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YEARLY REVIEW

APPLICATIONS OF FLASH SPECTROSCOPY TO
MOLECULES OF BIOLOGICAL RELEVANCE

This review concerns work published durmyg 19%0 and
1981 in which flash photolysis has been used tw study
several types of biological motecules. No attempt iz
made to review in vico studies such as those con-
cerned with pholosynthesis, vision and bactariorho-
dopsin; useful annual reviews and ¢onference reports
for some aspeets of these subjects have recently heen
published [36. 106]. However, some work concerned
with model systems where the environment may be
more relevant 1o the biological in rire situation than
in a homogenous selution are considered, In uddition,
while the review does not deal comprehensively with
the application of pulse radiolysis 10 biolugical maol-
ecules a few examples of this technique will be dis-
cussed particularly where the results are directly rele-
vant o those obtained by fash photelysis.

Muany of the photophysical properties of 3-muthoxy-
psoralen (8-MOP)*. the most important drug «f the
group of furocouraring nsed m the phototherapy of
psonasis {(PUVA), have been previously elucidated
[78]. More recently altention has turned to the
adducts of psoralens with thymine and to psoralens
(furocoumarins} which only can form monoadducts
with DNA such as J-carbothoxypsoialen (3-CPs)y
Bensasson et al. [15] have used laser lash photolysis
(353 nm excitation) to study the 4'.5 photoadduct of
psoralen with thymine. The triplet absorption spee-
trum of this adduct shews a rather broad maxima at
~500nm  with triplel  extinction  coeflicient e
~ 8500 dm*mol ™ tem ™!, which decays by first-crder
kinelics with rate constants of 4.0 and 9.4 x 10* s~
in water and methanol respectively. The quantum
yield of 5, =T, intersystem crossing [®) was esti-
mated to be ~0.0R in both solvents. Of particubur
relevance to the possible involvemeat of triplket
monoadduct in DNA cross-link formation is the reac-
tivity of the adduct triplet with thymine, and a rale
constant of 1.2 x 10¥ dm®mol "'s ! was reported for
this reaction, a somewhal higher tate comstant
(24 x 10° dm*mol™'s™!) being obtained for the
adduct triplet reaction with tryprophan. in both cases
the quenching reaction was shown w be an electron
transfer process of the type *Adduct + T — Adduct’

* Ahbresiations used: BR, bilirubin: 3-CPs, 3-carbethoxy-
psaralen; Chl, chlocophyll; cyt ¢, cytochrome ¢; DMTH,
NN, dimethylthymine: DMU, NN dimethyluracil; €,
extinction coefficient; FMN, flavin mononucleatide; Hh,
haemoglabin; Mb, myoglobin; 8-MOP. 8-methoxypsora-
len; NAD, nicotinamide adenine dinucleotide; ¢, quan-
tum yield of intersystem crossing,

=17 Cwhere T ks dhymune er iryprophan, rather than
double bond awdditton which, i the case of lhymine.
would have fed 1o a thymine-psoralen- thymine diad-
duct. Ronfurd-Haret e af. [90] have reported the
major photophvsical properties of 3-CPs using both
laser flush photolysis {353 nm) and pulse radiolysis.
The triplet lifetime was found w0 be dependent on Lhe
ground state concentration with wmitrinswe first.order
rale constants in the range ~ 0% 107 57 for several
solvent systems, the {ripket plus ground state reaction
rale constant being ~ 10" dmimel™'s ! for hemo-
genewus solutions, The 0y wulues reported were 0.3,
044 and 2035 in benzene. ethanol and water .re-
spectively and, as such, are markedly higher than
those reported carlier for 3-MOP and psoralen. In
addition these workers report the 3-CPs iniplet state
reactivities towards o number of substrates of bielogi-
cal interest mcluding tryptophan, tyrosine felection
trunsfery and oxvgen (energy transfery. Also. the (dark)
binding of 3-CPs v DNA was investigated usig he
pulse radiclysis technjque. the value of the compiex-
ing constant (K) betng ~ 3 % 107 Pulse radiotysis has
also been used [10] to obtain values of K with DNA
i agueous solution for 8-MOP, psoralen, khetlin.
angelicin,  S.7-dimethoxycoumarin, 5-MOP and 4
amimemethyl-4,5' 8 wrimethylpsoralen,  the  values
obtained (K x 10 7% being ~12, 25. 16, 28, = 80, 7
and 3 respectively, Guiotto er al. [43] have reported
some photophysicat data of 4,5 dimethylangelicin
tI), #-aminomethyl-4,5 -dimcthylangelicin (1) and the
wilcr-soluble  derivative  4’-N.N-dimethyiamino.
cthoxymethyl-4.5-dimethylangelicin (Il The latter
cempound shows high photobinding to the macroma-
lecule and 1s of potential therapeutic interest. The
vitlugs of d7 obtained in methanol by 265nm laser
flash photolysis were rather low, being 0.063, 0028
and 0.059 for 1, 1T and 131 respectively and may indi-
cale that the large differences between the photobio-
logical activities of the three furocoumarins do not
arise lrom intrinsic differences in their photophysical
characteristics.  The photophysical properties  of
4-yminomethy!-4,5" 8- rimethylpsoralen {olten called
aminomethy! psoralen) have been studied [92] using
laser flash photolysis (353 nm). This furocourmarin is
ol interest because of its high solubility in water and
exceptional affinity for DNA. 1t was reported that, in
water, the lowest triplet, formed with ¢; ~0.2, has
an intrinsic lifetime of (0G us and is guenched by
the ground state with a rate constant of
~10° dm*mel~'s"* and by thymine with a tale con-
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stant of 2% 10% dm®mol ™™ L Addition of DNA
caused the disuppearance of the tiplet absorption
and also cxtinguishes the Auorescence emisston. It
seems likely from this work that the first excited sing-
let state is rapidly deactivated in the presence of DINA
and could be the precursor of the first pycimidine
photoadduct, The effect of DNA on the tripler yields
and lifetimes and aiso on the Auorescence emission
of psoralen and §-MOP hus been reported by
Beaumont or al. [11]. OF particulur interest was that
the vield of -MOP triplet when bound to DNA was
similar to that for 8-MOP in the absence of DNA
while for psoralen it was concluded that the effect of
DNA binding was to reduce the triplet yield to a very
low value or posstbly reduce the tifctime of the triplet
lo <30 ns. Since both these furocoumarins show simi-
far skin photosensitising abilities it scems likety, once
again, that the triplet state is not the precursor of
DNA-monoadduct formation. Almost certainly the
complexation data for furccoumaring to DNA
recently obtained ogether with the photochemical
data which arc becoming increasingly availuble will
be an essential leature in establishing the molecular
bass for skin photosensitisation by furocoumarins,
The study of the photophysical properties of amino
acids und peptides has continued using laser flash
photolysis. In addition the role of organic disulphide
linkages, their formation and destruction have heen
investigated because of their relevance o the structure
and function of enzymes. Dissociative slectron attach-
ment (RSSR'—RS" + R§”) is an imporlant process
and flash photolysis has been used to obtain the rate
constants for electron transfer from the radical anions
of aromatic compounds to diaryl disulphides [102]
It was found that electron-withdrawing substituents
increased the rates of reaction and vice versa reflec-
ung the electron-acceptor abilities of the $-$ bonds.
Morine and Kuntz [71] have used flash photolysis to
study both the S-S and C-S bond cleavige in the
photolysis of disulphides such as penicillamine disul-
phide. A comparison of the transient absorption spac-
tra suggests that C-$ bond breakage can be 3 primary
photelytic process. This process was found to become
more important as the resulting carbon centred radi-
cal is stabilised by increasing alkyl substitution or
resonanee interaction with an aromatic system. The
perthiyl radical (RSS} product is characterised by
Amay ~380nm, ¢ (380nm} ~ (700 dmPmol - fem =}
and decays by second-order kinetics with &
~3.7 % 10°dm? mol~!s™ ! in water. Particular inter-
est in the photochemistry of amino acids has con-
cerned tryptophan and indole and also the electron
transfer reactions involving tryptephan and tyrosyl
radicals in peptides and proteins. Klein or af, [36}
reported a comparative stedy of the nitrous oxide
quenching and the effect of solvent {water and cyclo-
hexane) and temperature (60-1.5°C) on the excited
triplet and singlet states of indole, In cyclohexane @
15 =043 and is more or less temperature independent,
while in water the #; value varied from 0.07 at §0°C

to 043 at 1.5'C. It was conciuded that the indole first
excited singlet decays in water at 1.5°C mainly by the
same pathways us in hexane, i.e. Auorescence and trip-
let formation. However a difference appears in a third
deactivation pathway which is N-H bond dissoci-
ation in cyclohexane but photoionisation in water, 1t
[s suggested that the mechanism of the photoienisa-
tion involving cither the Auorescent state or a pref-
luorescent state with u photoionisation threshold [40]
remains an open question. The multiple pathways of
tryptophan photoionisation have also been discussed
by several other groups [18, 20, 42]. Ia addilior
Pyault er ol {86] report that in oxygen [ree aqueous
solutions @, vaiues for indole and tryptophan are con-
stant within the first absorption band which excindes
4 threshold process. In the second band B, increases
indicating that this process compeles with intersysiem
crossing 1o the triplet state, In a picosecond laser flash
photolysis study of aqueous solutions of tryptophan
and indole Mialocy of of. [68] found that the electron
was formed during the 20 ps pulse. It seems that for
the monephatonic photolonisation the electron orig-
inates from the unrelaxed first singlet state and not
the Aurcrescent state. Mialocg et al, (673 have also
shown that the phatoionisation of phenol, using u
265nm 27ps laser, occurs with high efficiency and
that this is best explained by a consecutive two pho-
ton process, the second photon being absorbed by the
eited singlet state S, The cffect of nucleatides and
potynucleotides on the photophysics and photo-
chemistry of tryptophan has been investigated in
aquecus solutions with 265 nm laser flash photolysis
by Le Doan [31]. The tryptophan triplet state and the
hydrated electron were found o be quenched near the
diffusion rate by the nucleotides, It secms possible
that such studizs coutd lead 1o 2 better understanding
of the interuction site between proteins and nucleic
acids, A series of papers have concerned electron
transfer between tryptophan and tyrosine in peptides
and protems using both the laser fash photolysis
technique [95] and the pulse radiolysis technigue
[84,85]. Thus 265nm luser excitation of oxygen-
saturated neutral 2quecus solutions of tryptophyl-tyr-
osine, tyrosyl-tryptophan and the diketopiperazine
derivative  C-tryptophyl-tyrosine showed electron
transfer feom tyrosine to electron-deficient tryptophan
with rates ~1-2 x {0% s ', The transfer rates in the
proteins  f-lactoglobulin and x-chymotrypsin  were
26 x 10°s” ' and 4 x 10%s~! respectively. Using the
pulse radiolysis technique the indole group was

oxidised with radicals such as Ny or Bry” and

the subsequent electron transfer then monitored,

Thus for a series of peptides of the Lype
tryptophyi-{glycyi),-tyrosine electron transfer rates of
T3, 51 and 24 x 10* 57! were reported for n = 0, |

and 2 respectively. The jow aclivation energy of the

process suggested an electron-tunnelling mechanism.

The consequence of these observations for the so-

called ‘selective radical-probe technigue’ in which

selective oxidising radicals such as Bri “are used to
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prebe the functional sites of proteins should clearly be
investigated.

The effect of ultraviolet and ienising radiation on
nucicic acids is closely linked 1o mutagenisis, carcinio-
gensis and radiotherapy. While earlier work [91]
using laser flash photolysis has allowed the meusure-
ment of a number of properties of the triplet excited
states of pyrimidines, their nucleosides and nucleo-
tides there have buen relatively fow reports of studics
by flash photelysis of DDNA bases during the period
covered by this review. However Arce ot of. [6] have
studied purine in acetonilrile and in water at various
pH values. The translents produced in water were
identified as the triplet state (with bands at 300, 310
and 390 nm), the hydrated eleciron and the radical
cation and anien of purine. In acetonitrile nio photo-
iemisation was detected but the shape of the triplet
spectrum was similar to (hat in water. Many of the
photophysical properties of thymine and uracil and
some nucleosides and nucleotides are well cstablished
but in order to further understand the excited state
ordering in pyrimidine bases Becker er ul. have stud-
ied boih by fluoresecence [12] and laser flash photo-
lysis [13] N,N' dimethylthymine (DMTH) and NN’
dimethyluracil (DMU). The & lor DMU and DMTH
in acetonitrile were reported as 0.02 and <0.04 (tran-
sicnt undetected) respectively, so that the @7 values of
NN dimethyl substituted molecules are at least
10-fold less than ¢4 of the unsubstituted molseules in
acetonitrile and rather similar to the ¢ values for the
unsubstituted melecules in water {H-bonding) sol-
vents, These results were taken as further confirima-
tion of the state orderings deduced by emission
studies {12].

Considerable work has continued on the role of
flavins in the oxido-reduction of cytochrome ¢ and
other components of the milochondrial electron
transport chain such as npicotinamide adenine dinoc-
leotide (NAD). Much ol the interest in Aavins derives
[rom their postulated role as ‘crossever’ points from
one-electron to two-electron reaction mechanisms in
biological redox systems. In the presence of electron
donors triplet excited flavin may be either onz-elec-
tron reduced to semiquinone or two-electron reduced
via a non-radical pathway [48] When cyt ¢ is also
present in such systems the reduction of cyt ¢ can
result. Salet et af. [93] have used laser flash photolysis
{353 nm) and pulse radswolysis 1o measurs the kinetics
of reduction of ¢yt ¢ by the semi-reduced form of
flavins. Thus flavin  mononucicotide  cadicals
(FMNH’), generated by excitation of FMN in the
presence of ¢lectron donors such as histidine, guano-
sine monephophate and EDTA, were found to reduce
cyt ¢ with rate constants near $ x 107 dm*mol~'s "1,
Mo quenching was observed (<2 x {07 dm*mol ™!
571 in the presence of ¢yt ¢ with no electron donor
cven though cyt ¢ is known 1o contain histidine sug-
gesting that histidine residues in eyt ¢ are not directly
accessible to excited FMN molecules. Salet et ¢l. also
report that *FMN is quenched by ground state mol-

gcules Ty ~ 1.6 % 10 dm'mol ™ s ') and estimate
first-order rate comstant by extrapolation to “zero’
ground state concentration of ~3 « 103 <71 These
data suggest thal ovl o reduction by Bavins may
involve not only reaction of fully reduced FAINH,
with oyt ¢ but also the imvobiement of PMINHY
Ground-state oxygen may abso play a role when
present in sufficient guantites by reucting  with

FMNH" to give O} which i turn can reduce o3t ¢

Lo addition o has been shown [ROCKT] that single
electron trimsier irom several NADH anulogues 1o
singlet excited oxygen can vecur, cibcently vielding
O}, Ahmad er al. T1] used luser Dush photolysis
(436 nmj tw determine the rate constants for the
reduction of horse heart evt ¢ by both semireduced
(FH'I and fully reduced (FH ™) forms of various flavin
anajogues. Tt was found for example, that substitution
i the dumethylbenzene ring of the flavin caused
appreciable changes in the rate constant whereas sub-
stitutton at the N-[0 position did not. The overali
results cun be accounted for by assuming that u coili-
ston leading to reaction between flavin and oyt ¢
requires an orientation (hat positions the aromatic
ring-N-5 region of the favin toward the haem crevice
and the N-10 pynmidine ring away from it. The
quenching of Mavin triplet states by aliphatic x-subati-
tuted acetic acids [27 such as pyruvate (kg ~14 x
07 dmimol 7 's7h, plyosylate (kg ~1.3 % 10%dm®
moi 5T N and lactale (kg ~335 x 108 dmimol™'s™ Y
has shown thal the triplet quenching ocours vittually
exclusively by a one-electron trausfer mechanism, and
extends earlier work shewing the saine mechanism,
when the z-substituent is an aromaiic group [46,75]
This work seems o supporl the contention that the
flavin sensitised photodecarboxyalation of such acid
proceeds via a radical mechanism rather than via a
twu-clectron mechanism {$7]. Two examples are now
established of two-electron reduction of flavin triplet
states, these involve reactions imvolving CN” and
BH;CN™ [48, 104, 105]. This work together with
interesiing studies on S-deazaflavin [38, 104, 1057 will
not be discussed here since they have been recently
covered in a previous Yearly Review [72]. A study of
ihe mechanism of the flavin sensitised photooxidation
of ascorbic acid using laser flash photolysis {347 nm}
has been reported by Heelis et of. [47] and has also
been reviewed by Miiller.

Ledbetter et al. (61] reported that the N, laser
(337 nm) cin be used to induce the key intermediate
of pyridoxal 3'-phosphate {vitamin Bg) catalysis of
transamination without the presence of an enzyme.
Recently Ledbetter er of [62] hawe exiended this
work to obtain the lifetime and activation energy of
the p-quinoid intermediate (characteristic absorption
band ~ 495 nm) of transamination. From the depen-
dence of lifetime on 1emperature the Arrhenivs acti-
vation energy {£a) for proton transfer was found 1o e
in the range 4.2-8.4 kI mol™! for various amino acid
side group substituents, Good correlations of Eg with
the amino acid side chain group substituent constants
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{107 were obiatned and the Ea values demonstrated
that malive sibstrates lve a very labile proton.

The naturally oceurring plesidines include luma-
zines and perins. The faner compounds are Tound
tiroughout ihe plant and animal kingdoms where
they oceur in very small concentrations. Recently
Chahidi ¢f of. [23) and Momzikoefl and Santus [69]
have used laser flash photolyas (353 nmj and fuor-
escence and phoespheresence to determing the photo-
physical parameters of 2-amino-dH3HY pleridinone
tpteriny and 2-amino-4-hydrosy-6(1".2"-dihydrexypro-
pyh-pteridine (1-biopterin) and (o study the photo-
sensitising properties with substates such as trypto-
phan. At pH 9.2 two transient triplet absorptions are
deteeted (1, ~0.3 s 12 ~ 2.3 e8] which are associated
with a triplet depratonation process [pKy ~9.3-10).
The longer lived triplet is characterised by ¢ ~02
and ep [550nm) =~ 2000 dmimel fom ! Tt reacts
with solvent forming the semi-reduced pterin with a
quantum yield of ~0.06. The photosensitising proper-
tics with respect to tryptophan, histidine. guanosine
and several other substrates are thought to impiy
singlet oxygen formation and/or dircet interaction of
the pterin triplet with the substrates.

Carotenolds huve been much studied by both Rash
photolysis and pulse radiolysis mainly because of
their roles in photosynthesis and hecause of their use
a5 drags (for cxample, f-carotene in the treatment of
erythropoictic protoporphyria). Retinyl polynes arc
alsa of inlerest both becuuse of their link to the visual
chromophores and also because of their use as drugs.
Many of the photophysical properties of carotenoids
have been well established for several years, However
the interaction of carclencids with singlet oxygen has
continued to be studied and Rodgers and Bates [$9]
have extended the earlier studies of Wilkinson and
Ho [109] in which the mechanism of the efficient
quenching of O:* (*A,) by carotenoids was shown to
involve elecironic energy transfer producing the care-
tenoid wiplet:

O, ('A) + Car— O, L) + *Car*

In general Rodgers and Bates found that for the
five carotenoids they studied the reaction rate con.
stants lie in the range 2.2-17.8 x 10 dm*mol "'s™!
and thus, like those carotenoids siudied by Wilkinson
and coworkers, must be regarded as efficient energy
acceptors where they can underge collisions with
singlet oxygen. In this situation the carotenoid triplet
is produced thus diverting the electronic energy of
singlet oxygen into states which decay via physical
channels so removing the potentiaily damaging
chemical reactions of singlet oxygen in biclogical sys-
tems. The variation in the second-order rate constants
measured by Rodgers and Bates (¢.g. zeaxanthin 2.8 x
10%dm*mol 157!,  fl-carotenc 138 x 10%dm?
mol™'s™' and  canthaxanthin 178 x 10*dm?
mol “'s™") are interpreted in terms of the different
8,-T, energy gaps of the carotenoids with respect to
that af the singlet oxygen donor, however this capla-

natien does not fit all the data reported. In addition
Lindig and Rodgers [63] have reported the rate par-
ameters for the quenching of singlet oxygen by several
witer-soluble and lipid-soluble substrates in aqueous
and micellur systems including several amino acids,
an analogue of 2-tocophenol (vitamin E), sodium
uzide and also f-carotene. For several yuenchers the
rite constanls reported are comparable to the values
found in homogeneous solution and where significunt
differences were found these were rutionalised accord-
ing to the individual case. However a particularly
unexpected resull concerned f-carotene which, in
micellar dispersion, did not react at all with singhet
oxygen. This may well be due to aggregution of the
carotenoid in water-rich mixtures and clearly shows
that the indiscriminate use of ff-carotene as a singlet
oxygen quencher in mainly agqueous media is goes-
tionable. Progress in our understanding of interfacial
electron transfer involving radical ions of f-carotene
{and diphenythexatriene} has been made by Almgren
and Thomas {4] using both laser flash photolysis
{347 nm) and puise radiolysis. The latter technigue
was used to study the radical ions of fl-carotene in
micellar solutions. In non-micellar solutions such as
Triton X-1) the radical anion is produced, while in
the piesence of CTAB the radical cation is also
formed. Similar trends were detected for fi-carotene in
vasicles. The yield of carotene radical anion itsell also
increases on the addition of CTAB to Triton X-100
micellur solutions and, also, it was noted that some
side reacton of the ¢, occurs on the addition of
CTAB {presumably with micelle-bound impurities of
the Triton X-100). The increased yield of radical
anien is interpreted by Almgren and Thomas as
showing thal the reaction sites for the electron are
located in the outer mantic region of the micelie, The
increased positive charge associated with the CTAB
can then be envisaged as uttracting the electrons
closer to the micelle where the carotene is located.
The yicld of carotene radical anion was also increased
on addition ol biphenyl to a Triton X-100 micellar
solution. The results show that eleciron transfer from
bipheny! radical to S-carotene occurs as a stricily
intramicellar process. Furthermore the kinetic data
show that the half-life of the growth of carotene radi-
cal is 3-5 us whereas the half-life for the decay of the
biphenyl radical when no carotcne is present is
~ 10 gs. This means that the rate constants for both
electeon transfer and deactivation are both about 10*
57" and, perhaps rather surprisingly, that the intrami-
cellur electron transfer process is slow. Almgren and
Thomas suggest that this may indicate different solu-
bilisation sites for carotene and the biphenyl radical
anion in the non-ioaic micelle. Other recent studies of
curotenoid triplets have shown that the triples-triptet
annihilation rate constant for P-carotene s
~3.6 x 10°dm’mol ™ 's™" [53]. Also Kuzmin et al.
[58] have studied the quenching of the retinal triplet
state by a nitrosyl radical and interpreted their results
in terms of jsomerisation oceurring in non-relaxed
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triplets or that triplets observed spectroscopically
decay by way of a single triplet stute which has a
small electronic energy gap to the ground state. The
isomerisation of retinal triplet isomers have also been
recently studied using resonance Ruman spectrascopy
107, 108). Much of the recent work on carotenoids
has concerned resonance Raman studies of carotenes
and Auorescence and Rush photolysis study of carote-
noporphyring. Typical examples of the time resolved
resonance Raman studies of the all-rrans-fi-carolenc
triplet state and the triplet states of several vther C-d)
carotenoids are prven hy Jensen of of. {32] and Jensen
and Wiibrandt {54] The f-caroiene spectrum is dis-
cussed in detuit and it is concluded that the Cest
double bond order is decreased and that the moleeule
may be substantially twisted at the 15,15 bond in the
triplet slate. Also. resonance Raman studies on (he
picosgcond time scale have jed Dallinger ef wi. [29]t0
conclude that the de-excitation liletime of fl-caruiene
singlet state is < | ps. This result appeirs 19 require
close conlinguity on the part of encrgy transferring
partners as in singlet singlet enerey transfer to
chlorophyll from carotenoid ACCERLOTY  pigments in
the photosynthetic antenna [§7). The Rash photolysis
{and fluorescence’ studies of caratenopoerphyeins have
concerned the mimicing of the antenna and photo-
protective carotenoid functions of carotenmds in
photosyathesis by studies of triplet (and  singlet)
energy transfer in the synthetic carotenoprophyrin
Thus Bensasson vi ol [167 have used laser Aush pho-
tolysis {333 nm) to show that, afler excilation. for
those molecules where fulding allows close interaction
of the caroienoid and porphyrin g-clectron systeim,
the carotenoid triplet appears within the time resolu-
tien of the equipment ¢ ~30ns) and the porphyrin
triplet cannot be detceted. However. where such a
conformation is precluded. the porphyrin triplet is
first observed and then decavs with & concomitant
irelativeiy slow) growing i of the carotenoid trplel.
Similar conclusions for singiet-singlet energy transfer
had been previously reported using Auorescence tech-
nigues [30,70]. These results clearly illustrate that
neither the protective role or the antenna function of
carotenods is achieved simply by placing a caro-
tenoid in the proximity of the porphyrin and that a
specific conformalion is also required. Clearly such
conclusions may aiso be of importance in the design
of synthetic solar energy conversion svslems.

The pyrrole pigments such as the chlorophylls,
photosynthelic antenna pigraents including phycohili-
proteins, metalloporphyring as modei systems, the
porphyrins relited to haem and myoglobin, the bike
pigments and those used m photothurupy such us hae-
matopurphysin constitute an enormous subject area
with very many studies by flash spectrasenpy. It oy
beyund the scope of the review 1o cover this vast
literature and instead typical references arc yuoted
for these individual topivs (ogether with o few
comments zefiecting some of the major themes of the
waork.

®

One clectron reduction of quinones (Q) by photo-
extited chiorophylls has been extensively studied and
recent work has concerned heterogensous systems so
as to understand the environmental effects on chioro-
phyll  photoelectron  transfer. Typical  work
[17.24-26.49,50] has concerned lipid bilayer sys-
tems, cellulose acetate fiims and aqueous micellar
solutions. Tt is found that quinone quenching of
chlorophyli (Chl) within a lipid bilayer is a diffusional
process resulting in the formation of radical iog spe-
cies. Efficient separation of these radicals is greatly
enhanced by electron transfer from the primary Q'
o another Q molecule at the bilayer-water interface
and that this leads 1 only a relatively slow rate of
reverse electron transfer. Such a combination of rates
cauld, of course, be valuable with respect to CNeTgy
storage sysiems. In addition te chlorophylls another
chiorin which has been studied by both conventionat
{us) and inser flash photelysis is bonellin [66], a
physiologically active pigment present in the marine
echuroid Boneltia virtdis. The singlet excited state was
shown 10 have an energy level of ~ 187 kJmol ™', &
lifetime of ~6.3ns and Auorescence quantum yields
of (LT and 0.2 at 298 and 77K respectively, The
lowest triplet energy level was estimated at
~180kI mol™" and the 8, — T, equantum yield to
be ~0.85 The iriplet was quenched by onygen and by
benzoguimone with secend-order rate constants of
~17 % 10%dm*mol 5" and  ~5.2 x 10° dm?
mol™'s™! respectively. The latier value may reflect an
electron transfer process. Matthews er ol [66] also
showed that copper bonellin has a markedly shorter
triples lifetime (<20 ns) which may account for ils
fack of photodynamic action. Bacteriochlorophyll (a
dihydroporphyrin has also been studied both by laser
fash photolysis [51] and resunance Raman spec-
troscopy [28]. The photophysical properties of tuc-
terivchlorophyll ¢ such as &, and & are substantially
different {lower) than for Chl & There have been
many studies by flush photolysis and pulse radiclysis
ol model systems related to photosynthesis and‘or to
solar energy research such as those invelving metalto-
porphyrins [8. 45, 55 82, 100] and porphyrin-qui-
none und porphyrin-porphyrin covalently linked S¥5-
tems [65, 73, 74, 76, 79]. The results show the import-
ance of orientation on the rate of electron transfer
and also suggest a reason for the apparent absence of
juinones as primary efectron ucceptors in phoiasyn-
thesis despite their use as secondary acceptors.

In the blue-green algac the anlenna proteins consist
of the phycobiliproteins, these molecules contain an
open chain tetrapyrrole covalently bound to an apo-
protein. The absorbed encrey ollows pathway from
c-phycocrythnn to Chl o as determined for example
by Porter er uf. [33]. Recent fluorescence [110] and
picosecond laser flash photolysis [33] studies are
interpreted in terms of the occurrence of singlet—sing-
fet annhilation intramolecularly among the several
phycobilin chromophores within the individual phy-
cobiliprotein molecules in solution
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The active centre of haemoglobin (Hb), which car
ries oxygen from the lungs to the tissue, 2nd myoglo-
bin (Mb), which slores oxvgen in red muscle and
transports it to mitochondria, is protohaem and it is
the ferrous iron of protohaem which binds the ligand
oxygen. Haemoglebin is an allosteric protein which
cxhibits cooperativity in the binding of oxygen, unlike
myoblobin, There have been many studies of Hb and
Mb by fAash photolysis, {for example ['14.27, 34, 35,
44,64, 77, 88]) and also by time resolved resonance
Raman spectroscopy, (for example [97,99.103]). In
addition there huve alse been several studies of proto-
haem and related iron-porphyrins us models systems,
for example [5,9. 19, 22, 98].

The major theme of the studies by flush phaotolysis
concern the binding of O to protohaem alone, and
CO and oxygen to Mb and Hb. For protohsem. the
rates of rebinding of CO as a function of temperature,
determined by laser flash photelysis, are interpreted
in terms of several barriers impediog the approach of
the ligand (o the haem iron. At low temperatwres
{ <13 K) the theoretical rebinding rate is much stower
than the experimental vatues, and this can be explain-
ing in terms of tunneiling. For Mb and the individual
subunits of Hb, similar conclusions have been
reached. The ligand dissociation from MbO,, MbCQ;
HbO, and HbCO occurs in the picusccond time
scale, and for HBO, and HbCO the dissociution
results in the formation of a species (Hb*) with a
broadened Hb-tike transient specicum The character-
istic stable deoxy-Hb is formed in 5 s with a Rrst-
order rate constant of ~0.5 x 10° 571 Time resolved
resonance Raman spectroscopy indicates that the Hb-
like photointermediate (Hb*) formed after deligation
15 a high spin Fe(II) haem with the iron atom in the
perphyrin plane.

Several time phuses of ligand rebinding to haemo-
globin have been reported, including an ultra-fast
geminate recombination and a biphasic recombina-
tion in the micro- and millisecond time range. The
ultra-fast process being understood in lerms of
random-walk diffusion of the ligaad in the protein.

As well as Hb there are twd other classes of oxy-
gen-carrying proteins, haemocyaning and haemeryth-
rins and Alberding ¢r af. [3] have extznded the appli-
cation of flash photolysis to haemerythrin, These
workers have shown that the dioxygen-iron bond in
this prolein is photosensitive and that the recombinu-

tion process is strongly dependent on solvenl vis-
cosity.

Laser fash phololysis has also been used to study
porphyrins such as protoporphyrin which cause skin
photosensitivity. these arising from a heritable error
of huem metabolism. The photophysical parameters
have been reported for protoporphyrin IX and its
dimethyl ester [94] and for several other related por-
phyrin esters [21]. In addition Lambert er al. [59]
have reported comparative studies vn haematopor-
phyrin and ihe so-called “hacmutoporphyvein deriva-
live’ which is proving uselul in the phototherapy of

@

malignant tumours [32]. In general the tripler yields,
lifetimes and energy levels [39] fall into a rather nuar-
row range so that it seems likely that the differcnces
in photosensitising effecls amongst the porphyrins
studied cannot readily be atiributed to different par-
ameters of the iriplet states.

Bilirubin {BR) is the product of huem catabolism in
humans and the study of the excited states of BR
continue to be investigated because of their relevance
1o the treatment of hyperbilirubinemia in the newborn
by phototherupy. Thus Sloper and Truscott [96] used
nanosecond laser flagh photolysis (347 nin) to investi-
gate the excited states of BR in a variety of environ-
meints. Quantum yields for BR triplet formation were
shown to be <0005 in several solvents and 10 be
~ 001 in bunzene. Although the yields of triplet for-
mation were found 1o be very low the photoisomeri-
sation process was shown (0 be fast in the solvents
studied 2nd also whea BR was bound to its iighest
aflinity site on human serum albumin, Greene et al.
{417 used picosecond laser flash photolysis to study
BR excited states. Transient absorption spectra,
recorded alter excitation of BR bound to HSA with a
0.5 ps pulse of 305nm light, decay with a lifetime of
~19psat 22°Cand ~ 35 ps ut 2°C. Similar data was
reported for BR in chioroform. Using this and other
data the authors conciude that configurationai 1so-
merisation of BR is the predeminant non-radiative
pathway that competes with pigment fluorescence and
that phuteisomerisation proceeds viz a short-lived,
partially twisted excited-singlet state intermediate,
The results alse imply that BR molecules remain rela-
tively unhindered with respect to photoisomerisation
when bound to HSA at its highest-affinity site.
Department of Chemistry T. G. TRuscoTT
Pajsley College
High Street
Puisley PAI 2BE, Scotlund, UK
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