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Abstract: The photoisomerization of trans-p-coumaric acid (trans-CA) triggers a photocycle in photoactive
yellow protein that ultimately mediates a phototactic response to blue light in certain purple bacteria. We
have used fluorescence excitation and dispersed emission methods in a supersonic jet to investigate the
nature of the electronic excited states involved in the initial photoexcitation and subsequent photoisomer-
ization of trans-CA. We observed three distinct regions in the fluorescence excitation spectrum of trans-
CA. Region | is characterized by sharp features that upon excitation exhibit trans-CA S; emission. In region
II, features increase in width and decrease in intensity with increasing excitation energy. Upon excitation,
we observed dual emission from the S; state of trans-CA and what may be the S; state of cis-CA. The
onset of dual emission corresponds to an isomerization barrier of about 3.4 kcal/mol. Finally, the extremely
broad absorption feature in region Il is excitation to the S, electronic excited state and excitation results
in trans-CA S; emission. Furthermore, we collected CA from the molecular beam after laser excitation in
each of the three regions as further evidence of the photoisomerization process. The relative amounts of
trans- and cis-CA in the collected molecules were measured with high-pressure liquid chromatography.
Although trans-CA was excited in all three regions, a significant cis-CA peak appeared only in region I,
though a small cis peak was observed in region lll.

Introduction the coumaric acid exists as the deprotonated trans isomer.
Irradiation causes excitation to the &xcited electronic state

of the chromophore followed by a trans-to-cis isomerization that
generates the first well-defined intermediate 4@R but no
significant protein conformational changes have occurred at this
stage. A few milliseconds later, a blue-shifted intermediate is

Photoinduced trans-to-cis isomerizations of small chro-
mophores in photosensory proteins are often utilized by nature
to transform light energy into a cellular response, for example
rhodopsin in visioh and bacteriorhodopsin in photosynthésis.

In the photoactive yellow protein (PYP), the photoisomerization ) ) . )
of its chromophore triggers a photocycle in the protein, causing formed (pBss) in which large protein conformational changes
large protein conformational changes that are thought to have exposed the chromophore to solvent and the chromophore

ultimately mediate the negative phototaxis to blue light exhibited 1aS Pecome protonated. This intermediate is very long-lived and
by certain purple bacterPYP is found in the cytosol of the is thought to be the signaling state. A few hundred milliseconds
halophilic phototrophic purple bacteriuictothiorhodospira later, pGus is recovered.

halophilaand related bacterial speci®3The chromophore of PYP ISa good mo.del system for studying how photoreceptqrs
PYP istrans-pcoumaric acid, linked to a cysteine in the protein convert light energy into biological responses because it contains
via a thioester bonft? only one isomerizable double bond, as compared to the

The photocycle of PYP consists of two well-defined inter- complication of several isomerizable double bonds in the
mediate8® and possibly several othet4? In the ground state  Chfomophore of rhodopsit:12In addition, the crystal structure

: . : has been determined at very high resolution for the ground state
of PYP, denoted plas (446 nm is the absorption maximum), 1314 and several photocycle intermediatést® Despite the

*To whom correspondence should be addressed. E-mail: wiryan@midway. wealth of experimental and theoretical research done on PYP,
uchicago.edu.
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there are many aspects of the excited electronic states involved In this study, we attempt to answer the following questions:

in the initial photoexcitation and subsequent photoisomerization what is the nature of the initially excited state;s* or n—a*?

that are not well understood. For example, several solution Is there a barrier to trans-to-cis isomerization in thes@&ite?
experiments on PYP have shown that different results are Does the cis isomer form via an avoided crossing of the excited
obtained upon excitation of PYP at its absorption maximum state with the cis ground state, as has been suggested for stilbene
versus excitation on the blue edge of its absorplivh!® This and bacteriorhodopsin? Can we shed any light on why excitation
wavelength-dependent behavior could be due to multiple at the high energy end of the absorption of PYP has resulted in
electronic excited states or ground-state inhomogeneities. In thisbehavior different from that by excitation at the absorption
contribution, we describe results of electronic spectroscopy andmaximum in several solution experiments?

dynamics oftrans-p-coumaric acid tftansCA) using fluores-

cence spectroscopy in a supersonic jet. In PYP the chromophoreExperimental Section

is lodged in a hydrophobic pocket of the protein during the initial
excitation and photoisomerization, and therefore we believe thatand dispersed fluorescence techniques described in detail elséiwhere.

gas-phase studies of the chromophore might be useful. FOryangp coumaric acid was purchased from Aldrich and used without
example, in solution the chromophore shows an 8000'cm  fyrther purificationtrans-CA was first mixed in a 1:1 ratio with uracil
fluorescence Stokes sifftcompared to about 2000 crhin to prevent decompositici The mixture was heated to 17@ to attain
the proteiré! a sufficient vapor pressure, and the nozzle temperature was kept about
However, aside from the fact that our studies of the PYP 20° higher than the sample temperature. The molecules were seeded
chromophore do not include the protein environment, there are iNt helium gas at a stagnation pressure e#3tm, and the mixture
two differences between theansCA model chromophore in WA expanded into a vacuum chamber through a13D xm orifice.
. . . . Excitation spectra were measured by monitoring the total fluorescence
this study and the chromophore in the protein. First, we have

. . dth I oh f fth | | hile th as a function of excitation wavelength using a photomultiplier tube.
investigated the neutral phenol form of the molecule while the The dispersed fluorescence spectra were measured by dispersing the

chromophore exigts as the phenolate anion in the pG qnd PRemission obtained at fixed excitation wavelength through a monochro-
states of the protein. The crystal structdreveals several amino  mator with 4 A/mm reciprocal dispersion and detecting the fluorescence
acid residues in the chromophore pocket that form hydrogen with a photomultiplier tube.
bonds with the phenolate anion which helps stabilize the |n addition to spectroscopic experiments, the condensable material
negative charge. In addition, electronic structure calculations from the molecular beam was collected and analyzed by HPLC. In the
have shown that the electrostatic environment of the protein typical molecular beam collection experiment, an approximately 6 cm
surroundings plays a significant role in stabilizing the negative x 6 cm square of aluminum foil was placed in the path of the molecular
charge® Thus, it is likely that in the environment of the protein, beam about 9 in. from the nozzle. The sample was prepared and heated
the effect of the charge on the spectroscopic properties of theto the temperature described above. The unfocused excitation laser,
chromophore is reduced by the opposite electrostatic effect of ;”‘b‘)“t 2 mn& in ?'amleteg' was “I‘lned (tjofa p"’:]rt'calar triaé‘s't'on and t:]‘ed
the surrounding protein. In future studies, we plan to form gas- 125¢r excited molecular beam collected for 1 h. The residue was washe
. off the foil with methanol and injected into the HPLC.
phase complexes dgfansCA and basic solvent molecules to

determine the effect of deprotonation on the excitation and HPLC experiment_s were perform.ed on an HP 1(.)90 liquid chroma-
. tography system (Agilent Technologies) equipped with a reverse-phase,
emission spectra.

’ ) ) ) ) C18 column (Rainin Microsorb MV). The solvent system contained
The second difference is thaans-CA in this study exists .19 trifluoroacetic acid in water and 0.1% trifluoroacetic acid in

as the free acid while the PYP chromophore is attached to aacetonitrile.cis- andtransCA were separated using a linear gradient
cysteine in the protein via a thioester bond. Calculations have of 0—60% acetonitrile in 60 min and detected by monitoring the
shown that sulfur substitution in the molecule has little effect absorbance of the eluent at 220 nm.
on bond lengths or angles; it just red-shifts the electronic  Several diagnostic experiments were also run to ensure that the
transition?® Furthermore, solution studi®sof the free acid features observed in the HPLC traces were due to laser excitation of
chromophore showed the same decay rate upon excitation aghe molecular beam, and not of the residue already deposited on the
that in the denatured protein, suggesting trats-CA is a good foil. These will be discussed in the Results and Discussion section.
model system for the chromophore in PYP. Ground-state vibrational calculations were performed using the
Gaussian 98 packageThe B3LYP method was used with a 6-31G*
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Figure 1. Fluorescence excitation spectrum and labeled structutenép-coumaric acid.
Results and Discussion Region 1

We have investigated the electronic structure and photo-
isomerization dynamics otrans-CA, the chromophore of
photoactive yellow protein, using fluorescence excitation and
dispersed emission methods in a supersonic jet. As further A)
evidence of the photophysical picture deduced from the
spectroscopic data, the molecular beam excited at different laser
frequencies was collected on aluminum foil and the residue I T | T | T I T | T 1
chromatographed by HPLC. These results are presented below. 33200 33400 33600 33800 34000 34200

A. Fluorescence Excitation and Emission Datd he fluo- cm
rescence excitation spectrum tnsCA acid is shown in
Figure 1. To facilitate discussion, the spectrum has been divided
into three distinct regions. Region |, at the red end of the Excite 33,200 cm "
spectrum, is characterized by sharp well-resolved peaks. Region 1

Il contains features that increase in broadness and decrease in 1 *
intensity with increasing excitation energy. Finally, the bluest Excite +224 cm ﬂ ‘\ ﬂ
region Il exhibits an extremely broad absorption feature. 2

Region 1. In the first region, features in the fluorescence B) w
excitation spectrum (Figure 2A) are sharp and well-resolved. 3
The furthest red feature occurs at 33 200 érand is assigned Excite +508 cm’” *
as the origin of the §-& electronic transition. The laser was 4W

scanned about 1500 crhfurther to the red (not shown) where
only one low-intensity feature appeared that may be a minor
rotamer or hot band. The origin transition is split into two peaks
by about 4 cmi. This is due to the fact that theOH group on  NLJNLISLINL I NI I L L L O I
the benzene ring can be found in two orientations relative to -2000 -1000 0 1000
the acrylic acid group, as seen in several substituted alkylphen- em” relative to origin
o0ls27.28|n the protein, the p&sand pRasintermediates would
only exist as single conformers because the chromophore isFgure 2. (A) Expanded fluorescence excitation spectruntrahs CA in
found as the phenolate anion. However, two stable Conformers_reglon I. (B) Emission spectra refultlng from excitation of numbered features
! in top figure. Thex axis is in cn1! relative to the origin transition (33 200
may exist for the pBss intermediate, which is protonated. cm 1), In spectra 2 and 4, the feature marked with an asterisk at the
Upon excitation of the origin, the emission spectrum labeled excitation wavelength is due entirely to scattered |I‘§'ht] the rest of the -
1 in Figure 2B is obtained. The origin is the strongest feature fg’:ﬁ% 'Seczsttg;gg I%g;f’ of the intensity at the excitation wavelength is a
in this spectrum, and the less intense features to the red represent
vibrational features. The fact that the origin is the strongest the excited state geometry significantly along some coordinate
transition in the spectrum suggests that the ground and excitedrelative to the ground state, in which case the emission would
S, state are similar in geometry, according to the Franck appear broad and red-shifted. For example, the CO bond length
Condon principle. Furthermore, the electronic transition is likely in formaldehyde changes by 0.12 A uporm* electronic
m—m* in nature since moving a single electron in a large excitation, while the average bond length in benzene only
delocalized system to an antibonding orbital does not often causechanges by 0.03 A upan—»* excitation3°
large changes in geometry or force constants of the molecule. Figure 3 shows the emission spectrum obtained by exciting
On the other hand,-Ar* transitions tend to be localized and  the origin of p-cresol compared to excitation of the origin of

are often associated with geometry changes that would shifttrans-CA. The two emission spectra are similar, suggesting that

5 Excite +807 em’”

(27) Song, K.; Hayes, J. Ml. Mol. Spectrosc1989 134, 82—97. (29) Wilson, E. B.Phys. Re. 1934 45, 706.
(28) Martinez, S. J.; Alfano, J. C.; Levy, D. H. Mol. Spectrosc1991, 145 (30) Klessinger, M.; Michl, JExcited States and Photochemistry of Organic
100-111. Molecules VCH Publishers: New York, 1995.
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Figure 3. Emission spectrum and vibrational assignments from Table 1 resulting from excitation of the origarseEA (top) andp-cresol (bottom). The
x axis is in cn7? relative to the origin transitions of both molecules, 33 200 and 35 313 crespectively.

Table 1. Vibrational Assignments of trans-p-Coumaric Acid

trans-CA Sy trans-CA calculation? trans-CA S; mode p-cresol So p-cresol calculation? styrene®
(cm™) (cm™) (cm™) assignments® (cm™) (cm™) (cm™)
82 39 >2247? 49,¢ - - 90
180 - ? 43,¢ - - 199
216 199 224 ethylene bend - -
393 389 366 9b - 422 227
432 495 379 6a 460 459 443
475 - ? 9420, - -
513.6 - ? 6e-420, - -
646.6 630 5087 6b - 648 624
731 - ? 6b-420, - - 710
816 772 807 12 736 736 996
841 841 817 1 845 833 858
930 490 ? ?16h 923 504
1030 1003 969? 18a - 1009 1011
1115 - ? 18442, - -
1177 1178 1138 9a 1190 1170 1204
1213 1219 1210 7a 1214 1217 1204
1228 - ? #9b? - -
1262.6 1295 1274 Ta 1261 1258
1344 - ? 7842, - -
1416 685 1418 - 700
1686 - 1614 21 1685 - 1540

aVibrational frequencies were computed using B3LYP/6-31G* methods in Gaussi@A8&alculated vibrations except,; were scaled by a factor of
0.9622 so that the; vibrations matched? All modes are labeled as their corresponding modes in benzene using Wilson n#tatihis mode is labeled
as the corresponding mode in styref€alculations taken from ref 32.Assignments from ref 34.

most of the vibrational activity upon electronic excitation of C, torsional mode on the basis of the results of the calculation
transCA occurs in the phenol ring. Ground-state vibrational and the existence of a similar feature in styrene at 90'cth

frequencies were calculated using Gaussiad® 38r both The fundamental of this vibration is calculated to be 39 &m
p-cresol andtrans-CA to attempt to assign the new features We have not definitively assigned the-&C, torsional mode
that appear in théransCA spectrum relative to the-cresol in the S state. Since the lowest-energy vibrational feature in

spectrum. The emission spectrumptresol in a supersonic  the S state occurs at 224 crh the frequency of the 88 cm
jet 27 and the infrared spectrurfi-32 have been previously = mode must be significantly higher in the excited state. This is
assigned, although we disagree with some of the jet assign-not surprising since the two bonds adjacent to the ethylene bond
ments33 The ground-state and excited-state vibrational assign- are expected to take on double bond character inntha*-
ments shown in Table 1 are based on calculations andtype transitior?® The feature in the emission spectrum at 216
comparison to vibrational frequenciesprcresol and styrene.  cm!is an in-plane ethylene bending mode, with a correspond-
The excitation and emission spectra become congested at higheing mode in the Sstate at 224 cmt. Most of the new features
vibrational energies so that it is difficult to distinguish between in the transsCA emission spectrum that do not appear in the
fundamental vibrations and combination bands above about 1200p-cresol spectrum may be assigned to combination bands
cm L. The lowest frequency vibration occurs at 82dnin the between fundamental vibrations with the 82 @ntorsional
ground state. We assign this as the second overtone ofithe C mode. However, a few fundamental modes such as 9b and 6b
. that do not appear in the emission spectrum of cresol may also
g%g Eagant Ec'?taeg'r';’gtglEgryesrggfgvg% e gae 1999 372 53768 be assigned with the aid of the calculations. Most of the assigned

(33) Most of our assignments fprcresol agree with those of Song and Haffes. Sy vibrations can be correlated to vibrations in the sBate.
However, they assign two features in the emission spectrum as fundamentals
of v4 andv5, two nontotally symmetric out-of-plane vibrations in which ~ (34) Syage, J. A.; Al Adel, F.; Zewail, A. HChem. Phys. Letl983 103 15—
only even overtones are allowed by symmetry. 22.
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Similarly, trans-urocanic acié® and styren# exhibit vibrational
activity localized in the imidazole and benzene moieties,
respectively. However the excitation and emission spectra of
stilbene3®37which has highe€C,, symmetry, are dominated by
strong progressions in the ethylene in-plane bend vibrations.
Excitation of vibrational features in region | results in
emission spectra very similar to origin emission; a few
representative spectra are shown in Figure 2B (specti®).2
The fact that the emission spectra are very similar in this region
means that all of the vibrations excited emit to the same ground
state. The majority of the vibrational peaks excited show relaxed
emission; the excitation energy originally contained in one mode
has been distributed to many low-frequency modes prior to
emission. This redistribution of vibrational energy is called
intramolecular vibrational redistribution, or IVR. IVR is a
relaxation process described by radiationless transition ti#ory.
The initially excited vibrational mode (bright state) may mix
via anharmonic couplings to low-frequency vibrational modes
(dark states) that do not have significant Fran€@ondon
overlap with the ground state. IVR occurs at excitation energies

where the density of states is high enough that there are random

states nearly isoenergetic with the bright state. The Franck
Condon factors of most vibrational modes in a molecule obey
Av = 0 propensity rules. When many dark states are coupled
to the bright state, the emission is largely determined by the
Franck-Condon factors of the dark states, that is the emission
follows Av = 0 propensity rules. Therefore, emission is not to
the zero-point level of the ground state, as would be the case in
unrelaxed emission, but to vibrational levels in the ground state
with the same vibrational quantum numbers as those of the
emitting vibronic levels, resulting in relaxed emission. Relaxed
emission occurs from all but two vibrational modes in region 1.
The vibration at 807 cmt (Figure 2B, spectrum 5) exhibits
unrelaxed emission, that is emission occurs from the initially
excited vibrational mode to the zero-point level in the ground
state (i.e., no IVR has occurred), and the vibration at 366'cm
(Figure 2B spectrum 3) shows both relaxed and unrelaxed
emission. This implies that IVR is mode-selective in this region.

Region Il. The fluorescence excitation spectrum of region
Il is shown in Figure 4A and is comprised of features that
decrease in intensity and increase in width as the excitation
energy increases.

If the broadening is due to shortening of the lifetime, some
other radiationless process is competing with fluorescence.

Excitation in region Il results in dual emission, as shown in
Figure 4B (spectra-69). The emission is comprised of the same
transCA S; emission features observed in region | (spectrum
1), although broadened significantly. In addition, blue-shifted
components (marked with arrows) are observed, the bluest
occurring at about 34 000 crh These blue-shifted features are
relatively easily observed initially, but at higher excitation
energies they have become so broad that they are difficult to
distinguish from the background features. Similar dual emission
is observed irans-urocanic acid® except that the blue-shifted
components are weaker fransCA.

(35) Ryan, W. L.; Levy, D. HJ. Am. Chem. So2001, 123 961—-966.

(36) Syage, J. A.; Felker, P. M.; Zewail, A. B. Chem. Physl984 81, 4685—
4705.

(37) Syage, J. A; Felker, P. M.; Zewail, A. B. Chem. Physl984 81, 4706~
4723.

(38) Freed, K. FAcc. Chem. Red.978 11, 74—80.
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Figure 4. (A) Expanded fluorescence excitation spectruntrans-CA in
region Il. (B) Emission spectra-8 result from excitation of numbered
features in top figure. Emission spectrum 1 results from exciting the origin
in region | for comparison. The axis is in cnT?! relative to the origin
transition 33 200 cm!. Features marked with asterisks are entirely due to
scattered laser light Features marked with arrows are blue-shifted emission
from thecis-CA S, state.

Dual emission signifies coupling to another excited electronic
state, which may be theis-CA S; state. The onset of emission
spectra exhibiting dual emission first occurs for excitation
around 34 400 cmt (origin + 1200 cntl) at which point a
barrier in the $ state has been surpassed to allow coupling to
another state. We propose that there is an asymmetric double
minimum potential in the torsional coordinate around the
ethylenic double bond with the#gansCA minimum separated
by a roughly 1200 cmt barrier from thecis-CA minimum. In
the absence of tunneling, pseudo-eigenstates (neglecting time-
dependent processes such as spontaneous emission) below the
barrier would be pure trans or pure cis and would exhibit either
trans-like or cis-like emission spectra. Above the barrier, the
eigenstates would be mixed linear combinations of trans and
cis states. Therefore, their emission spectra would have both
trans-like and cis-like components; that is, dual emission as
observed. It should be noted that this mixing above the barrier
is not a relaxation process and does not require a high density
of states in the torsional coordinate. It occurs because above
the barrier any eigenstate spans the whole of the torsional
coordinate space between trans and cis. This is the same for
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any double-minimum problem where, above the barrier, the Region 111
system samples the entire space on both sides of the barrier
even for discrete and well-separated eigenstates.

We believe that the state to which thensCA S; state is v
coupling is thecissCA S; state. First, the features in the
excitation spectrum in this region become broad and decrease
in intensity, the same behavior that was observed in frequency A)
domain studies ofrans-stilbené*3¢ and diphenylbutadien®.

The broadening is due to IVR, which is a prerequisite for
isomerization to occur since the energy deposited in the initially
excited mode must flow into the reactive mode. The 1200'cm L I L L L L B
barrier that we observe is also similar to the isomerization barrier 38000 38400 38800 39200
estimated fottrans-stilbene. em”

The difference between our study and the stilbene studies is
that dual emission is not observedtiansstilbene. Isomeriza-
tion is thought to occur via a conical intersection of the S
potential surface at a twisted geometry around the ethylenic bond laser
with the § surface oftis-stilbene. We emphasize that our data P scatter
does not rule out that this internal conversion mechanism of ~ B) | Excite +5261 cm
isomerization is occurring in addition to the adiabatic cis/trans
isomerization in $that we believe we are observing.

The process of rotational isomerization of the carboxylic acid L s m e e e e e N EmL
moiety about the g-C, bond is another process that could be -5000 0 5000
consistent with our data. However, we believe that the barrier
to the rotational isomerization of the carboxylic acid moiety in
the § state would be much higher than we observe, since DFT Figure 5. (A) Expanded fluorescence excitation spectruntrahs-CA in
calculations have shown that th@;{Cy bond gains bonding region II_I. (B) Emission spe(_:trL_Jm 10 results _from excitat!o_n of nur_n_bered
character in the excited st is also unlikely that the higher- gegatngg in t?p figure. The axis is in cnT? relative to the origin transition
energy s-trans isomer @fans-CA is significantly populated in em
the jet and that dual emission might be a result of excitation of
both species. If a new isomer were being selectively excited, a
distinct emission spectrum would result and not the dual

emission that we observe. There is always some possibility that  ° - : N T .

the excitation laser could be simultaneously exciting two evidence that cis/trans isomerization is occurring in Region II.
overlapping features and hence produce dual emission. However,-rhese.are discussed in the HPLC r(.asu.lts section. - .
it would be highly coincidental that all of the many features  Region Il The fluorescence excitation feature in Region
that produce dual emission involve overlapping transitions. Il is extremely broad £ 1500 cnt?), as shown in Figure 5A.

If the electronic state that theansCA S, state is coupling We believe that this broad feature represents absorption to the
to is thecisCA S, state, then blue-shifted emission features 2 €lectronic excited state fansCA. The broadness indicates
may be emission from the; State ofcis-CA to its ground state.  that absorption occurs to a point on the f®tential energy
The only way to definitively assign the blue-shifted features is surface that contains a large density of states. This implies that
to perform spectroscopy on tieis-CA isomer. However, HPLC the S state is significantly shifted in one or more coordinates
analysis ofis-CA after it is heated to the temperatures necessary 'elative to the ground state. If absorption occurred to a single
to attain a significant vapor pressure in the molecular beam eVel, the absorption feature would be sharp, its width increased
shows that it either isomerizes timns-CA or decomposes toa  0nly by lifetime broadening. The broadness we observe is due
product with a retention time similar to that tins-CA. to many overlapping fluorescence features from the many states

If the blue-shifted emission originates from this-CA S; excited during absorption. The fact that the Geometry is
state and excess vibrational energy has been distributed intodifferent from that of the ground state indicates that the
many low-frequency modes as tnansCA, then the bluest electronic transition may be-xr* in nature. However, fa*
feature observed in the emission spectrum should be at theStates typically have extremely small oscillator strengths which
frequency of thecis-CA origin. Thecis-CA origin would then is not the case here. What_|s likely occurring is a mixing of the
be at 34 000 crmt, about 800 cm! blue-shifted from thérans- n—s* state with a close lyingr—z* state, which would lend
CA origin. Since the trans-to-cis isomerization barrier occurs intensity to the weak az* transition. In addition, calculatiort$
34 400 cm! above therans-CA ground state, the cis-to-trans predict an r-7t* state on the blue end of the absorption spectrum
barrier would be only 400 cnit if the cis-CA ground state were ~ Of PYP. The presence of this state has been hypothesized in
equal in energy to theransCA ground state. However, several time-resolved studies where different time constants were

calculationg® have predicted that theissCA ground state is

-1 . i
cm relative to origin

state; therefore, it is likely that the cis-to-trans isomerization
barrier is very small.

Additional experiments were performed which provide further

higher in energy, that is, less stable, thantila@s-CA ground (40) %C(J)Ta, V.; Merchan, MProc. Natl. Acad. Sci. U.S.2001, 98, 4299~
(41) Scattered light is measured by comparing the signal intensity at the excitation
(39) Shepanski, J. F.; Keelan, B. W.; Zewail, A. Bhem. Phys. Lett1983 wavelength when the excitation laser is on-resonance with a transition and
103 9-14. a few cn? off-resonance from a transition.
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determined upon excitation on the blue edge of the PYP A) B)

absorption compared to excitation at the absorption maxi-
mum?217-19 Controls

Region |
Excitation in region Ill results in the emission spectrum shown trans
\

in Figure 5B. The emission is very broad but occurs in the same
wavelength region asansCA S; emission. It is very difficult
to deduce whether there are any blue-shifted emission features

in this spectrum. If emission is occurring from what we believe
is thecissCA S, state, it is likely that the features would be
broadened to such an extent that their intensities would lie below
the noise level.

According to Kasha'’s rule, emission does not occur from
electronic states lying higher in energy thap I&cause the
density of states available at those energies makes it probable
that another radiationless process will occur faster than fluo- T T "
rescence. The two most common radiationless processes that 16 18 20 22 6 18 20 2
occur from $ are internal conversion to the; State or Retention Time (minutes)  Retention Time (minutes)

intersystem crossing to a nearby triplet state. Since the em|SS|onFigure 6. (A) HPLC control experiments. (toplransCA plus uracil

appears to be;Semission, it is likely that internal conversion  gissolved in methanol (bottortlans CA in MeOH irradiated with UV lamp
is occurring from $to S; prior to emission. for 48 h. (B) HPLC molecular beam collecting experiments. (top) Excitation

The photophysics that can be deduced from the fluorescencell edion | at origin (center) Excitation in region Il 1210 cn1* (bottom)
Excitation in region Il at+5261 cntl.

excitation and emission data can be summarized as follows:
In region I, exciting the sharp, well- resolved features in the
excitation spectrum results in emission from thensCA S;

Region Il

trans . i
\ CIs Region Il

isomerization) results in botinans andcis-CA peaks. In region

. ) . oL 1ll, blue-shifted features were not observed in the emission
state. In region Il, the broadening of features in the excitation spectra, and it was not clear whether they were not there or
spectrum and the dual emission signify that some process, pether the broadness of the emission would be indistinguish-

perhaps isomerization, is competing with fluorescence after a g6 from the noise. The HPLC of the molecular beam collected
barrier of about 3.4 kcal/mol is overcome. Finally in region 11, during excitation in Region Il does show a characteristie

the broad feature indicates absorption to taelctronic state; A peak; although the intensity is significantly lower than in
upon excitation, internal conversion to, $ccurs prior 0 yq jsomerization region. The experiments described above were
emission, and it is difficult to tell whether the spectrum contains performed at least twice, and at least one other representative
blue-shifted features that may be indicative of isomerization. toa+re in each region w,as excited

B. Chromatography Results The major piece of evidence These results were surprising initially because the number
we have that photoisomerization is occurring is the dual emission of molecules actually excited by the laser in the interaction
occurring in region Il. As further proof that isomerization is  region is miniscule. Because the excitation laser is pulsed at 20
occurring in region Il, and to determine whether isomerization Hz, the laser interacts with the continuous molecular beam for
is occurring in region Il where the blue-shifted features may only 10 ns of every 50 ms which amounts to only 0.002% of
be too weak to observe, the molecular beam was laser-exciteche molecules being excited. Furthermore, the laser beam is only
in each of the three regions and collected on aluminum foil. zpout 2 mm in diameter so that the portion of the molecular

The resulting residue was chromatographed and compared tqyeam excited is small compared to the diameter of the molecular
control experiments. The spectroscopy experiments would leadpegm.

us to predict that solely ians-CA feature should be observed The first suspicion was that perhaps the molecules were

in region |, bothcis-andtransCA peaks in region Il, anttans isomerizing on the aluminum foil via scattered light in the
CA and perhapsis-CA features in region IIl. chamber, and not actually in the gas phase. A couple of
Control experiments were performed to measure the retentionexperiments were performed to rule this out. First, a film of
times ofcis- andtransCA. The results of the control experi-  trans-CA was deposited on aluminum foil and directly exposed
ments are shown in Figure 6A. The HPLC trace at the top of to laser light. Exciting wavelengths in regions | and Il resulted
Figure 6A results from théransCA out of the bottle, mixed  in nocis-CA peaks in the HPLC spectrum. Next, the molecular
with uracil, and dissolved in methanol sample. The HPLC trace beam containingrans-CA was allowed to flow fo 1 h in the
in the bottom of Figure 6A shows the result of irradiating a absence of the excitation laser to deposit a film on the aluminum
solution oftrans-CA in methanol with a standard UV lamp for  foil. Then, the molecular beam was stopped, and the excitation
about 48 h. Two peaks appear, the signatiiseCA peak ap-  laser tuned to a wavelength in the isomerization region was
pears at higher retention times. A mass spectrum was taken ofdirected into the chamber for 1 h. Nis-CA peak appeared in
thetrans andcis-CA mixture formed upon irradiation in meth-  the HPLC. Similarly, a film was deposited in the manner
anol which showed no additional photoproducts were formed. described above: the oven containing ttens CA sample was
Laser excitation of the molecular beam in each of the three cooled to room temperature, and the laser was directed into the
regions results in the traces shown in Figure 6B. Excitation of chamber with only an unseeded molecular beam flowing. The
the origin (33 200 cm?) in region |, below the isomerization  cis-CA formed was negligible.
barrier, produces only thgansCA peak. Excitation in region The next suspicion was that perhaps scattered laser light in
Il (+1200 cnt?) (where dual emission is observed, suggesting the chamber was responsible for excitimgns-CA molecules
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outside of the interaction region. When the molecular beam hits trans-CA. At excitation energies greater than 1200 ¢rabove
shock waves or the walls of the vacuum chamber, the gasthe transCA electronic origin, cis/trans isomerization occurs.
molecules become randomized static gas. If the dwell time of The isomerization barrier is about 3.4 kcal/mol. Althoug$
thetrans-CA molecules in the chamber after the beam becomes cA may be forming by curve crossing of the j®tential surface

randomized is longer than milliseconds, then it is possible that \ i the $ surface ofis-CA, which is the commonly discussed
eactirans CA molecule is exposed to a pulse of excitation light. mechanism fotrans-stilbene andransretinal, another isomer-

Experiments were done using various iris sizes to restrict the .__.. . . . . o
Xp 9 ization mechanism may be occurring that involves isomerization
diameter of the laser beam, and therefore decrease the amount

of scattered light in the chamber. This-CA peak did decrease rto ;he CisCA Sll stafel followed dbylfluoregcencg ZmISSIOnH
if the diameter of the laser was made as small as possible. urthermore, a close-lying second electronic excited state that

Therefore, we conclude thaansCA is indeed isomerizing in may be masked in solution studies was observed which provides

the gas phase with the help of light-scattering from the walls @ Second, although less efficient, pathway to isomerization. It
of the chamber and from the molecular beam itself. is important that nature chose a chromophore with close-lying

These results show that our interpretation of the fluorescenceexcited states4° so that light may be absorbed over a larger
excitation and emission data is correct. Furthermore, we werewavelength region and increase the efficiency of the photocycle.
able to determine that isomerization is indeed occurring in region

11, although to a lesser extent than in region 1. Acknowledgment. We are grateful to Steve Meredith and
Conclusions his lab for use of their HPLC and to Wouter Hoff for helpful
discussions.

The initial excitation of the chromophore in photoactive
yellow protein involves ar—xa* transition to the $ state of JA017505P
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