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ABSTRACT: We investigated the kinetics of photoreversal from thard b intermediates of photoactive
yellow protein (PYP) by time-resolved optical absorption spectroscopy with double flash excitation. A
first flash, at 430 nm, initiated the photocycle. After a variable time delay, thatérmediate was
photoreversed by a second flash, at 500 nm, or a mixture afd L' intermediates was photoreversed

by a second flash, at 355 nm. By varying the delay fromslo 3 s, we were able to selectively excite

the intermediatesi) I, and b'. The photoreversal kinetics of and k' at 21 different delays and two
wavelengths (340 and 450 nm) required two exponentials for a global fit with time constants&7

+ 5us andr, = 380+ 40us (pH 6, 20°C). These were assigned to photoreversal from sequepntabl

I2' intermediates, respectively. The good agreement of the delay dependence of the two amplitudes,
andA,, with the time dependence of thednd b’ populations provided strong evidence for the sequential
model. The persistence 8§ beyond delay times of 5 ms and its decay, together Withround 500 ms,
suggest moreover thatdnd b’ are in thermal equilibrium. The wavelength dependence of the photoreversal
kinetics was measured at 26 wavelengths from 510 to 330 nm at the two fixed delays of 1 and 10 ms.
These data also required two exponentials for a global fit withr 59 + 5 us andr, = 4004 40 us, in

good agreement with the delay results. Photoreversal fgbim $lower than from4, since, in addition to
chromophore protonation, the global conformational change has to be reversed. Our data thus provide a
first estimate of about 58s for deprotonation and 4Qs for the structural change, which also occurs in

the thermal decay of the signaling state but is obscured there since reisomerization is rate-limiting. The
first step in photoreversal is rapiis—transisomerization of the chromophore, which we could not resolve,

but which was detected by the instantaneous increase in absorbance between 330 and 380 nm. In agreement
with this observation, the spectrum of th&"s intermediate, derived from th&, amplitude spectrum,

has a much larger extinction coefficient than the spectrum of thieihtermediate. With a first flash, at

430 nm, and a second flash, at 500 nm, we observed efficient photoreversal ofiriterrhediate at a

delay of 20us when most molecules in the cycle aredinWe conclude that each of the three intermediates
studied can be reversed by a laser flash. Depending on the progression of the photocycle, reversal becomes
slower with the time delay, thus mirroring the individual steps of the forward photocycle.

Photoreceptors with photoisomerizable double bonds in tochrome 8, 4), sensory rhodopsin 5§, and photoactive
their chromophores have numerous features in common. Oneyellow protein (PYP). Growth and development of plants
of these is that many photointermediates, in particular the are controlled by photoreversible reactions between two
signaling state, can be reversed by light directly back to the interconvertible species of phytochrome, @hd R. The
initial dark state. This process is called photoreversal. biological significance of the control by light of the switching
Photoreceptors with this property are called photochromic: between the Pand R, forms is well documented3( 4). In
they can be switched back and forth by light between the SR-I from Halobacterium salinariunthe dark form Sk,
inactive dark and active signaling states. Photoreversibleis an attractant receptor while its long-lived photointermediate
reactions play a key role in signal transduction. Examples SRs73 mediates repellent taxis by blue light. The color-
of photochromic photoreceptors are rhodopdgin2), phy- discriminating phototaxis keeps the cells in the optimal
spectral range for energy transduction, while avoiding
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state M 6). In the case of invertebrate rhodopsin, the visual leads to the collapse of the hydrophobic residues lining the
cycle is a two quantum process, and the photoreversal frombinding pocket. The resulting strain on one side of the central
the M intermediate constitutes the basis for light adaptation -sheet is transmitted to the other side, leading to a
(2). For Halorhodospira halophilaPYP, the biological conformational change in the N-terminal doma8). (It is
significance of the photochromicity has not yet been important to understand the mechanism of this long-range
investigated in detail at the cellular level, although in activation process from the chromophore binding pocket to
Rhodocista centenurpr, a kinase activity and thus gene the N-terminal domain.

regulation is modulated by light). In addition to its intrinsic The initial evidence for photoreversals in PYP came from
biological significance, this photochromic molecular switch-  kinetic experiments with a photostationary mixture oéhd

ing property is of potential technological interest in the the ground state in wild type28, 24) and in the mutant

development of optical storage and switching devices. M100A, which has a long-lived,lintermediate 25). By
Photoactive yellow protein (PYP) is a photoreceptor |owering the pH to 5.6 and using background light, ap-
protein that was originally discovered . halophila (for proximately 70% of the PYP molecules could be ac-

recent reviews see refsand9). Seven species of PYP have cumulated in thelstate of the wild-type PYP24). Transient
been identified to datel(Q). In Rc. centenuniPpr, PYP is  absorption measurements with excitation at 355 nm and
associated with bacteriophytochrome and histidine kinase nanosecond time resolution showed that rapid unresolved
domains, which are involved in regulation of a polyketide photoisomerization occurred, convertingwhich is thecis
synthase gener). Whereas the function of PYP was long isomer) to an 4" form. 1,*@"s then decayed monoexponen-
believed to be as a blue light receptor for negative phototaxistially to the initial dark state (P) with an exponential time
in H. halophila there are recent suggestions that other speciesconstant of 147%:s at room temperatur@4). Compared to

of PYP may be involved in controlling cell buoyancy through the thermal decay, the light-induced decay gfrl wild-
regulation of gas vesicle genes0}. PYP is the prototype  type PYP is approximately 2@imes faster. In the mutant
of a structural motif termed PAS domain, which is found in  M100A, the lifetime of } is in the minutes range, allowing

a large and widely distributed class of sensory proteins thatalmost 100% accumulation of &fter illumination @5). The
respond to a diverse range of compounds and stimuli (for return to P via the photo-back-reaction frogirl this mutant
example, light, oxygen, small organics, and electric fields) was also monoexponential with a time constant of 230

(8, 10-12). (25).

PYP is a suitable model system to study signal transduc- |5 previous work with wild-type PYP, the photoreversal
tion, since high-resolution structures are available for the dark from |, was induced in a photo steady state with a mixture
state and some of the photocycle intermediat8s-(6). PYP  of |, and |’ intermediates of unknown composition. Whereas
has a 4-hydroxycinnamoyl chromophore that is bound via a j the photo-back-reaction from the isomerization and
thioester linkage to cysteine 69. It is anchored in its binding chromophore protonation have to be reversed, in the photo-
pocket by three hydrogen bonds. Two of these hydrogen pack-reaction fromsl, the global conformational change has
bonds are between the chromophore hydroxyl group andis pe reversed in addition. It thus seems likely that the
glutamate 46 and tyrosine 42. The third is between the yjnetics of the photoreversal will differ betweenand L'.
chromophore carbonyl and the amide proton of cysteine 69. Here, we perform double flash experiments to differentiate
In the dark state, the chromophore hydroxyl is deprotonated, petween the photoreversal kinetics paihd b'. A first flash,
and the absorption maximum of the chromophore is at 446 gt 430 nm, initiates the photocycle. After a variable time
nm. Electronic excitation leads to rapid isomerization around delay (from 1us to 3 s), a second flash, at 355 nm,

the G=Cg double bond. Upon isomerization, the hydrogen pnotoreverses,l By varying the delay, we can selectively
of the chromophore, including the carbonyl, flipsl8C° kinetics depends on the delay and have different rate
forming a transient intermediate termedih ~3 ns. An constants fordand b'. By using a second flash, at 500 nm,
essential step in formation of the signaling state is the ang a shorter delay of 2@s, we could selectively excite |

protonation of the chromophore and a subsequent globalang gemonstrate for the first time photoreversal from this
conformational change. Evidence from time-resolved FTIR ggaylier intermediate as well.

(17, 18), flash spectroscopyl1@, 20), and transient dye

binding (19, 21) suggests that there are at least two MATERIALS AND METHODS

intermediates with protonated chromophores, termeahdl

I7'. I, is formed in approximately 30@s, and subsequently PYP from H. halophila was prepared as previously
I," is formed in~3 ms and decays to the ground state in described 22), and kinetic experiments were carried out in
hundreds of milliseconds. Both knd ' have absorption & buffer consisting of 20 mM Tris and 50 mM KCl at pH 6
spectra with maxima at-350 nm, with a major global  and 20°C.

conformational change occurring whehi$ formed in which Time-resolved absorption spectroscopy with single and
a hydrophobic surface area is expos@®)( Thus }' is double flash excitation was performed as descrile®§,
presumably the long-lived signaling state to which an 27). For the photoreversal experiments enthe first flash
unknown response regulator binds. Several models have beeat 430 nm (intensity 10 mJ/cinis from an excimer pumped
proposed for the mechanism of conformational change. In dye laser (10 ns) using the laser dye Stilbene 3. The second
the “protein quake model"1(7), the conformational change flash at 355 nm (intensity 10 mJ/éwas from a frequency-

is triggered electrostatically by proton transfer from E46 to tripled Nd:YAG laser (10 ns). For the photoreversal experi-
the chromophore. In the “hydrophobic collapse mod8); (  ments on {, the second flash at 500 nm (intensity 10 mJ/
the movement of the chromophore out of its binding pocket cn?) was from an excimer pumped dye laser (10 ns) using
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the laser dye coumarin 307. The samples were measured in 0.12

a 5x 5 mm quartz cuvette. The OD of the sample was 1.43 0.10 “A“'j oFTY Al
at 446 nm. The directions of the two flash excitation beams =) DFTB 1
were perpendicular to that of the measuring beam. The light ~ < 208 BFTV BFTB 7]
source in the measuring beam was a 100 W tungsten § 0.06 1, PR ] ]
halogen lamp providing an intensity of 1@@V/cn¥ at 450 & 0.04 A it ]
nm at the sample after the first monochromator. Attenuation 9 0ok VETV ]
of the intensity of the measuring beam had no effect on the a Y
observed kinetics, suggesting that the intensity was small 0.00 —=F== e ~
enough to avoid the buildup of photostationary states. The . -
spectral bandwidth of the monochromators in the measuring 0.0

~ [ ——
beam wast4 nm. A homemade generator allowed delays a -
to be set between the two laser pulses frops1o 3 s with S 01 p~ R VeV -
an accuracy of 100 ns. The delay was checked with a counter. E
Data acquisition, signal processing, and digitalization were § 02r .
performed as described previousé; 26) with two overlap- ® b BETB
ping channels with different sampling rates. The first channel g 03 ey, DT DFTe il
was measured wita 1 GHz sampling oscilloscope (8 bit) 04 M o — ) B
and the second channel with a fast A/D converter (12 bit). e 10° 10° 18 10° 10° 10° 10°
The data acquisition was triggered either on the first or on Time after excitation (us)
the second flash. The data were compressed and averaged 0.35 ———r——————
by changing from the linear to a logarithmic time sc&é)( 030k 430nm
The reduced data sets consist of 100 data points per time 025l {355nm
decade. As a consequence of this data acquisition method, & _ !
the signal to noise ratio increases with the time after the flash % 0.20F i
(see, for example, data of Figure 3A). This effect was taken § 0151 LA
into account in the data analysis by using appropriate g— 0.10 ge: o
weighting factors which increased the weight of the later < 005}
data points. 000 F——F——————0—$—ey—t—t—on—s
RESULTS 340 360 380 400 420 440 460 480 500

Wavelength(nm)
Construction of the Photorersal Signal from4. Typical FIGURE 1: Absorbance changes at 340 nm (A) and 450 nm (B)
transient absorption data for the photoreversal reaction fromafter single (430 or 355 nm) or double flash excitation [430 nm
I, at 340 and 450 nm are shown in panels A and B of Figure followed by 355 nm 10 ms later (arrow)]. Each trace is the average

1. The delay between the two flashes was 10 ms as indicatecP 10 flashes. Note the logarithmic time scale. The double flash
Y traces labeled DFTB and DFTYV are triggered on the first flash (430

nm) and on the second flash (355 nm), respectively. If the trigger
is on the second flash, that flash sets the zero time point on the
horizontal time axis. Single flash signals with either blue (B, 430
nm) or violet (V, 355 nm) excitation and triggered on the first
(BFTB) or second flash (BFTV, VFTV) are displayed as well. These
are needed to construct the photoreversal signal (PR) according to
eq 2, withf; = 0.76 andf, = 0.73. Conditions: pH 6, 20C, 20

mM Tris, and 50 mM KCI. (C) Absorption spectra of R, &nd

the L/, equilibrium mixture, together with markers indicating the
wavelengths of the blue (430 nm) and violet (355 nm) flashes. The
spectra of theslintermediate and the/l,' equilibrium mixture were
calculated from the single flash data of Figure 4B as described in
the text.

by the arrows. At this time, most molecules cycling are in
the I’ intermediate state. Panel C of Figure 1 shows the
absorption spectra of the three states P,ahd the ¥/1,'
equilibrium with vertical lines marking the wavelengths of
the two flashes. Panels A and B of Figure 1 each contain
six time traces labeled BFTB, DFTB, DFTV, BFTV, VFTV,
and PR (photoreversal signal). The first five traces are the
data. The photoreversal signal was constructed from the
traces DFTV, BFTV, and VFTV as follows. The trace BFTB
(black) is the normal single flash tracetue flash (430 nm)
triggered orblue flash. The absorbance increase at 340 nm
about 300us after excitation is due to the formation of |
(Figure 1A). The corresponding kinetic component in the

transition and cannot be resolved by using a logarithmic time

ground-state depletion signal is the absorbance decrease atase when triggering on the first (blue) flash. The photo-

450 nm due to the;lto I, transition (Figure 1B). The
photoreversal reaction is evident from the traces labeled
DFTB (red) in panels A and B of Figure 1. DFTB stands
for double flash triggered on theblue flash. At 340 nm
(Figure 1A) there is a positive spike followed by a large
unresolved drop in absorbance at the delay time of 10 ms
(marked by arrow). At 450 nm (Figure 1B), there is a large

reversal from 4 can be resolved, however, by triggering on
the second (violet, 355 nm) flash. This is shown in the traces
labeled DFTV (green) in panels A and B of Figuredouble
flashtriggered on theiolet flash. Note that when the trigger
is on the second flash, the zero of the time basis (origin of
the horizontal axis of Figure 1A,B) is the second flash.

At the time of the second flash, there exists a mixed

unresolved increase in absorbance. Together, these effectpopulation of the intermediates, Il,, and b' as well as the

are the signature of photoreversal fromild to P: the
concentration of#I,' (absorbing around 350 nm) drops and

remaining population of PYP molecules that were not excited
by the first flash. The violet flash is able to excite all of

simultaneously the concentration of the initial dark state P these species (see overlapping intermediate spectra in panel
(absorbing around 450 nm) increases. The kinetics of the C of Figure 1; these spectra were calculated from the data
photo-back-reaction is clearly fast compared to thel,' of Figure 4B, as described below). Except for the very short
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Ficure 2: (A) Correction factoff,(t) calculated according to eq 1
for delays of lus, 500us, and 10 ms. The plateau values are plotted
in panel B for various delays. (B) Correction factdysandf, for
various values of the time delay between the flasligss the
fraction of PYP molecules not excited by the first flaghis the
fraction of cycling PYP molecules not excited by the second flash.

delays, the photoreversal fromdan be ignored (see below).
Therefore, we need only to correct for the fraction of PYP

Biochemistry, Vol. 44, No. 2, 2009559

weighted byf,, the fraction of cycling PYP molecules not
excited by the second flasf. was determined in a similar
way asf; from the amplitudes of the depletion signal at 450
nm at times after completion of the photoreversal kinetics.
Its calculation is based on the assumption, borne out by the
experimental data, that the photoreversal kinetics are faster
than the thermal decay of to P.f,(t) is defined as the value

of the ratio

AADFTv(t) - flAA'VFTV(t)
AAgery(D)

and evaluated at 450 nm. At times after completion of the
photoreversal reaction, the numerator is the amplitude of the
depletion signal after photoreversal (DFTV) corrected for
the contribution from the molecules that were not excited
by the first flash but by the second violet flash (VFTV). The
denominator is the amplitude of the depletion signal in the
normal single flash photocycle, i.e., in the absence of
photoreversal. This ratio is exactly the fraction of molecules
cycling that continues along the thermal photocycle after the
second flash, i.e., the fraction not excited by the second flash.
Using the time traces DFTV, VFTV, and BFTV as well as
the value off;, fy(t) was calculated according to eq 1 as a
function of time. In Figure 2A,(t) is plotted for delays of

1 us, 500us, and 10 ms. At times after completion of the
photoreversal reaction>(~2 ms), f,(t) reaches a constant

f(0) = (1)

molecules that were not excited by the first, blue flash but ime-independent value (see Figure 2A). This conskaist
were excited by the second, violet flash. The traces labeledthe fraction required and used in eq 2 below. These values

VFTV, violet flash triggered on theiolet flash, show that

depend on the delay (Figure 2A) and are plotted in Figure

the excitation of the PYP sample by a single flash, at 355 2B- At short delays £20 us),  is not equal to 1 as one
nm, is quite efficient. Moreover, these traces have the sameMight have expected but t00.93. This is due to photo-

kinetics as for excitation at 430 nm and contribute in the "eversal from i. Evidence for efficient photoreversal from
same time range as the photoreversal changes (comparél with a second flash at 500 nm Wlll_be _presented below.
DFTV with VFTV). Thus, the double flash signal DFTV e note that, based on the spectrumafIFigure 1C, some
has to be corrected for the contribution from those molecules Photoreversal fromilwith excitation at 355 nm is to be
that were not excited by the first, blue flash but by the €XPected. Figure 2B shows tHadecreases between delays
second, violet flash. To make this correction, we need to Of 100xs and 2 ms from ,‘"‘bOUt 0.87 to about 0.74. This is
know f,, the fraction of the initial PYP population that was due to the growth of thedl;' population in this time interval.
not excited by the first flash and remains in the ground state. 1he Photoreversal signal8Aer (violet traces) shown in
Sincef, equals 1 minus the probability of cycling induced Figure 1A,B were obtqmed from the traces labeled DFTV,
by the first flash,f, was determined by measuring the VFTV, and BFTV using eq 2 and the delay-dependent
amplitude of the ground-state depletion signal at 450 nm and c0rrection factors, andf, of Figure 2B:
comparing it with the dark absorption at 450 nm. In this  AA__(t) = AAL /(1) — F,AA i1y (D) — LAAG () (2)
way, typical values fof; of 0.76 were obtained. This means
that, with our laser system, the first flash drove 24% of the The photoreversal absorbance signals in Figure 1A,B,
molecules through the photocycle. The remaining 76% could constructed in this way, are exactly zero after completion of
be excited by the second, violet flash. The dependenége of the photoreversal reaction and do not contain any contribution
on the delay is shown in Figure 2B. Since no significant from the single, blue flash photocycle as a consequence of
thermal relaxation from,lback to the ground state occurs the definition of the correction factof,. Thus, thef;
up to about 10 md; remains constant up to that time (Figure correction used here greatly simplifies the analysis of the
2B). With delays beyond this value, a growing number of photoreversal kinetics by removing the unrelated kinetic
molecules return to the initial state, thfisincreases to a  components from the normal photocycle prior to analysis.
final value of 1. Comparing the DFTV and PR traces in panels A and B of
To obtain the true photoreversal signal, the double flash Figure 1, the effect of corrections is twofold: theorrection
absorption change also has to be corrected for the contribu-has removed the kinetic contributions from the photocycle
tion from the first flash of those molecules in the cycle that intermediates formed by the second flash, and the
are not excited by the second flash and thus complete thecorrection has removed the kinetic contribution from those
thermal cycle. The trace BFT\blle flashtriggered orviolet molecules not excited by the second flash but continuing to
flash) corresponds to a single blue flash excitation triggered P along the normal thermal cycle.
at the time point where the second, violet flash would have  Dependence on Delajthe experiment shown in Figure
occurred in the double flash excitation. This trace has to be 1, at a delay of 10 ms, was carried out at 20 additional delays
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Ficure 3: (A) Corrected photoreversal signals at 340 and 450 nm 00 SRR BE—
at seven delays ranging fromyk to 3 s. For clarity, the data at a oo ——
the 14 other delays are not shown. The solid lines represent a o-01r nm
two-exponential global fit to all of the data with = 57 us and 3 450nm
7, = 380us. Conditions: pH 6, 50 mM KCI, 20C, and 20 mM 02r
Tris. (B) Residuals of the fit to the 450 nm photoreversal signal at \ ,
a delay of 1 ms. Black dots: one-exponential fit. Black line: two- 0.3} 370us 400ms§ B

exponential fit. : . .
10° 10" 10* 10° 10* 10° 10°
ranging from 1us to 3 s, at both 340 and 450 nm. The . Time after excitation (s)

calculated photoreversal signals, positive at 340 nm and FIGURE 4: (A) Dependence of the amplitudég and A; on the

. . delay.A; and A, are the amplitudes of the fast (%8) and slow
negative at 450 nm, were constructed as described above(380MS) photoreversal components, respectively. The two positive

Of the corresponding 21 traces, for clarity, only 7 are ampiitudes with filled trianglesAy) and squaresA) are at 340
presented at each wavelength in Figure 3A. We note that anm; the two negative amplitudes with open trianglés) (and

number of these traces cross, indicating that they cannot besquares &) are at 450 nm. The dashed vertical lines at 430
fitted simultaneously by a single exponential with a common 1.3 ms, and 500 ms indicate the values of the exponential time

. ; constants for a global fit with three exponentials. (B) Single flash
time constant. For a global fit to all data sets, a sum of tWo (437 nm) absorbance changes for the same sample at 26 wave-

exponentials with comparable amplitudes was required. In |engths varying from 330 to 510 nm. For clarity, only the traces at
Figure 3B, we show, as an example, the residuals at 450 nmthe indicated wavelengths are shown. The vertical dashed lines
for a one-exponential and a two-exponential global fit to the indicate the positions of the time constants_for a global fit to all of
data of Figure 3A at a delay of 1 ms. Systematic deviations Eﬁﬁedﬁfti,vv,':lassﬁﬁ@igftﬁ@?g :ﬁrﬂgfﬁfa;ﬁﬁrflofgo'srﬁgfsqﬁi

are apparent in the residuals for the one-exponential fit, while gecay time of 4. The solid lines are the fits.

residuals for the two-exponential fit appear to be randomly

distributed around zero. The complete set of data at the 2Finally, |A;] and|A;| decay together with a time constant of
wavelengths and 21 delays could be fitted with two expo- 500 ms. We note that the positive (340 nm) and negative
nentials with the common time constants= 57 + 5 us (450 nm) amplitudes are to a very good approximation scaled
andz, = 380 &+ 40 us (marked by the vertical dashed lines mirror images.

in Figure 3A). The fits of individual experiments are Figure 4B shows for comparison the single flash (430 nm)
represented by the solid lines in Figure 3A. The correspond- kinetics at 6 selected wavelengths out of 26 collected from
ing amplitudesA; and A, varied with the delay. This 330 to 510 nm. As we will show below, the bnd }'
dependence is shown in Figure 4A. The amplitudesnd intermediates are in a thermal equilibrium after 3 ms. The
A, for the short and long photoreversal time constants show, model-dependent intermediate spectra foramhd the ¥/1,'
apart from the sign and scaling factor, the same dependencenixture, shown in Figure 1C, were calculated from these
on delay at 340 and 450 nm. The four discrete sets of data in the following way. It was assumed that the cycle is
amplitudes A; and A; at two wavelengths) were fitted sequential and unidirectional with only present at 1Qcs
simultaneously with a sum of three exponentials (solid lines and only the ¥I," equilibrium mixture at 10 ms. Moreover,

in Figure 4A). The optimal fit was obtained with time it was assumed that thednd ' intermediates do not absorb
constants of 41@s, 1.3 ms, and 500 ms identified by dotted at 446 nm. Using these assumptions, the spectrum of the
vertical lines. The first two time constants, 446 and 1.3 I./17" equilibrium was determined by adding, to the difference
ms, are close together and to the eye do not appear to providespectrum at 10 ms [spectrum labeled (*) in Figure 6B,
a good description of the rise and decay of q@mplitudes. calculated from Figure 4B], a scaled amount of the ground-
This is a consequence of the partial cancellation of the state spectrum to make the absorbance around 450 nm zero.
positive and negative amplitudes associated with these timeThe spectrum of;lwas then calculated from the difference
constants. Since the number of delay values is small, thespectrum at 1Qus (from Figure 4B) by adding this same
errors in these time constants are large. The absolute valuemount of the ground-state spectrum.

|As| rises with a time constant of 4. |As| then decreases The complete 26-wavelength data set of Figure 4B was
(1.3 ms), and in parallel, as expected for a sequential reaction subjected to a global fit with three exponentials (solid lines).
the amplituddA,| rises. TheA; amplitudes do not decay to  The three vertical dotted lines indicate the values of the three
zero, however, but reach a constant value after about 5 ms.exponential time constants: 348, 3 ms, and 400 ms. These
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Figure 4B (e.g., in the 390 nm trace). The reasonable £ oot
agreement between these three time constants ford b’ 0.00 B\ . o A |
(Figure 4B) and the corresponding three values of 440 e IR & 2 e S
1.3 ms, and 500 ms fok; and A; (in Figure 4A) together 340 360 380 ‘},‘\’,gvgfs‘r’]gf;‘(?‘m‘fo 480 500

with the d'ependencg %, andA; on the delay sygggst the FIGURE 6: (A) Photoreversal signals at seven wavelengths between
following interpretation of the photoreversal kinetics data 330 and 510 nm at the fixed delay of 1 ms. For clarity, similar
in terms of a sequential model (Figure 5). The time constant data at 19 additional wavelengths are not shown. The solid lines
of 57 us is assigned to the photoreversal reaction frgm | are the global fits with a sum of two exponentials with the common
(1. The very rapid photoisomerization fronfto I, time C‘;”Sta”tsl L ocus andrp = 2135 A secand datia set (not

; P e shown) was acquired at a delay of 10 ms with global fit parameters
is not resolved but leads to the initial positive absorbance 71 = 51 us andr, = 391 us. The average’s are marked by the
change at 340 nm (see Figure 1A, dlffgrencg between DFTV yertical lines. (B) Amplitude spectray(1) and Ay(4) associated
and BFTV at time zero and the positive spike at 10 ms in with 7; and, obtained from the global fit of (A): @) A, for the

the DFTB trace). Between'P™sand P2, the chromophore 10 ms delay; M) A; for the 1 ms delay;4) A, for the 1 ms delay.
deprotonates and returns to the binding pocket with a time For comparison, the absorbance difference spectrum for the single

: : : flash experiment at 10 ms after the flash is shown (*, obtained
constant of 5%s. The time constant of 38@s is assigned ¢ - "o o Figure 4B). Thé, spectrum at 10 m) and the

to the photoreversal reaction froni (12°). After the rapid  gifference spectrum (*) are scaled at 450 nm to the spectrum of
unresolved photoisomerization tg'P"s, the chromophore  the dark state P (solid line). (C) Absorption spectra £5I(*),

has to be deprotonated and the global conformational changd2"" (O at 10 ms delay® at 1 ms delay), ang'*"s () calculated
has to be reversed. In the sequential model, the delayfom (B).

dependence of; and A, should reflect the time courses of estimate that thexl,' equilibrium is on the side of;1 with

the concentrations of land k', respectively. In agreement about 20-25% in L. The spectrum of thel,' equilibrium

with this model,A; dominates at small delays, aid rises in Figure 1C is thus mainly that of'l The amplitude data
concomitantly with the first decay phasef The rise time clearly suggest a thermal back-reaction frafrtd I,. Thus,

of As (410us) agrees well with the rise time of (370 us). protein rearrangement must be faster than decay afnid
The rise time ofA; and the decay time of; (1.3 ms) is I, (500 ms), perhaps as fast as 409

only slightly ahead of the rise time of (3 ms). The common Wavelength Dependence at the Fixed Delays of 1 and 10

decay time ofA; andA; (500 ms) agrees well with the decay ms The wavelength dependence of the photoreversal signal
time of I’ (400 ms). In these respects, the unidirectional was investigated at delays of 1 and 10 ms. At a delay of 1
sequential model provides a good description for the msA; andA; have comparable magnitude, whereas at a delay
observations and is summarized in Figure 5. On the otherof 10 msA; dominates (see Figure 4A). Data were collected
hand, if the transition betweepdnd b’ were unidirectional, at 26 wavelengths from 330 to 510 nm. The photoreversal
the amplitude ofA; should go to zero in the 1.3 ms decay. signals were constructed as described earlier (see panels A
This is, however, clearly not the case. The fact thAat and B of Figure 1 for examples at 340 and 450 nm at a 10
remains constant after 5 ms at approximately 50% of its ms delay). Typical data for the delay of 1 ms and at seven
maximal value and finally decays to zero in a second decay selected wavelengths are displayed in Figure 6A together
phase (500 ms) together with is direct evidence for the  with their global two-exponential fits. The two common
existence of an equilibrium betweep dnd b'. |, and b’ exponential time constants for this independent data set (at
coexist after 5 ms and decay together. From the ratio of the 26 wavelengths), at a delay of 1 ms, were®56& and 410

A; and A, amplitudes around 10 ms (Figure 4A) we may =+ 40 us. For the data set at the delay of 10 ms (data not
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shown), the two time constants were 51 and 380 The _ T I T
rounded average values of 59 and 4G0are marked by the g 0081 BFTB/ . A7
dotted vertical lines (Figure 6A) and are in excellent g 0.06 "
agreement with the values of 57 and 380determined from 8 004l
the delay data at the two wavelengths 340 and 450 nm ®
(Figure 3A). The amplitude spectfy (O at 10 ms delay, g 002 oFTG
B at 1 ms delay) andy (A at 1 ms delay) are plotted in g
Figure 6B together with the single flash difference spectrum :
at 10 ms (*) and the inverted ground-state spectrum (solid 0.0 et ———
line). 5 GFTG

Recall that thd; andf, corrections removed all contribu- Q -01
tions of the normal photocycle from the double flash signal. § 02
The photoreversal signal (PR) thus represents only the %
absorbance change due to photoreversal. In the previous < 03F BFTR. - DFTB. 1
section on the delay dependence, we argued that a sequential 04 o _/ B

modt_el proyi(_:les a good descri.ption of the photorgversal 107 10° 10" 162 163 100 10° 10°

klnetlc':s: b is photoreversed with the single decay time Time After Excitation (us)

and bes W'Fh the Ion_ger single decay time. We detected FIGURE 7: Photoreversal fromyl The first flash (at 430 nm) was
no further intermediates betweesi*'* and P nor between  {o|1owed after 20us by a second flash (at 500 nm). Conditions:
I,"asand P. The corresponding amplitude spegti@) and pH 6, 20°C, 20 mM Tris, and 50 mM KCI. (A) Absorbance change
Ay(4) for such a two-state sequential model{1sto P and at 360 nm. The trace labeled BFTB is the response after a blue
I,"ans to P) are then equal to the difference spectra betweensri]”gf'_e flaslh. DﬂFTE '1"’_‘29'5 the F%U?'%fgg_? Jesponse triggered o
the o states (1P and §"9P, respectivel). The spectia 1% 15, Blue flash, The race labeled GFTG s the response afer
of I"#" and """ may thus be constructed from tiAe and meaning of the labels is as in (A). The positive unresolved
A, amplitude spectra in a simple way. This is illustrated for absorbance change at 28is due to about 18% photoreversal from
the A, amplitude spectrum at 10 ms in Figure 6B,C. Fikst |1 to the initial dark state P.

is scaled in such a way that it matches the inverted ground-

state spectrum (P) at 450 ni@)( Figure 6B shows thatthe ~at 361 nm is due to the flash artifact. We may therefore
fit of the scaledA; spectrum to P is quite good in the conclude that the spectrum of'#™ is blue shifted with
wavelength range from 410 to 510 nm. This supports the respect to the spectrum of"#"s by ~10 nm but has
assumption that, at least in this wavelength range, no statepproximately the same maximal extinction coefficient. This
other than P contribute. By adding the ground-state spectrumblue shift is also apparent from the data points above 365
to the Sca|e(ﬁ2 spectrum, the absorbance in the 4510 nm in Figure 6C, which are not affected by the flash artifact.
nm range is now reduced to zero and thi#1s spectrum is ~ From these spectra we estimatgxvalues of approximately
generated® in Figure 6C). The same procedure was applied 345 and 355 nm for,®" and k", respectively.

to theAx(4) amplitude spectrum at 1 mE(n Figure 6B,C). Photoresersal from |. From the spectrum of; in Figure

The corresponding,f'2"s spectrum is within experimental 1C, it is clear that selective photoreversal fronstould be
error the same as that derived fréxnat 10 ms, as it should  feasible with a second flash around 500 nm. Figure 7 shows
be. In the same way the"#"s spectrum 4£) was generated  double flash data at measuring wavelengths of 360 and 450
from the A;(A) amplitude spectrum. In agreement with the nm with a first flash, at 430 nm (blue), followed by a second
observation of an instantaneous absorbance increase arounfash, at 500 nm (green), after a delay ofi20 As expected,
350 nm after the second flash (arrow in Figure 1A), gig"t the green flash alone (GFTG) leads to very small effects
and p'"¥"sintermediates have considerably higher extinction due to the low absorbance of P at 500 nm. The photoreversal
coefficients than F* (Figure 6C). Note that the extinction  effect from i can be most clearly discerned in the depletion
coefficient is not exactly zero above 410 nm but assumes signal (Figure 7B, 450 nm), since at this wavelength beth |
small positive or negative values. This is due to experimental and the initial dark state P absorb strongly, with the extinction

error in the determination ofA; and A, at individual coefficient of P being much larger than that afdt this
wavelengths. These errors are of the same magnitude as thevavelength (Figure 1C). At 20s, a large positive absorbance
differences between the two spectra for €S intermedi- change is observed (DFTB; the negative spike is the flash
ate derived fromA; at 10 and 1 ms in the UV region. artifact), corresponding to the; Ito P transition. This

At first sight, the spectrum for,12"s (A) appears to be  instantaneous positive absorbance step is not resolved when
anomalous due to the minimum at 361 nm. We recall that triggering on the first flash (DFTB). Triggering on the second
Ay, from which this spectrum is derived, is the amplitude of flash (DFTG, not shown) also did not resolve this absorbance
the fastest photoreversal component and therefore morechange. Thus, we can only conclude that photoreversal from
affected by the flash. The absorption traces at the five I is faster than ks. At 20us, almost all molecules cycling
wavelengths 349, 353, 355, 358, and 361 nm, closest to theare in k. The reduction in the number of cycling molecules
excitation wavelength of 355 nm, are most affected by the at 20 us by the 500 nm flash leads to a corresponding
flash artifact which leads to an artificially lower absorbance reduction in the amplitude of the depletion signal at 10 ms,
at these five wavelengths. Leaving these five wavelength since fewer] molecules are formed. In Figure 7A (360 nm),
traces out of the data analysis leads to the same absorbanceo absorbance change is observed at@@apart from the
at the wavelengths at or below 345 nm and at wavelengthsnegative spike), since the extinction coefficientsodmd P
at or above 365 nm. We conclude that the apparent minimumare quite small and similar at this wavelength (see Figure
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1C). At 10 ms after the flash, the double flash amplitude with the decay ofA; provides strong evidence for the
(DFTB) is reduced by~18% with respect to the single flash  sequential model.

amplitude (BFTB). This reduction factor is the same as for In a unidirectional sequential model, thfg amplitude

the depletion signal at 10 ms and is due to the reduction in should decay to zero in parallel with the rise/ef Instead,

the population of 4 caused by the photoreversal of the A; drops to only about 50% of its maximal value around 5
preceding intermediate;.l Additional experiments were ms, remains constant, and finally decays together itto
carried out at delays of 300 ns, 18, and 10 ms (data not  zero in 500 ms. This suggests the presence of a thermal back-
shown). At 300 ns and 1Qus, the amplitude of the reaction from§ to I, and the corresponding existence of an
photoreversal signal from vas about the same as at28 I/l equilibrium (Figure 5). Since chemical reactions are
This is as expected sincehas a rise time of about 3 ns and generally reversible, a strictly unidirectional photocycle is
decays to4in 300us. At a delay of 10 ms, photoreversal unlikely to be correct. In fact, we recently presented evidence
from I could not be detected, since, at this delayhas for a pH-dependent equilibrium between the dnd b

decayed completely. intermediates in wild type and in the mutant E46ZD)(
The photoreversal method provides a powerful tool to
DISCUSSION prove directly the existence of thermal back-reactions.

Suppose the intermediatgis photoreversed and the delay

Using double flash excitation with a variable time delay s set such that both the &nd |1 states are populated. The
between the blue (430 nm) and violet (355 nm) flashes, we second flash, which selectively excites leads to an

investigated the kinetics of the photoreversal from #¥€ | jjstantaneous decrease in the concentratioq. of & back-
and b intermediates to the initial dark state P. Figure 5 reaction with h., exists, the concentration af will increase
summarizes key aspects of the PYP photocycle and theagain by chemical relaxation of thglh: equilibrium. This
integration of photoreversal processes into the overall pho- jows a determination of the rate of the back-reaction. This
tocycle. Photoisomerization to thg¥and L intermedi-  jea was successfully applied to the equilibrium between the
ates is the first step in photoreversal and is expected t0 béy; and N intermediates of bacteriorhodopsin using the
very rapid (on the order of a few picoseconds). We could ppotoreversal from M28) and should find application to
not resolve these isomerization reactions, but we detectedpyp a5 well. Since the absorption spectraofnd b’ are
them by the instantaneous positive absorbance change in th@ery similar, the 355 nm flash used here cannot perturb the
350 nm range immediately after the second flash (positive postulated 41, equilibrium. Application to the 4fI, equi-
spike in trace DFTB and positive difference between traces |iprium is more promising since these intermediates have

DFTV and BFTV at time zero in Figure 1A). This initial  yery different absorption spectra, allowing selective excita-
cis—transisomerization has been observed in previous single tjgn.

flash studies with a photo-steady-state mixture-@t'land Comparing the spectra®®s and b’ in Figure 6C with
P but could not be resolved eithe24j. We note that our  nat of the i1,/ equilibrium mixture, we conclude that
experiments do not provide definitive evidence that the initial {he extinction coefficient of,l is much higher in therans
unresolved absorbance is due to isomerization. This is thethan in thecis form. This result confirms the experimental

most likely explanation, however. In all photoreceptors gpservation of Figure 1A that, at 340 nm (and neighboring

studied to date, photoisomerization occurred in the excited yy wavelengths), there is a large instantaneous and unre-

state and was the first event after excitation. Femtosecondsgjyed increase in absorbance due todise-trans isomer-

IR spectroscopy is the appropriate method to time-resolve jzation (difference between DFTV and BETV traces afs).

the light-induced isomerization using suitable marker bands. The origin of this difference in oscillator strength between

Such experiments will be performed in the future. the trans and cis forms of the protonated chromophore is
Using a logarithmic time base and triggering on the second not well understood, but the effect is large and seems to be

flash, we could time-resolve the slower dark phases of the common. For example, in the mutant E46Q, the daaks

photoreversal kinetics of land b'. From the data analysis  form of the chromophore also has a much larger extinction

of photoreversal signals, we obtained two exponential kinetic coefficient around 350 nm than thg' form in the normal

processes with time constants= 57 us andr, = 380 us photocycle 20).

(from the delay dependence) angd= 59 us andr, = 400 The absorption spectra off and b'°s differ somewhat,

us (from the wavelength dependence), which can be at-as is evident from the absorption changes in the time traces

tributed to the dark phases of the photoreversal reactions ofat 390 and 380 nm around 3 ms (the rise time ) in

the L and L' intermediates, respectively. In a sequential Figure 4B. Our analysis of th&; andA, amplitude spectra,

model, the delay dependence of the amplitudeand A, resulting in intermediate spectra gfd"sand b'"a"s of Figure
for the dark phases of the photoreversal reactions, should6C, shows that these spectra also differ. The spectrum of
then reflect the time course of the &and L' populations. [,"a"sis blue shifted with respect to that of'*"s by roughly

Comparison of the corresponding time constants showed10 nm. These observations are consistent with the view that
good agreement, except possibly for the riséofl.3 versus  the chromophore environment differs in theahd ' states.

3 ms for the rise ofJ). An exact agreement is not to be The dark phase of photoreversal, involving chromophore
expected in view of the large errors in the time constants deprotonation, movement of chromophore back into the
for the delay dependence &f and A,. This is due to the  binding pocket, and reversal of global conformational change,
limited number of delay times (21 delay times betweers1 is quite rapid: ~58 us for I, and~400us for I,'. Moreover,

and 3 s; see Figure 4A). Fitting these few data points over these reversals occur in a single concerted step. The
six decades of time with three exponentials necessarily leadsdifference in the photoreversal kinetics of these two |
to considerable errors. The fact thgtrises simultaneously  intermediates is a consequence of the different structure of
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the two states. Reversal from Involves chromophore  efficient excitation of the remaining 30% in the ground state
deprotonation and a coupled movement of the chromophoreby the 355 nm flash was ignored (see trace VFTV in Figure
back into the binding pocket and is thus rapid (&8. In 1). The value of 14%s (measured at pH 5.6) lies between
the reversal froml, the global conformational change has our value of 57us for I, and 38Qus for I’ (measured at pH
to be reversed as well, leading to slower kinetics. Our data 6), as expected for an average value. For the mutant M100A,
thus provide a first estimate of about 408 for the time which has a lifetime fordof ~18 min at pH 6, nearly 100%
constant of the protein refolding reaction. In the thermal of the PYP molecules are accumulated in thi&'l equilib-
decay of } which occurs in a few hundred milliseconds, the rium under steady illumination2f). Using single flash
isomerization is rate-limiting, and the reaction appears to excitation, an exponential time constant for photoreversal
occur with a single time constant. of 231 us was obtained, consistent with the results presented

We note that our sequential model is not unique and that here. The fact that the wild-type and M100A photoreversal
other kinetic models could be used to explain our data. Onekinetics are similar is not surprising, since current thinking
such possibility is a nonsequential model wigh I’ being is that M100 catalyzes the reisomerization but does not affect
a dead-end side reaction frog however, given the current  other steps in the photocycle). Thus, photoreversal
understanding of the PYP photocycle and structure, Figurekinetics should be similar to wild type and is consistent with
5 represents the simplest working hypothesis. the above interpretation.

I, and L' are difficult to distinguish with electronic In future work with the double flash method, it will be of
absorption spectroscopy since their spectra are similar.particular interest to investigate the pH dependence of the
Nevertheless, small but distinct effects are apparent in thephotoreversal and the kinetics of the associated proton

transient absorption kinetics around 3 ms at selected wave-release.

lengths such as 390 nm [Figure 4R9( 20)]. The most
convincing evidence for the existence of differepinter-
mediates (protonated chromophore) comes from time-
resolved FTIR measurements/( 18). I, and k' can also be
distinguished by the ability of1to bind dyes 19, 21) when
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