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Abstract: Urocanic acid, UCA, is characterized by two electronic transitions in the UV-B (280—320 nm)
which comprise its broad absorption spectrum and give rise to wavelength-dependent isomerization quantum
yields. The absorption spectrum of UCA extends into the UV-A (320—400 nm). Given the UV-A component
of sunlight is significantly greater than the UV-B component it is hypothesized even weak UV-A
photochemistry of UCA could be important for in vivo responses to UV radiation. Degenerate pump—
probe experiments performed on t-UCA at several wavelengths in the UV-A reveal an excited-state
absorption that undergoes a rapid, ~1 ps decay. Photoacoustic experiments performed on both the cis
and trans isomers reveal the formation of a long-lived intermediate following UV-A excitation. The efficiency
and action spectra for this latter photoactive process are presented and are similar for both isomers of
UCA. Cholesterol hydroperoxide assays designed to investigate the nature of the UV-A photoreactivity of
t-UCA confirm the production of reactive oxygen species. The bimolecular rate constant for the quenching
of singlet oxygen by tUCA is determined to be 3.5 x 10°® M~* s™1. Taking into consideration recent theoretical
calculations and jet expansion studies of the electronic structure of gas-phase t-UCA, a model is proposed
to explain the isomerization and photoreactivity of UCA in solution over the UV-A region.

Introduction pression. Researchers find there is evidence ¢Ha€CA sup-

Urocanic acid (UCA) is one of the primary UV absorbing presses contact hypersensitivity that a_md delay_ed hypersensitivity
chromophores in the stratum corneum of human skin. UCA is ret_juces the L_angt_arhans cell count in the .ep|derm|s,.prolongs
formed initially as the trans isomeUCA. Upon absorption skin-graft survival time, and affects natural killer cell activity.
of light, the naturally occurring-UCA isomerizes to the cis 1 nere are currently several proposed models for leguCA
form, c-UCA. Under solar illumination, the in vitro photosta-  c@uses these biologic effects including the following: regulation
tionary state is approximately 3084JCA and 70%c-UCA.12 of cyclic AMP synthesig? mast cell degranulatioH;'? and
Because the enzyme urocanase is not present in skin, UCACYtokine level modulatiod?*> After 20 years of research, a
accumulates until it is removed through sweat or during the ¢-UCA receptor in skin that could explain its physiochemical
monthly skin renewal procedsReported concentrations of UCA  action has not been identifiédRecently oxidative products of
in skin vary widely. An estimation of UCA concentration within ~ UCA are proposed to be responsible for some of the UV-induced
the human epidermis of 0.3 to 8.9 mM by Laihia et al. was immune suppressiof.1° Because such products can be gener-
derived from analyzing several published studies.

Due to its strong absorption in the UV, UCA was initially
viewed as a natural sunscreen. In the early 1980s, however, it (g R O B e Gamunol. Todayl992 13, 250-254.
was discovered the UCA absorption spectrum matches the action (7) Bi, Z. G.; Wang, T.; Chen, H. Q.; Ni, L.; Ding, X. Lhin. Med. J.199§
spectra for immune suppression of contact hypersensififity. (g ]I-<Jc.)]rqid307,2§.?7széuder, D. N.; McKenzie, R. C.; Fujisawa, H.; Shivji, G. M.;
Since then there has been considerable research on UCA, _ ElGhorr, A Norval, M.Immunol. Lett1995 48, 181-186.
particularlyc-UCA, as a mediator for UV-induced immune sup-
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Scheme 1. The Molecular Structures for Neutral UCA and

c-UCA
+-UCA COH c-UCA
== F COH
N .
NH\/ N /

ated photochemically, it is important to understand the UV-A-
induced photoreaction of UCA and whether the reactivity differs
between the two isomers.

Scheme 1 shows the structure of the two isomers of UCA.
There are three protonation sites on the molecule. Raeyglues
for t-UCA are 3.5 for the carboxylic acid moiety, 5.8 for the
tertiary nitrogen, and 13 for the secondary nitrogeft.Under
physiological conditions, UCA exists as either a zwitterion (pH
sweat~5.6) or an anion (pH living celt~7). The absorption
spectra for the two isomers are identical in shape but differ in
intensity. The absorption coefficient ofUCA, at its absorption
maximum, is 70% of that atUCA.16 The absorption spectrum
of UCA depends on pR! In pH 5.6 and 7.3 solutions, the
absorption spectrum of-UCA peaks at 270 and 280 nm,
respectively.

Previous work shows that while the anionic formtdfCA
(pH 7.2) has a red-shifted absorption relative to the zwitterionic
form (pH 5.6), the two forms emit from a common excited
state?? Specifically, fort-UCA excited at 264 nm (pH 32

nm results in excitation to a different excited singlet state from
which there is significant isomerization and no evidence of
formation of a long-lived triplet> Femtosecond time-resolved
absorption and photoacoustic experiments established the
wavelength-dependent isomerization quantum yields arise from
the excitation of these two overlapping electronic transitions in
the UV-B underlying the broad featureless absorption spectrum
of t-UCA.%6

Recently de Fabo and co-workers reported evident&JGA
isomerization occurring throughout the UV-A regidhlin
addition, previous photochemical studies of Morrison and co-
workers indicate radical production following the UV-A pho-
toexcitation oft-UCA.1° While the absorption cross section of
t-UCA in the UV-A is quite small, these data suggest the
molecule exhibits a rich photochemistry in this region. In this
paper we use a variety of spectroscopic techniques to examine
the photochemical behavior of UCA in the UV-A. In addition,
building upon newly published supersonic jet experiments on
t-UCA by Ryan and Levsf and theoretical calculations by Page
et al2® a model for the electronic structuretef) CA accounting
for the range of photochemical behavior observed in the UV-B
and UV-A is proposed.

Experimental Section

Samples.t-UCA was purchased from Aldrich and is used without
further purification. To generate UCA, a saturated aqueous solution
of t-UCA is irradiated with sunlight or a UV lamp (Mineralight lamp,

11.0), there is weak fluorescence with an emission peak around,;,qe| UVGL-25) to generate a mixture of the two isomers. THECA

365 nm, independent of pH. The fluorescence excitation

isomer is isolated from this solution as previously descrisé8All

spectrum shows a peak around 280 nm, also independent Ofsolutions are prepared in phosphate buffer for experiments.

pH.22 Ultrafast pump-probe experiments excitingUCA at 266

nm in pH 5.5 and 7.2 solutions show similar transi€éfEhese
collective results support the conclusion UV-B excitation near
the peak absorption results in the rapid deprotantiorldCA

at pH 5.6, thereby generating a molecule with a similar
electronic structure to the anionic form BUCA present in a
solution of pH 7.2.

The isomerization quantum yield fa&ftUCA is wavelength
dependent. The isomerization efficiency peaks at 313 nm (on
the red edge of the absorption spectrum) with a quantum yield,
@, of 0.49, and is reduced near the absorption maximum (at
264 nm) with a® of 0.052* Most previous photochemical
studies ont-UCA focused on understanding this wavelength-
dependent isomerization. Excitation near the peak-GCA
absorption at 266 nm results in excitation to an excited singlet
state from which there results rapid and efficient intersystem
crossing to the triplet manifold and negligible isomerization.

Steady-State Absorption.Absorption spectra are recorded with a
Hewlard Packard UVvis spectrophotometer model 8452A with a 1
cm quartz cuvette. Fluorescence spectr&0CA are measured on a
Perkin-Elmer LS-50B fluorometer.

Femtosecond Transient Absorption.Femtosecond time-resolved
spectroscopy is performed with an experimental setup previously
described! A Spectra Physics laser system consisting of a titanium-
sapphire regenerative amplifier (Spitfire) and an OPA (model 800) is
used to generate tunable UV-A pulses approximately 300 fs in duration.
The pulse energies are controlled with neutral density filters, and for
the experiments reported, the pump and probe pulses are on the order
of 100 and 10 nJ, respectively. The polarization of the pump and probe
pulses is set to magic angle.

For degenerate pumprobe experiments at 310, 320, and 330 nm,
the concentration of-UCA in a pH 7.3 solution is set to give an
absorbance 0f0.20 n a 1 mmcuvette at the excitation wavelength.
Sample solutions are run thrdug 1 mmflow cell and the absorptions
of the solutions do not change by more than 0.01 absorbance units

The triplet state persists onto at least the 10 ns time scale in®Ver the course of an experiment. An identical procedure is used for

deoxygenated solventd Excitation oft-UCA absorption at 310

(16) Mohammad, T.; Morrison, H.; HogenEsch,Photochem. Photobiol999
69, 115-135.

(17) Kammeyer, A.; Eggelte, T. A.; Overmars, H.; Bootsma, A.; Bos, J. D.;
Teunissen, M. B. MBiochim. Biophys. Acta-Gen. SuBp01, 1526 277—
285.

(18) Ramu, A.; Mehta, M. M.; Leaseburg, T.; Aleksic, 8ancer Chemother.
Pharmacol.2001, 47, 338—346.

(19) Morrison, H.; Deibel, R. MPhotochem. Photobioll988 48, 153-156.

(20) Roberts, J. D.; Yu, C.; Flanagan, C.; Birdseye, TJRAmM. Chem. Soc.
1981, 104, 3945-3949.

(21) Mehler, A. H.; Tabor, HJ. Biol. Chem 1953 201, 775-784.

(22) Shukla, M. K.; Mishra, P. CSpectrochim. Acta, Part A995 51, 831—
838.

(23) Li, B.; Hanson, K. M.; Simon, J. OJ. Phys. Chem. A997 101, 969
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(24) Mofrison, H.; Bernasconi, C.; Pandey, Bhotochem. Photobioll984
40, 549-550.
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studies conducted at pH 5.6.

Pulsed-Laser Photoacoustic Spectroscopfhotoacoustic experi-
ments are done with a similar experimental design and method of
analysis as previously describ&The same tunable laser system

(25) Hanson, K. M.; Li, B.; Simon, J. Dl. Am. Chem. S0d.997, 119, 2715~

2721.
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mentioned above is used with the excitation pulses set3q.J in
energy. The reference compound bromocresol purple, BCP, releases 2.5
100% of its absorbed energy promptly as heat to the sofjefor )
both UCA and BCP, it was confirmed contributions to the acoustic

wave from volume changes are negligiBl@he sample concentrations 2.04
are adjusted so the absorption~49.10 n a 1 cmcuvette at each ] W
wavelength studied. For each set of runs, the UCA and reference BCP 15

absorption are matched exactly. The absorption of the solutions did T ' 3 y

not change by more than 0.01 over the course of an experiment. Becauseq] 14 F '3..

of the low extinction coefficient for UCA in a pH 7.3 solution, 0 i B

photoacoustic measurements were not possible for wavelengths longer I B SR oo

than 350 nm. Solutions are bubbled with argon or oxygen for 10 min ’ '

prior to each experiment. 054
Quenching of Singlet OxygenThe rate constant for the quenching

of singlet oxygen!O,, by t-UCA is determined by quantifying th& 1 s o

— 1A4 emission (1270 nm) from oxygen following excitation of rose 0.0 —— e T
bengal, RB, in the presence ¢fUCA in a DO solution. RB is 220 240 260 280 300 320 340 360
photoexcited at 532 nm with the second harmonic of a Nd:YAG laser.

The RB absorbance is 0.h ia 1 cmcuvette at 532 nm for all the Wavelength /nm

solutions. The concentration 6JUCA is varied from 0 to 12 mM. Figure 1. The absorption spectra for 0.1 mMJCA at pH 3.0 (solid), 5.6

Cholesterol Hydroperoxide AssayPhotoinduced radical chemistry gdgsth),?gsb(_d?t),_ an”d 13| (dasttiot)l are thoi\fivnt.hNOtg thatt_compari_ng pH ‘
and singlet oxygen chemistry ¢fUCA are studied with use of a 610 7.3 (biologically relevant values of pH) the absorption maximum o
. - o t-UCA shifts from 270 to 280 nm.
cholesterol hydroperoxide assay as previously descfitgpecifically,
liposomes made of dimyristoyl phosphatidylcholine, DMPC, and
cholesterol (2 mM each) are mixed and suspended in buffes@d(ét

D>0) with and without 5 mM-UCA. Higher concentrations ¢fUCA 1
(10 mM) and cholesterol (4 mM) are also run. These samples are 1
irradiated under air with 316400 nm light (21.8 mW/c1%) and aliquots |
are extracted as a function of irradiation time. HPLC analysis is used ]
to separate and quantify the photochemically generated cholesterol ]
hydroperoxides &ChOOH and @/5-ChOOH (5x-ChOOH = 34- 1
hydroxy-5o-cholest-6-ene-5-hydroperoxideg/s-ChOOH = 34-hy- 1
droxycholest-5-eneer-hydroperoxide and /Zhydroxycholest-5-ene- 0.1+
7p-hydroperoxide.) The optimal detection limit for these products is ]
generally on the order of1 pmol3>3¢Due to background signals which
could not be eliminated, the detection limit for the experiments with 1 /
t-UCA was on the order of0.3 nmol. Similar experiments are also 1
T T M AL | T LML |

[N
1

Log [A]

performed without liposomes present in a homogeneous 2-propanol

solvent with 3 mMt-UCA. Each set of experiments was repeated at 0.01 S
least three times on independently prepared smaples. 0.01 0.1 1 10
Results Log [UCA /mM ]

Steady-State AbsorptionBuffered 0.1 mMt-UCA solutions Figure 2. For t-UCA at pH 7.3, the log of the absorption at several

wavelengths is shown plotted against the log of the concentratibbdGA.
were made at pH 3'9’ 5.6, 7.3, .and. 13. Th?se pH values WereA linear regression fit for each wavelengtfi ¢ 0.99) is shown. The slope
chosen so the dominant species in solution are the cation,is 1.0 for all lines. From left to right the wavelengths are 280, 290, 300,

zwitterion, anion, and dianion, respectivéfyFigure 1 shows 310, 320, 325, 330, and 340 nm.
the resulting absorption spectra. To study the photophysical
properties oft-UCA in the UV-A at physiological pH requires
using high (near saturation) concentrations. It is important to
verify under these conditions that the absorption does not arise
from the aggregation of molecules. To check this, pH 7.3 solu-
tions containing concentrations 6JCA ranging from 10 to
0.01 mM were prepared and the absorption spectra recorded
Figure 2 shows the log of theUCA absorption values at dif-
ferent wavelengths plotted along the log of tHéCA concen-
tration along with least-squares linear fits. The slope from the
linear fits is~1.0 for all wavelengths from 277 to 340 nm, con-
firming the absorption depends linearly on concentration. In

agreement with previously reported experiméts the quan-
tum vyield for t-UCA fluorescence is found to be very weak,
around 104,

Femtosecond Transient Absorption.Figure 3 shows tran-
sient absorption kinetics following UV-A excitation 6fUCA
in a pH 7.3 solution. The femtosecond degenerate ptyonpbe
data show no wavelength dependence over the range examined
(310-330 nm). Immediately following excitation a transient
absorption is observed, which rapidly decays. No evidence of
a long-lived state or residual bleach of the ground state is
observed. A single-exponential fit to these data indicates the
transient decays with a 0.9k 0.5 ps time constant. We had
(33) Braslavsky, S. E.; Heibel, G. Ehem. Re. 1992 92, 1381-1410. pre\_/ic_Just report_ed degenerate experiments_ at 3(_)6 nm which
(34) Rozanowska, M.; Jarvis-Evans, J.; Korytowski, W.; Boulton, M. E.; Burke, €Xhibited a transient bleach that recovered with a time constant

J. M,; Sarna, TJ. Biol. Chem 1995 270, 18825-18830. ~ 23 i i i i
(35) Korytowski, W.; Bachowski, G. J.; Girotti, A. WAnal. Biochem1991 of ~100 ps* This previous data is found to be an artifact
197, 149-156.
(36) Korytowski, W.; Bachowski, G. J.; Girotti, A. WAnal. Biochem1993 (37) Hanson, K. M.; Simon, J. DAbstr. Pap. Am. Chem. Sat997, 213 396-
213 111-119. PHYS.
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Figure 3. The degenerate 310 (solid), 320 (dash), and 330 nm (dot) pump

probe transients fo-UCA at pH 7.3 are shown. The single-exponential
decay fit (black line) shown gives a lifetime for the transient species of
0.950 ps 2 ~ 0.93).

Table 1. Percent Heat Released, ¢, by c-UCA and +UCA in
Argon Saturated Solutions as a Function of UV-A Excitation
Wavelength (error +5%)

] c-UCA(Ar) t-UCA(Ar)
310 nm 97 89
320 nm 73 52
330 nm 67 45
350 nm 57 47

wavelengths. As exemplified by the data in Figure 4, the value
of ¢ for aerobic samples typically showed an increase of 5% to
10% compared to the anaerobic samples for both isomers.

Quenching of Singlet OxygenIn Figure 5 the reciprocal of
the measuredO; lifetime, 1k, as a function of the-UCA
concentration is shown. The data are fit to the St&fnlmer
equation: I = 1/7° + kq [t-UCA], where the intercept should
give the lifetime of!O; in the absence dfUCA and the slope
gives the bimolecular rate constant for quenching. A straight
line is observed indicating there is no quenching of the sensitizer
RB by t-UCA. From data in the Figure 5, the intercept gives
1.56 x 10* s71 for 1/2% which is in excellent agreement with
literature values for this lifetimé? From the slope, the bimo-
lecular rate constant fofO, quenching byt-UCA, kg, is
determined to be 3.5 1P Mt s1,

Cholesterol Hydroperoxide Assay.The cholesterol hydro-
peroxide assay is a sensitive method for determining the
photogeneration of reactive oxygen species. In addition, the
formation of the &-ChOOH product is a unique marker for
the presence dfO,. The T/B-ChOOH products, on the other
hand, generally reflect secondary reactions or free radical derived
attack3>49HPLC traces showing the presence of 7~-ChOOH
and ®-ChOOH generated from the UV-A excitationtet/) CA
are shown in Figure 6 for the 2-propanol solvent. These data
clearly show that the hydroperoxides are formed and that the
signals are significant in comparison to the background.

In the presence of-UCA, there is enhanced formation of
70/B-ChOOH compared to the control experiment in the absence

attributed to the high-energy excitation pulses used in the earlier of t-UCA whether the experiments are done in liposomes or
experiment. The time constant reported herein indicates a more2-propanol (Figure 7). Furthermore, as can be decuced from
rapid repopulation of the ground state and therefore does notthe difference in the concentration units on thaxis, the rate

change any of the conclusions reached in the previous péaper.

A degenerate 310 nm experiment 6®CA in a pH 5.6
solution shows similar, but not identical, kinetics to that

of production of %,3-ChOOH is a factor of 2 greater inD
relative to BHO.
For the 2-propanol solution, the formation ai-&hOOH in

observed at pH 7.3. At pH 5.6, the decay is biphasic exhibiting the presence of-UCA is increased relative to the control.
a<0.2 ps component (data not shown). Previously experiments However, for the liposome experiments UV-A irradiation of
establish excitation at this pH results in rapid deprotonation of the cholesterol control with nBUCA results in~10% greater
UCA,2 and so this ultrafast component is assigned to the production of H-ChOOH. than in the presence 6fUCA

deprotonation process.
Pulsed-Laser Photoacoustic Spectroscopfrigure 4 shows
the photoacoustic signal faftUCA and BCP at 310 and 320

(Figure 7,A,B). Despite all attempts to purify the components
used to generate the liposomal solutions containing cholesterol
and DMPC, this background signal could not be eliminated. It

nm in oxygen and argon saturated solutions. The 310 nm datawas, however, reproducible. The rate of production of 5

show the reference BCP aidJCA signal curves being nearly
equivalent in amplitude meanirtgJCA releases nearly all of
its absorbed energy. The 320 nm data sheMCA retains

ChOOH in DO is 2 times greater than that of,8 for both
t-UCA and control solutions.

significant energy, hence the lower signal amplitude relative to Discussion

the reference BCP signal. The absence of any time delays Before discussing the UV-A-induced photoreactivity of UCA,
between the-UCA and BCP photoacoustic waves indicates the i js necessary to consider the possible effects associated with
kinetics of formation and lifetime of the intermediate are outside the |arge range in concentrations used in the different experi-

the temporal response of the instrumentsl (and >100 ns,
respectivelyf8

The fraction of the absorbed energy released as h@at (
following excitation of UCA can be quantified from the

mental studies performed. Previous experiments reported con-
centration-dependent excitation spectra-biCA; with increas-
ing concentration, the spectrum red shtfThis was attributed
to changes in the relative populations of several ground-state

photoacoustic data by taking the ratio of the amplitudes of the ytamers ot-UCA. Photochemical dimerization ¢fUCA has
UCA and BCP signals normalized by their absorption values. giso peen reported, suggesting that association between UCA
This percent heat release can be equated with an absolutionyglecules can occdt. In the course of the studies reported

energy released)) usingQ = ¢Ey,, whereE,, is the energy
of the excitation pulse. Table 1 lists the valuegofor c-UCA
and t-UCA in argon saturated solutions at different UV-A

(38) Peters, K. S.; Snyder, G. Sciencel988 241, 1053-1057.
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(39) Hessler, D. P.; Frimmel, F. H.; Oliveros, E.; Braun, A. MPhotochem.
Photobiol. B:Biol.1996 36, 55—60.

(40) Geiger, P. G.; Korytowski, W.; Lin, F. B.; Girotti, A. WFree Radical
Biol. Med. 1997, 23, 57—68.
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Figure 4. Normalized photoacoutic signal at 310 and 320 nm for BCP (solid gray}-&/@A under oxygen (solid black) artdJCA under argon (dashed).
No shifts in the waveform between the reference BCPtdd@A are observed. Figure 4A shows that at 310 nm the amplitude fart@A signal is 90%

of the BCP signal under argon. Figure 4B shows that at 320 nith@@A signal has dropped te50% of the BCP signal under argon. There is more energy
released under oxygen versus argon, which results in a 5% increase in the signal amplitude.
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Figure 5. The reciprocal of the!O; lifetime plotted against-UCA Figure 6. HPLC trace in 2-propanol showing the relative height of the
concentration. The solid line is a linear fit to the data< 0.998), which peaks corresponding tax73-ChOOH (peak 1) anddeChOOH (peak 2) in
reveals a biomolecular quenching rate ‘@, by t-UCA of 3.5 x 10° the control (dotted line) and-UCA (solid line) samples after 30 min
M-1st irradiation.

herein, it is important to establish the spectroscopy is unaffectedwith a time constant of~1 ps. The decay of the transient
over the concentration range examined. The absorbance ofabsorption is complete and no residual bleach is observed,
t-UCA was examined as a function of concentration for the suggesting that the repopulation of thHeCA ground state also
wavelength region 277 to 340 nm. This range covers not only occurs on this time scale. If isomerization is the only photo-
the UV-A but spans the UV-B region, in whi¢HJCA exhibits chemical event at this excitation wavelength, the ground-state
wavelength-dependent isomerization yields. The UV-B region energy difference between the two UCA isomers can be
involves photoexcitation to different electronic stadeand the calculated from the photoacoustic data at 310%Atdsing the
corresponding absorption features are sensitive to solvent anddata in Table 1 for an excitation wavelength of 310 =

pH. If aggregation occurs betweetJCA molecules, spectral 374 kJ mof! for c-UCA and Q = 341 kJ mot? for t-UCA,
changes are anticipated. The data presented in Figure 2 establishesulting in a difference of 33 kJ mdl (at pH 7.3). Scaling by
the absorbance dfUCA is linear with concentration over the the quantum yield of isomerization at this wavelength (taken
entire range studied (0.6110 mM). It is therefore reasonable to be 0.5%* reveals the ground state bfJCA lies 664 15 kJ

to conclude the data reflect the photoreactivity of isol&teCA mol~! below the ground state of the UCA isomer. Recent

molecules in solution. theoretical calculations by Page efafound the ground state
Morrison and co-workers reported the sum of the photoi- to be 51.3 kJ moi! in favor of t-UCA, which is in good

somerization quantum yields at 313 nm ®BUCA andt-UCA agreement with the above experimentally determined value.

is unity from which it was concluded isomerization is the only It could be proposed that UCA isomerization is also the major
major photochemical event at this wavelen#thiThe data photochemical process occurring for UV-A wavelengths longer
reported herein support this conclusion. The transient absorptionthan 313 nm, but quantum yields for UCA isomerization have
data at 310 nm argue the initially prepared excited state decaysnot been determined for longer wavelengths. Recent studies
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Figure 7. A plot of the HPLC analysis of the cholesterol hydroperoxidation assay showirigtié sensitized photogeneration a#/5-ChOOH (squares,
solid lines) and 6-ChOOH (triangles, dashed lines) in the presence (solid symbol) and absence (open syrthiil)fofPart A shows the results in the
DMPC liposomes in KO. Part B shows the results in the DPMC liposomes #DPart C shows the results in 2-propanol.

establish that photoisomerization occurs following excitation of value and the above determined energy difference between the
t-UCA in the UV-A (320 to 400 nm¥§/ However as indicated  cis and trans isomeE;isome; an efficiency spectrum for triplet
in Table 1, the photoacoustic signal BUCA and c-UCA is state formation can be calculated from the photoacoustic data
strongly wavelength-dependent in the UV-A. For both isomers as follows?? The total thermal energ® released upon excitation
of UCA, there is a significant decrease in the percentage of theis the sum of two contributions, indicated in eq 1. The first
absorbed light released as heat with increasing wavelength. The
small quantum yields for fluorescence (0.6810001) and Q=Ac(En — Etriplet) + Biso(Eny — PEisomer) 1)
photodegradation (0.001) cannot account for this observation. ) o
Hence, there must be additional photoreactive pathways for term represents .the heat.released qssquatgd with intersystem
UCA which depend on the wavelength of UV-A light used. crossing, assuming the triplet _state lifetime is longer than the
Following excitation of UCA at pH 7.2, the possible initial "€sponse of the photoacoustic deteéfolthe second term
photophysical processes include fluorescence, direct nonradiativd €Presents the heat release associated with isomerization. The
relaxation to the ground state, isomerization, and intersystem coefficientsAisc and.Biso are thg quantum yle.lds .for these two
crossing. The emission quantum yield~sl04, and so this pgthways, rgspectwely, an@ is the isomerization quantum
pathway is not important in the deactivation of the excited yield over this wavelength range, taken to be 0.5_ (the value at
molecule. Because the isomerization time constant is on the 313 NM)?* Because there are only these two reaction pathways,
order of a picosecond, direct nonradiative relaxation and Asc T Biso = 1, these coefficients can be determined from the
isomerization result in nearly quantitative conversion of the pholtoacousnc and spectroscopic Qata. _
absorbed energy into heat. Thus, the wavelength-dependent F|gu.re85hows thg resulting efficiency spectra for triplet state
photoacoustic signals forUCA and c-UCA in the UV-A formation for both isomers of UCA. .Compared tBUQA,
suggest intersystem crossing competes with these other processddCA shows enhanced triplet production, but the two isomers
in a wavelength-dependent manner. Consider then a model inShow the same wavelength-dependent behavior. To determine
which the excited state decays by competition between isomer-8n action spectrum for the photoproduction of triplet state
iz_ation and intersystem cro;sing. The energy of the_ﬁrSt e_XCited (42) Hanson, K. M.; Simon, J. Proc. Natl. Acad. Sci. U S.A998 95, 10576~
triplet state Exyipiet, Of t-UCA is ~230 kJ mot1.1625Using this 10578.
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1.00 tion with nanosecond flash photolysis have proved unsuccessful.
The concentration of dissolved oxygen in aqueous solutions at
25 °C is ~0.26 mM* and the diffusion-controlled rate of
guenching of excited triplets by oxygen is on the order ¢f 10
s 144 The observed 10% increase in photoacoustic signal due
to oxygen quenching of theUCA triplet establishes the lifetime
of this excited state is on the order of ¥G~1. The generation
of excited triplet states dfUCA upon UV-A exposure provides
a mechanism for formation of reactive oxygen species (ROS).
The efficiency and action spectra presented here indicate
potential photochemical generation of ROS by UCA throughout
the UV-A region.
Interestingly, the data in Figure 5 shawWCA to also be an
T ¥ T ! J T efficient scavenger otO,. Morrison has previously reported
310 320 330 340 350 t-UCA to be a good!O, scavenger but kinetics were not
Wavelength /nm discussed® We find the bimolecular rate constant &0,
Figure 8. A plot of the calculated efficiency spectra for intersystem scavenging by-UCA to be 3.5x 10° M~* s™*. t-UCA is not
crossingAisc. t-UCA (triangles) and-UCA (circles). as good a scavenger as antioxidants sucp-earotene K, =
1.4 x 1010 M~1s71) 46 put this rate constant is appreciable given
the concentrations dfUCA in the stratum corneum.
The photogeneration of ROS byJCA, and'O; in particular,
can be addressed from the cholesterol hydroperoxidation assay
experiments. As indicated by the data in Figure 7, there is
enhanced formation ofd73-ChOOH compared to the control
with no t-UCA in all samples. This result implies UV-A
excitation oft-UCA produces free radicals. Previous work by
Morrison and Diebel shows that UV-A irradiatior 830 nm)
of an electron affinic photosensitizing dye, nitro blue tetrazolium
(NBT?*"), and t-UCA results in oxidation oft-UCA. These
workers proposed this involved formation of-bJCA radical4’
In the presence of oxygen, irradiation BJCA and NBT?+
with light >275 nm, where the UCA absorption is competitive
: : , : — . : with NBT?*, is also proposed to lead to the production of
310 320 330 340 350 superoxide anio®® Production of superoxide anion ot-#/CA
radical could account for the increased formation off57
Wavelength /nm ChOOH observed here.
I_—‘igure 9. The normalized action spectrum for the fqrmation of a long- Conversely, the @&-ChOOH can also be formed by allylic
'r':gglttiﬂglﬁ zta;ga?(ﬁ#%’;oatnﬁﬁ 7.3 with a Gaussian fit through the data 0. 15 gement of thed5ChOOH species produced following
10, attack. In DO, which should increase tH©; lifetime, the
molecules byt-UCA, the efficiency spectrum was scaled by rate of production of @/3-ChOOH incrgases, supporting such
the absorption coefficient ¢fUCA at the wavelengths studied. & Mechanism. However, and more importantly, the rates of
The resulting action spectrum is shown in Figure 9. The shape formation for 5-ChOOH and @/5-ChOOH are comparable,
of the action spectra is the same éaCA. The action spectrum ~ Which is not consistent with the conclusion/B-ChOOH is
peaks around 320 nm and is the same for aerobic and anaerobiéormed solely by allylic rearrangement.
samples. The data on the production 0&6&ChOOH with and without

As can be seen in Figure 4, oxygen versus argon saturatedthe presence Ot'UC_A at first appear perplexing. _In the
t-UCA solutions show a 5% to 10% increase in the amount of 2-Propanol solvent, Figure 7C, the enhanced productiomsf 5

heat released. Previously reported tH8CA triplet state can ihOO_H n tge p_reseor;%e ﬁUCA r('aAIatllveDto thehcont_rol s;;ggr(]asts
sensitize production of0,,*? and so this observed increase in there is production 0fO; by t-UCA. In D0, there is a further

photoacoustic signal under oxygen is attributedQe produc- increasg in production.ofoErChOOH relative to KO, fqrther
tion. Consider the data for 350 nm. Figure 8 shows a quantum ;upportlng photochemlcal prOdUCt,'On Jf@z. However, in the
efficiency for triplet production at this wavelength 60.8. If liposomal preparation as shown in Figure 7A,B, due to the

the quantum efficiency fotO, production is 1.0, then we would inability to eliminate UV-A absorbing contaminants, there is
expect a 50% increase in photoacoustic signal under oxygenalWays a background production a&&hOOH in the control.

compared to argon. The observed mcrease.ls Slgnlflcqmly IeSS‘(43) Atkins, P. W.Physical Chemistry6th ed; Oxford University Press: New
~10%. These data can then be used to estimate the lifetime of " vork, 199s.

; ; i H (44) Bensasson, R. V.; Land, E. J.; Truscott, T.EXcited States and Free
the excited t”Plet St‘?te #UCA. While the phOtan:OUStIC data Radicals in Biology and Medicin®©xford University Press: Oxford, 1993.
show the excited triplet state ®fUCA must persist onto the  (45) Morrison, H.PhotodermatologyL985 2, 158-165.
hundred(s) nanosecond time scale, the lifetime has never beert#) Mascio. P. D.. Kaiser, S.; Sies, Rrch Biochem. Biophyd.989 274 532-

measured directly. Attempts to observe the excited-state absorp{47) Morrison, H.; Deibel, R. MPhotochem. Photobioll986 43, 663-665.
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For the liposomal preparation, the amount ai-6hOOH
produced decreases10% in the presence dafUCA despite
the fact that-UCA generatedO,. This result can be explained
by the factt-UCA scavengesO,. If one assumed-UCA did
not generatéO,, then using the rate of production ¥, from
the control and the scavenging ratel@; by t-UCA predicts
there should be about half thex82hOOH generated in the
presence of-UCA as in the control. Such a reduction in signal
is not observed, further supporting the conclusion tHaCA
photogenerate¥0, upon UV-A excitation. The data observed
in Figure 7A,B indicatet-UCA is a better scavenger than
generator ofO,.

We now address the origin of theUCA wavelength-
dependent efficiency for triplet state production in the UV-A.
In a recent theoretical study 6{UCA, Page et al. confirm the
initial excitation involves populating two overlapping electronic

On the basis of the gas-phase data, we propose there is also
a barrier to the excited-state isomerizatiort-ofCA in solution.
While the band origin in solution is difficult to determine,
isomerization has been reported out to 3400 nm?’ Taking
~370 nm as a measure of the band origin, the time-resolved
absorption data (Figure 3) were obtained exciting 3300 to 5300
cm~1 above the band origin. This is significantly higher than
the magnitude of the reported isomerization barrier in the gas
phase and it is reasonable to conclude molecules excited to this
level travel ballistically over the potential energy barrier. If the
nature of this electronic surface is similar to that of stilbene,
passage over the barrier results in a twisted geometry, which
upon relaxation to the ground electronic state finds itself at the
top of the barrier between the cis and trans isomers. Nonradiative
relaxation then generates nearly equal populations of the two
isomers*® This could account for the~0.5 quantum yield

singlet states. The calculated vertical excitation energies for theseobserved forc-UCA and t-UCA isomerization. At excitation

states are in good agreement with experint@att 310 nm the

energies below the barrier, the rate of isomerization is expected

lowest singlet state is populated, which gives rise to efficient to be slower and other photophysical processes can compete.

isomerization. At 266 nm population of the second excited

We propose with decreasing excitation energy, intersystem

singlet state results in efficient intersystem crossing and little crossing from the first excited singlet state competes more
isomerization. For longer UV-A wavelengths, the data presented effectively with isomerization. On the basis of the data given
show competition between isomerization and intersystem cross-in Table 1, excitation at 350 nm predominantly results in triplet
ing. In principle, there are many possible explanations for this state production. This suggests that excitation to 350 occurs in

behavior; including a weak direct excitation to a triplet state.

the vicinity near or below the barrier to isomerization in the

While the exact mechanism is difficult to elucidate, recent gas- first excited singlet state. This would place an estimate of the

phase experiments on jet-cooletd CA offer insight into the
observed wavelength-dependent behavior.
In their study of the gas-phase spectroscopi#ldCA, Ryan

excited-state barrier at1500 cnt! above the band origin,
which is comparable to the gas-phase estimates. Unfortunately,
the optical density of saturateédJCA solutions for wavelengths

and Levy identify three distinct energy regions of the excitation greater than 330 nm is not sufficient for performing time-
spectrun?® The lowest energy region is a collection of several resolved measurements.

well-resolved peaks and is proposed to be an excitation to the

It is important to stress the weak absorptiort-@fCA in the

lowest singlet state. At slightly higher energy, there is an abrupt UV-A should not be overlooked because it not only results in
change where the peaks in the spectrum become broader angsomerization but also in the generation of ROS and free radicals.
exhibit lower intensity. The highest energy region appears as While the quantum efficiencies of these latter processes must
an extremely broad feature, and is believed to representhe quite small «1%), these reactive species may play a role

excitation to a second excited singlet state.

in the UV-A induced biologic activity of-UCA, including aging

Within the lowest energy region, the lines broaden with and carcinogenisis. Furthermore, the ability BECA to
increasing energy. This reflects a shortening of the excited-statescavenge ROS could be importanttityCA’s role in vivo.

lifetime with increasing excitation energy. Broadening attributed
to intramolecular vibrational redistributions occurs around 1000
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relaxation fromt-UCA andc-UCA. Thus, the data support the

conclusion there is an energy barrier to isomerization from the

lowest singlet state.
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