |- (8) for nine pH values ranging from 4.1 to 7.4. A global fit of
P Tapo ap Roa all nine decay curves was possible with a common set of

four lifetimes: 7, = 0.04 ns;r, = 0.30 ns,r3 = 0.94 ns, and

With R} = 29.2 A andR}, = 16.3 A (the average values 1, = 4.4 ns. The longest lifetime corresponds to apo-E46Q.
from Table 1), the second term on the right-hand side is 33.0 Its amplitude was small as for wild type and pH-independent.
times larger than the first one. This demonstrates that energyThe same was true for the amplitude @f The major
transfer dominates all other decay processes. For the right-amplitudes forz; and 7, were strongly pH-dependent as
hand side, we get 7.2 n§ For the left-hand side, we found  shown in Figure 5B. The lifetime of, = 0.30 ns must be
1/0.18 ns= 5.55 ns’. The agreement is very good, in assigned to the high-pH form of E46Q with the deprotonated
particular if we consider the dependence of the right-hand chromophore. This value is similar to that for the dark state
side on the 6th power d?ﬁ and RBA. We conclude that the  of wild type (0.18 ns). Our calculated value is 0.13 ns, based
measured lifetimes of 0.18 ns in P, 0.83 nszjnaind 4.8 ns on 1S1Y; see Table 1. The amplituégis large above pH
in apo-PYP are in semiquantitative agreement with energy 4.8 and drops below this value. The lifetime of 0.04 ni$ (
transfer, if we use the high-resolution X-ray structures as must be assigned to the dark bleached form with the
input for thex? factor andRpa. In the next two sections, we  protonated chromophore; its amplitude dominates at low pH
will describe two control experiments which provide further and drops beyond pH 4.8. The solid curves in Figure 5B are
support for the energy transfer interpretation. simultaneous fits to the two transition curves with the

Increasing the @erlap without a Change ir> The Case HendersorHasselbalch equation with &pof ~4.7 and a
of E46Q.The structure of the mutant E46Q has also been Hill coefficient of 1. Since no isomerization occurs, it is
determined to high resolutiorl{, 21). The last four lines reasonable to assume that the transition dipole moment
of Table 1 provide the structural and fluorescence parametersgeometry in the dark bleached form is the same as in the
for E46Q. The observed values f®, and «? are very high-pH form for which an X-ray structure is available. Using
similar in wild type and E46Q in both P and. lin this the value of the overlap integral from Table 1, we then
mutant, the chromophore can be protonated in the darkpredict a lifetime of 0.05 ns for the low-pH form of E46Q.
without isomerization by lowering the pH below th&of The results of this calculation are in the line fa5 Rlark
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700 : : - - - the 29 decay curves. At 5 min after initiation of the reaction,

600} Al the decay curve is almost indistinguishable from the “dark”
500} decay of Figure 3A. Analysis indicates that the fast com-

400} ponent withz ~ 0.18 ns dominates with the slowest
300l 4 component (4.8 ns) playing a minor role. The data of Figure

2001 6B show that, with increasing progress of the bleaching
100! reaction, the amplitude of the fast component decreases and

et \ that of the slow component increases. After 211 min the

950 300 350 400 450 500 decay is almost single exponential with a lifetime of that of
wavelength/nm apo-PYP. At each time point the fluorescence decay curves

- - ' were analyzed. The amplitudes of the fa®} &nd slow [0)

B components are plotted in Figure 6C as a function of the
\ | reaction time. Also plotted in Figure 6C is the time
\ i, dependence of the absorbance at 446 nm). (Visual

W inspection of Figure 6C indicates that the kinetics of the
Mo, chromophore removal (bleaching reaction) exactly parallels
the kinetics of the disappearance of the fast components and
of the growth of the slowest component of the fluorescence
decay. This suggests that the presence of the chromophore
is the cause of the fast component in the fluorescence decay
curve of W119 and of the strong quenching of its fluores-
cence. The two fit curves represent simultaneous fits to the
fluorescence amplitudeSI( M) with a single exponential with

7 = 98 min.
pH Dependence of the Fluorescence Intensity Decay in
the Presence of Background llluminatiorhe fluorescence
decay was measured from pH 4.8 to pH 8.2 in the dark and
in the P/b/l,' photostationary mixture produced by back-

0 50 100 150 200 ground illumination as described. In the dark the decay

time/min curves are virtually pH-independent (Figure 7A inset),

FIGURE 6: Kinetics of apo-PYP production as monitored by consistent with structural stability of both the holo- and

absorption spectroscopy of the 4-hydroxycinnamoy! chromophore apoprotein. In the photostationary mixture of R4 there

(A) and fluorescence decay of tryptophan W119 (B). (A) Absorption ; ; ;
spectra taken at times of 8, 28, 48, 68, 90, 109, 166, and 215 min|7SAa fﬁrong pll_.it dgpe??ﬁn%eégs can be dlscetrged from Flgl.jtl;le
after the start of the bleaching reaction (from top to bottom at 446 /7 N€ amplitude of the U.62 ns component decreases wi

nm). (B) Fluorescence intensity decay curves from bottom to top increasing pH. In addition, changes occur in the early time
at 5, 21, 46, 103, and 211 min after the start of the reaction. (C) range, which are also apparent in Figure 3A. To analyze these

Time dependence of the decrease in absorbance at 448pmf(  differences, we present the light/dark differences on a linear

the decrease in amplitude of the fast component in the quorescencemtensity scale in Figure 7B. This has several advantages. It
intensity decayM), and of the increase in the slowest component ) )

(4.8 ns) in the intensity decai]. The solid curves are simultaneous Magnifies and clarifies the early time effects which were
fits to the fluorescence amplitudem,(d) with a single exponential ~ distorted by the logarithmic scale of Figure 7A. The
with 7 = 98 min. contribution from apo-PYP which is neither affected by light
nor pH-dependent (data not shown) drops out, thereby
bleached form of P) with structure 1S1Y in Table 1. This is reducing the number of species in the analysis. In this L
in very good agreement with our observations and lends D difference spectrum, one recognizes three phases: two
further support to the energy transfer interpretation. In the decaying components with time constants of less than 100
dark bleached state of E46Q the fluorescence lifetime is ps and of about 1 ns and one rising component with a time
extremely short for two reasons: the highfactor for the constant of perhaps 300 ps. Due to the strong overlap of the
trans chromophore and the high spectral overlap. two fast components, these numbers are rough estimates.
Time Course of Bleaching Kineticshe removal of the  Since this is a L— D difference decay, it seems reasonable
chromophore is a slow chemical reaction, which takes aboutto attribute the two decaying components t6 and b,
4 h. It takes only a few minutes to measure a fluorescent respectively, and the rising component to P. The decrease
decay curve of reasonable signal-to-noise ratio for the in the 1 ns component with increasing pH is clearly due to
tryptophan fluorescence of W119. This allowed us to the decrease of the tontribution in the P#1," mixture (see
compare the bleaching kinetics, monitored by the loss of Figure 2C).
absorbance at 446 nm, with the kinetics of the disappearance To make further progress, the combined data set (differ-
of the fast components (from energy transfer) in the ence spectra at all 13 pH values) was subjected to SVD
fluorescence intensity decay. The time course of the bleach-analysis as described in Materials and Methods. There are
ing reaction for the first 215 min after starting the reaction two significant singular values, suggesting the presence of
in the measuring cuvette is shown in Figure 6A. After two difference time traces: RB/nd P/}'. The corresponding
measurement of the absorption spectrum, the same cuvettéwo singular value time traceg andu, are shown in Figure
was placed in the fluorescence spectrometer, and the decayC and resemble the time traces of the difference fluores-
curve was measured. Figure 6B shows a selection of 5 ofcence at pH 4.8 (mainly,) and at pH 8.1 (mainly Jl),

absorption/mOD

10k

fluorescence/counts

amplitudes
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100k

- presented in Figure 7D. The 0.82 ns component should be
A 100K identified with b. The value of this time constant agrees well
dark with the 0.83 ns obtained at pH 4.1 in an independent
N experiment (Figure 3A). The pH dependence of its amplitude
R R R (O) agrees moreover with the pH dependence of its contribu-
tion in the photostationary:/ll,’ mixture (Figure 2C). The
0.04 ns component must then, on the basis of the agreement
, , , of its pH dependence with that of' Ifrom Figure 2C, be
0 1 2 3 4 identified with k'. The pH dependence of the amplitudes in
time/ns Figure 7D was fitted with the Hendersehlasselbalch
: : : equation (solid curves) leading to & pof about 6.3+ 0.1,
B s pH4.8 in excellent agreement with theKp of 6.3 + 0.06 from
[ el D 1 Figure 2C. The errors in the amplitudes of Figure 7D are
considerable, since with our instrumental response function
width of 70 ps, it is difficult to measure the amplitude of a
40 ps lifetime accurately. We estimate an error of 30% in
this amplitude. For the 0.18 and 0.82 ns components the
errors are 15% and 3%, respectively.
— 2 3 2 We conclude that the quenching of the W119 fluorescence
time/ns in I, is even stronger than in the dark state P. The spectral
overlap in }' is comparable to that in, Bnd thus larger than
C in P. The observed short lifetime of could thus be due to
0.05F . energy transfer if it has a similarly higt? value as in P.
j\lh - This would be the case, for example, if the chromophore
s sPH, g would already be reisomerized il (trans). However, there

10k

pH8.1

fluorescence/counts

light

10k -

difference fluorescence

amplitude
o
o
(92}

oV AL ] is no evidence for this from any of the crystallographically

0.10 g oo E—— determined intermediate structures of wild type coming after
015 %jgfii}-’( v, ] I,. The values ofc? for what is believed_ to be)lare of _the_

: 5 : 5 : order of 0.25 and far too small to explain the 0.04 ns lifetime

by energy transfer alone. This suggests that an additional
guenching mechanism is operating jhdr that the solution
structure differs from the crystal structure for this intermedi-
ate.

Absorption Spectra Associated with the Single Exponential
Fluorescence Decay Specidssing the pH dependence of
the fractions ;) of the 0.04 and 0.82 ns single exponential
decay species derived from the time-dependent fluorescence
(Figure 7D), we can calculate their associated absorption
‘ , . ‘ spectra ;) from the pH dependence of the+ D difference
5 6 7 8 spectraAA(4,pH) of Figure 2A. This procedure was ex-

pH plained in detail in Materials and Methods. According to
Ficure 7: (A) pH dependence of the tryptophan 119 fluorescence the Lambert-Beer law:
decay as a function of pH in the light and in the dark (inset). The
pH was varied from 4.1 to 8.1. (B) Light/dark difference intensity
decay at various pH values on a linear intensity scale. (C) Time AA(A,pH) = dZ[Gi(A) - Gp(/l)]ci(pH) 9)
tracesu; andu, for the singular values; (388611) and, (63702) T
and their common fits with three exponentials. The corresponding

pH tracesv; and v, are in the inset. (D) pH dependence of the \yjith AA(1,pH) from Figure 2A and; (pH) from the lifetime

amplitude of the 0.04 ns componem)(and 0.82 ns component . . .
(D) in the difference intensity of (B) normalized to the amount components of Figure 7D we obtain the difference spectra

cycling. The solid curves represent a simultaneous fit to the data [€i(2) - 5p(/1)] by matrix inversion of qu_- The spectra
with the HendersorHasselbalch equation withkg = 6.3 andn associated with the 0.04 and 0.82 ns species were calculated

=1 from these difference spectra by adding an amoung,of
respectively (Figure 7B); andu, were fitted simultaneously  scaled in such a way that the absorbance at 446 nm became
with a sum of three exponentials (Figure 7C). The time zero. The resulting spectra for the 0.82 ns and 40 ps species
constants were; = 0.04 4+ 0.02 ns,7, = 0.18 £+ 0.01 ns, are shown in Figure 8 and havgax values at 372 and 352
andrsz = 0.82+ 0.02 ns. Using the pH dependence of these nm, respectively. The spectrum of the 40 ps species is blue
singular value components;(andv,, Figure 7C inset), the  shifted by about 20 ns with respect to that of the 0.82 ns
pH dependencies of the three time species were calculatedspecies. Thesgémax values clearly correspond to thgdnd

and normalized to the amount cycling (which is itself strongly .’ photocycle intermediates (Figure 2B and 2dj. On the
pH-dependent; see Figure 2A). This assumes that we havebasis of their absorption spectra we should thus identify the
no other intermediates besideshd b' in the photostationary ~ 0.04 ns species with'land the 0.82 ns species with The
mixture. The pH dependencies of the amplitudes of the 0.04 assignment, in the fluorescence data analysis, of the single
ns component M) and the 0.82 ns componenD) are exponential lifetimes of 0.82 and 0.04 ns to separate

time/ns

relative amplitude
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07 , : , : , It is well-known that a single tryptophan residue can have
0,61 1 multiple lifetimes @0). Here, we assigned each lifetime to a

Q o5f P 1 separate doneracceptor conformation. The data analysis

Q ) ) . ;

S 04} ' 1 supports these assignments. This analysis has its shortcom-

g I : A ;

g 03t 102 2 ] ings and limitations, however. For example, in P at pH 4.1,

2 N\ ps 0.82ns . R .

S 02¢/ A 1 after correction for the apo-PYP contribution, about 80% of
o1l N2 ] the amplitude is associated with the 0.18 ns lifetime. Most
0g . NG of the remaining 20% is associated with the 0.03 ns

50 300 350 400 450 500

wavelength/nm component. This fastest component was difficult to measure

FiGURe 8: Absorption spectra of the 0.04 and 0.82 ns single accurately with our instrumental response function of 70 ps

exponential decay species calculated from egs 7 and 9 using theVidth. That is also the reason for the large errors in this
pH dependence of the photostationary-1D difference spectra of ~ amplitude in the analysis of the RIb' mixture. Our approach

Figure 2A and the pH dependence of the fluorescence amplitudesof assigning one decay time to one conformational species

;{Sgses':ége‘?se ngéaThseseecizze;str?helder?ggcﬂé?e ?r-]?ezr rﬁé‘%&%ﬂ%ﬁ NS js validated by the spectacular agreement between the spectra

I, Y sp P 4 of I, and ' obtained on this basis from the fluorescence
analysis and from transient and photostationary absorption

structural and spectral species is thus validated by theSPECrOSCOpy. o

apparent agreement between their absorption spectra derived USing background illumination by an LED, we were able
on this basis and the absorption spectra derived from transient® accumulatell;" in a photostationary state and to measure
or photostationary absorption spectroscopy. The spectrum'ts fluorescence decay. This is a significant technical advance
of I has a small contribution in the range 470 nm which is Which will allow further experiments in,} I7', and other
probably due tol This was already apparent from the SVD !nte_rmedlates such agWwith different chromophore isomer-
basis spectrurn, of Figure 2B. This is not an artifact of the ~ 1Zation states.

data analysis.ilis in equilibrium with b and b' (23, 27), ~ An important aspect of our analysis concerns the orienta-
and a small amount of; Idecays together with, land b’ to tion and location of the transition dipole moments in the
P. molecular frameworks of the donor and acceptor. For the
donor, this is straightforward since a large body of experi-
DISCUSSION mental evidence existgl, 47). We excited W119 at 298

nm, i.e., presumably in théL, transition. Under these

We performed a series of experiments to show that the conditions the fluorescence spectrum with maximal emission
fluorescence of the only tryptophan of PYP, W119, is at 330 nm is structureless (see Figure 3B), supporting the
strongly quenched by energy transfer to the 4-hydroxycin- assumption that emission occurs frém, For the acceptor,
namoyl chromophore. The evidence is convincing: (1) fewer experimental data are available. For P there are
Removal of the chromophore (apo-PYP) led to a large quantum chemical calculations which support our choice,
increase in the fluorescence lifetime of W119 (4.8 ns). The with the vector connecting the hydroxyl O and @9). After
kinetics of chromophore bleaching matched the kinetics of jsomerization around the -£Cg double bond we also
the growth of the 4.8 ns component in the fluorescence decaydetermined the acceptor transition dipole moment vector by
curve. (2) Using the transition dipole moment geometry in connecting these atoms. This is supported by measurements
the dark state P and calculatirgfrom the high-resolution  of the absorption anisotropy ip (50). This early intermediate
X-ray structures, there is semiquantitative agreement betweerhas the cis configuration. The orientation of the transition
the measured and calculated fluorescence lifetimes in P anddipole moment in ¢ (cis) differed by 24 from that in P
apo-PYP. (3) Using the transition dipole moment geometries (trans) £0). This is close to the angle of 1&vhich we
in P and §, derived from the X-ray structures, the observed calculate when we fix the transition dipole moment orienta-
increase in fluorescence lifetime indan be quantitatively  tion in P and ¢ by the above procedure. Our assignment is
explained. (4) In the mutant E46Q, an even shorter lifetime thus in agreement with experimental data fer For the
of 0.04 ns was observed at pH 4.1, when the chromophoreijsomers in the retinal proteins, similar questions have been
protonates in the dark without isomerization. In this case, investigated in detail§1—53). For various retinal isomers,
the largex? and large spectral overlap combine to produce the transition dipole moment directions were measured by
a very high rate of energy transfer. Quantitative agreementlinear dichroism (LD) in crystals5@). The results were in
between observed and calculated fluorescence lifetimes wagjood agreement with the procedure described above of
again obtained on the basis of energy transfer. connecting the ends of the conjugated syst&®).(This

High-resolution structures are available for wild type and procedure is also strongly supported by LD experiments with
mutants, in the dark state and the intermediates. This allowedbacteriorhodopsin reconstituted with 3,4-dehydroretisa). (
us to calculate accuraié factors for all states. The X-ray In this retinal analogue the conjugation is extended into the
data suggest well-defined orientations for the indole and S-ionone ring, and the transition dipole moment orientation
4-hydroxycinnamoyl side chains with low-temperature fac- changes in comparison with bacteriorhodopsin reconstituted
tors. Our fluorescence depolarization experiments are inwith retinal by the amount predicted when the ends of the
agreement, indicating immobilization of the donor and conjugated system are connect&@)(
acceptor on the fluorescence time scale. We have here arare We found that the composition of the photostationary
case of the? factor dominating the change in energy transfer. mixture is strongly pH-dependent. At low pH,dominates;
From P to }, «?> decreases by a factor of about 10, more at high pH, §'. A pK, of about 6.3 was obtained (Figure
than compensating the increase in spectral overlap. 2C). We recently showed that &nd L' are in equilibrium
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(26). We now find that this equilibrium is pH-dependent.  the same direction as in P. This is backed up by calculations
The pH dependence of the fluorescence decay data of theof ¥ based on the published structures ofll8, 20), which
I./1,' mixture could also be explained on this basis provided lead as expected to high values of 2.9 and 2.6, respectively.
we assigned the shortest lifetime of 0.04 ns fo(Figure The short fluorescence lifetime ig tould thus be explained
7D). Our time-dependent fluorescence analysis can readilyif in this intermediate the cis chromophore returned to the
explain the pH dependence of the steady-state fluorescencéinding pocket with a configuration as in, Ibut with a
spectra in the photostationary stated)( These authors  protonated chromophore.
observed that at pH 8 the fluorescence in the light was Recently, an NMR structure of what is presumably the |
smaller than in the dark, whereas at pH 6 the opposite wasintermediate in the\25 deletion mutant was presentéd)
the case. The light minus dark difference fluorescence hadThis solution structure is partially unfolded, and the 4HC
a K, of 6.5 34). Since the lifetime of P (0.18 ns) lies chromophore is exposed at the surface with large rotational
between the lifetimes 0f;1(0.83 ns) andJ (0.04 ns), the ~ mobility. An ensemble of 20 possible’ Istructures was
fluorescence in the light is larger whendominates (atlow  presented in re64. Could these explain the short fluores-
pH) and smaller when;| dominates (at high pH). This  cence lifetime of 4 on the basis of energy transfer? The
argument can be quantified by calculating the steady-statevalues ofc? andRpa in these 20 structures vary widely. Their
L — D difference fluorescence by integrating the time- average values are 0.4 and 29 A, respectively. Due to the
dependent difference intensity of Figure 7B at each pH. The small«2 and largeRpa values the rate of energy transfer is
difference decay was fitted with a sum of three exponentials, low in all structures. The average calculated fluorescence
YiAie . The steady-state difference is then proportional to lifetime of 4.1 ns is close to that without energy transfer

JiAT with YA = 0. . (apo-PYP) and more than 100 times longer than the observed
We can thus eliminate on&. With 7, = 0.04 ns,7, = value of 0.04 ns. These structures are thus not consistent
0.18 ns, andz = 0.83 ns, we have after elimination 8§: with the observed fluorescence lifetime of W119 jhih

wild type, unless additional unknown quenching mechanisms
ZAiri = A(pH)(z; — 7,) + A(pH)(z; — 7,) (10) are invoked. It remains to be seen, of course, whether wild-
| type PYP exhibits the same large-scale unfolding as\fe
mutant in which the N-terminal domain is missing.
The pH dependencies @, andAs are presented in Figure Our results show that for P,,RE46Q), and 4 there is
7D and have Mas of 6.3. The steady-state difference excellent agreement between the observed fluorescence
fluorescence predicted by eq 10 therefore also has this pHjifetimes in solution and their calculated values based on the
dependence andpand provides a quantitative explanation  structure in crystals. Fop'| however, this agreement breaks
for the results of reB4. What remains unclear is to which  down. This is in accordance with the results of other solution
group or residue thisk should be assigned. studies 4—10) which indicate a major conformational change
A surprising result of our investigation is the very short in I, which is not observed to this extent in the crystal
lifetime for I5'. The simplest explanation for this number  structures. It is thus not surprising that in the partially
(0.04 ns) is that, inyl, the transition dipole moment direction  unfolded structure of,! additional quenching mechanisms
has already returned to that of P (trans). Energy transfermay occur leading to the very short observed lifetime,of |
would be extremely efficient due to the combination of a \We recently suggeste@7) that in the } to I’ transition the
high «* and large overlap, as in the dark low pH form of salt linkage between K110 and E12 is broken, allowing the
E46Q. Recently, a novel late intermediate IL3 was identified N-terminal cap to dissociate from thescaffold to which
in time-resolved diffraction studies with the mutant E46Q 119 is attached. Such a structural change would alter the

in which the chromophore has reisomerized and adopts aenvironment and accessibility of W119 and affect the
chromophore structure almost identical to that ol B .(The lifetime.

structural parameters are listed in the last line of Table 1.
From the values ofx, 8, d, and «?, it is clear that the CONCLUSIONS
geometry is indeed very close to that of P. With= 2.62 ,
andJ = 14.9x 1015 cm? M, we calculate a fluorescence We showed that the fluorescence of the unique tryptophan
lifetime of 0.06 ns, in very good agreement with the observed W119 of PYP is strongly quenched in the dark state P by
value for b’ of 0.04. So far, no such late trans intermediate €N€rgy transfer to the 4-hydroxycinnamoyl chromophore.
has been reported for wild type, however, from either ~ USing back_ground iIIumipation, we measured the fluores-
crystallography or vibrational spectroscopy. It is currently Cence decay in a photostationary mixture of P and the slowest
believed that the reisomerization is the rate-limiting step in intermediateszland k', including the signaling state'l
the recovery, making the above explanation unlikely. We In the k intermediate energy transfer is much reduced
showed, for example, from photoreversal experiments with compared to P despite the increase in spectral overlap. The
double flash excitation that latg lcould be photoreversed, reduction in energy transfer can be quantitatively explained
suggesting that,! is cis ©6). by a major decrease of the angular faat§which is due to

An alternative explanation with a cis chromophoredn |  the isomerization-induced orientational change of the 4-hy-
is suggested by the chromophore structures of the | droxycinnamoyl chromophore.
intermediate 18, 20). In this intermediate the deprotonated For the dark states P ang, Rnd the intermediate,lthe
cis chromophore remains in the binding pocket, the hydrogen observed fluorescence lifetimes of W119 in solution are in
bonds with E46 and Y42 are preserved, and the thioesterexcellent agreement with those calculated on the basis of
part of the chromophore is flipped over by the isomerization. the high-resolution X-ray structures in the crystalline state.
Consequently, the long axis of the chromophore has almostOur data support the?> dependence of the Fsier equation



Fluorescence Energy Transfer in PYP

in a case where the donor and acceptor are immobilized on

the fluorescence time scale and whefehanges from 2.7

in P to 0.27 in }. This covers almost the entire possible range

of «2 values.

For the }' intermediate this agreement breaks down. This
is probably due to the fact that the major conformational

change that is observed id in solution is blocked in the
crystalline state.

Using SVD methods, we could assign absorption spectra

to the fluorescence lifetime species associated withnd

I,. These spectra have their maxima at 372 and 352 nm for

I, and k', respectively.

From the pH dependence of the time-resolved fluorescence

and of the steady-state absorbance in tid,l photosta-
tionary state, we find that theJ/l,' equilibrium is pH-
dependent with akf, of ~6.3. Below this K, I, dominates.
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