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Abstract - The similarity of the photophysical (e. g., fluorescence
lifetimes) and photochemical (e. g., transients kinetic behaviour)
properties determined for differently-sized phytochromes (small: 60
kD, large: Ca. 114-118 kD, and native: 124 kU) indicates that the
first steps of the photochromic transformation between the two
thermally stable forms of the pigment, P(r) and P(fr), are reactions
of the conjugated tetrapyrrole chromophore interacting with protein
regions still present in small P(r). 1(700), the primary photoproduct
of P(r), with which it is in a photochromic equilibrium, decays
biexponentially within microseconds. These and further dark steps of
the transformation, taking place within milliseconds and even seconds,
might be proton transfers, conformational changes of the chromophore
and, in the last steps leading to P(fr), of the protein. A set of
parallel reactions from P(r) to P(fr) can best fit the kinetic data
available. In solution, the radiationless processes of the fully
conjugated stretched tetrapyrroles (serving as chromophore models)
mainly occur around the central C-10 methine group, while at an early
stage during the P(r) + P(fr) photoconversion a ZIE isomerization
takes place at the C-15 methine group of the chromophore. The protein
therefore appears to impair the twisting around C-10, creating the
very efficient energy wasting step responsible for the more than 80%
heat loss after light absorption by P() and by P(fr).

I NTRODUCT ION

Photomorphogenesis is the control of plant development by light, independent
of photosynthesis. There is a great number of photomorphogenetic responses
in the plant world, like germination, etiolation, synthesis of chlorophyll,
transport of sucrose, formation of hairs, production of enzymes, etc. (1).
The common property of these responses is their photosensitivity, with maximum
efficiencies at 665 ("red') and 730 ("far-red") nm. These wavelengths cor-
respond to the absorption maxima of the two photochromic forms, P(r) and
P(fr), respectively, of the photosensor protein phytochrome (Fig. 1) which

Fig. 1. Absorption spectra
of highly purified 124 kD
phytochrome in potassium
phosphate buffer (pH 7.8)
+ 20% ethylene glycol (2).

enables plants to detect the light quality and intensity of the environment
(e. g., spectral properties, start and duration of the day) throughout their
entire life cycle.
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The comparison of the most recently isolated phytochrome of 124 kD (3-5) with
the product of cell-free translation of phytochrome m-RNA indicates that the
124 kD form is indeed the native monomeric species (6). It is degradable to
species of smaller molecular weight which have spectral properties slightly
different from those of the action spectra (specially in the far-red form),
but which retain photoreversibility. The degraded phytochrome preparations
include a 60 kD photochromic piece (small phytochrome), isolated by conven-
tional protein methods (7), and a mixture of 114 and 118 kD molecular masses
(large phytochrome), isolated immunochemically (8).

While the constitution of P(r ) is known to include a linear conjugated tetra-
pyrrole, a dihydrobilitriene (9-11) which is linked through a thioether bond

Fig. 2. Structure of
phytochrome in its P(r)
form (9-11).

to the protein (Fig. 2), the structure of the physiologically active form,
P(fr) is not yet clearly established.

Only one tetrapyrrole chromophore is present per molecular unit of any of the
different phytochrome forms (small, large, native) (11). Considering that bi-
litrienes in the absence of non-denatured protein do not exhibit a photochro-
mism comparable to the P(r)-P(fr) interconversion, the nature of the pro-
tein-chromophore interactions and their influence on the photophysical and
photochemical properties of the chromophore are of fundamental importance.

Calculations (12,13) as well as comparison with models of known geometry -
porphyrins for a helically coiled form with a large ratio of the oscillator
strengths, D(UV)/D(Vis), and phorcabilin and isophorcabilin for a stret-
ched form (small D(UV)/D(Vis)) (14) - led to the conclusion that the
D(UV)/D(Vis) ratio is an indication of the conformational extension of the
conjugated tetrapyrrole backbone (15). Since this ratio is small in the case
of both photochromic forms of the phytochromes, the chromophore is assumed
to adopt a stretched conformation in either case.

In a chromopeptide fragment of eleven aminoacid residues, prepared by proteo-
lytic digestion of P(r), the configuration around the three exocyclic methine
bridges of the bilitriene was found to be Z. In the P(fr) chromopeptide pre-
pared similarly, the double bond C-14,15 exhibits an E configuration. While
the P(fr) fragment reverted to the P(r) chromopeptide on irradiation, the
direct reverse photoconversion was not possible. It was concluded that during
the photoconversion of the small, large, and native chromoprotein a z E
isomerization at C-14,15 takes place (16,17) which in the chromopeptide fray-
ment is possible only in one direction, P(fr) P(r). However, the double bond
isomerism alone cannot explain the spectral shifts between the two forms,
since the. P(fr) chromopeptide absorbs at a shorter wavelength than the P(r)
one (in contrast to the native protein, see Fig. 1). Neither can the several
intermediates produced during the transformation (18) be explained only on
the basis of a one—step isomerization. These intermediates have been detected
through their characteristic absorption spectra in vitro with small (19-21),
large (22-26) and native (2) phytochromes as well as in vivo in etiolated tis-
sues at low temperatures (27). The maxima lie between the maxima of the two
stable forms and much has been speculated about their nature (16).

Several processes can lead to changes in the spectral properties of a bili-
triene chromophore, e. g., configurational and other conformational changes,
proton transfer, electron transfer, and chemical modifications of the con—
jugated system such as addition-elimination reactions. Any of these could be
significantly assisted by interactions with the surrounding protein. Each in-
termediate should be the result of one or a combination of more than one of
these processes.

We have addressed ourselves to the question of the molecular basis of the P(r)



Phytochrome photochetnistry and photophysics 1155

P(fr) photochromism through the study of

(a) the emission properties of the two forms,
(b) the radiationless processes and the calorimetry involved,
(c) the kinetics of the transformations, and
(d) the photophysics and photochemistry of the chromophore model compounds.

This paper constitutes a progress report. Native phytochrome has only recently
been obtained in our laboratory (Fig. 1, (2)). Not all the measurements car-
ried out previously with small and large phytochromes have been yet repeated
with the more recent native protein (4).

THE EMISSION PROPERTIES OF PHYTOCHROME

The corrected fluorescence excitation spectra of small and large phytochrome
are not totally in agreement with the absorption spectra (cf. Fig. 3).

Wavetength [nmj

Fig. 3. Corrected fluores-
cence (—) and fluorescence
excitation (---) spectra
of large phytochrome in
potassium phosphate buffer,
pH 7.8, at 275 K (28).

As shown in Table 1, the fluorescence quantum yields (D(f)) for large and
small P(r) are quite similar at 275 K (28). This result is at variance with
a large difference reported earlier for 300 K (29,30). The difference in D(f)
of both P(r) preparations seems to depend somewhat on the excitation band.

TABLE 1. Fluorescence quantum yields of small (5) and large (L)
phytochrome in potassium phosphate buffer (pH 7.8) at 275 K (28).

(exc) (f,exptl).1O3 (f,corr).1O3a

5P(r) L-P(r) S-P(r) L-P(r)

640 nm 5 ± 1 3.3 ± 0.3 1.5 ± 0.3 2.0 ± 0.2

380 nm 3.4 ± 0.7 2.9 ± 0.3 -

a
Corrected for impurity emission, see text.

This is consistent with the fact that the O(UV)/D(Vis) ratio is larger in the
excitation than in the absorption spectra. One possible reason may be the
'anomalous' emission (Fig. 4) (31). It originates from a contaminant produced
most probably upon addition of a nucleophile (from either the surrounding
protein or the solvent) to C-1O, the lowest-electron density position of the
tetrapyrrole, affording a bilirubin-type chromophore with one of the dipyr—
rolic moieties exhibiting an absorption maximum at 380 nm and properties
similar to those of a dipyrromethenone (half bilirubin). An analogous
"anomalous" emission, due to a nucleophilic addition at C-1O, has been found
in the case of the model compound biliverdin dimethyl ester (32). It is not
possible to correct for this contaminant since its absorbance is not known.
Its contribution to the emission intensity in the blue region depends on the
phytochrome type (Fig. 4). Since a dipyrromethenone, when associated to
albumin, increases its emission yield about 25 times over that in solution
(33), the emission efficiency of the "anomalous" emission is possibly also

Wavenumbers [cm11
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large and the concentration of the contaminant low.

Wavelength nm]
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Fig. 4. Corrected spec-
tra of the "anomalous"
fluorescence of small

- and large phytochrome
' at 275 K in potassium

phosphate buffer (pH
7 . 8) . S : (—) " Anoma-
bus" and (. . ) normal
fluorescence, and (---)

w
" anomalous" fluores-

. cence excitation of
small phytochrome. L:
(—) "Anomalous" and
(...) normal fluores-
cence, and (---) "ano-
malous" fluorescence
excitation of large
phytochrome (31).
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Another possible reason for the difference between the absorption and the
excitation spectra of P(r) is the presence of other red-emitting components
different from intact phytochrome. These compounds were, in the large phyto-
chrome samples, less than 10%, as revealed by component-resolved lifetime mea-
surements. They have, however, longer lifetimes, thus contributing to up to
40% of the fluorescence intensity in the case of large P(r) and even more in
the case of small P(r). The lifetime of the main component of the emission
is 45 ps for both molecular weight samples at 275 K. With this value at hand
and the relative contribution of this component to the total emission yield,
the yield determined by static methods [Table 1: D(f,exptl)] could be cor-
rected [Table 1: (f,corr)]. The corrected value for large P(r) is in agree-
ment with that reported by Hermann et al. for rye phytochrome at 293 K (34).

Considering that the radiative lifetime of P(r), calculated from the oscil-
lator strength, is 20 ns (30) and that the experimentally determined lifetime
is 45 ps, a theoretical quantum yield of 0.0023 can be deduced. This value
is in line with the above-mentioned corrected yield obtained independently.
In this mai1ner, a consistent set of photophysical parameters could be calcu-
lated for small and large P(r). They do not differ at 275 K, which indicates
that, at least at this temperature, the additional ca. 60 kD protein piece
does not change the nature of the radiationless processes.

In a red-light equilibrated sample composed of P(r) and P(fr) the same main
decay component was observed in the proportion expected for the 20% (35) of
the P(r) component. A fluorescence lifetime of P(fr) could not be detected,
most probably because it is considerably shorter than 20 ps. This indicates
that the radiationless processes are faster in the physiologically active
P(fr) form of the pigment than in the dormant P(r) form.

Taking into account that the overall photochemical yield of the P(r)
P(fr) conversion is between 0.1 and 0.2, depending on the molecular weight
(4,36), and that the fluorescence yield is in the order of 0.001, more than
80% of the excitation energy is dissipated as heat. This can be studied
through optoacoustic spectroscopy.

X 380
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THE RAD1AT1ONLESS PROCESSES OF P(r) and P(fr)

The action spectrum (optoacoustic spectrum, OAS) of the promptly dissipated
heat at 275 K by a solution of small P(r) from oat upon excitation by 15 ns
laser pulses of different wavelengths was determined by recording the acoustic
wave generated in the medium (Fig. 5) (37,38).
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Deviations of the OAS from the absorption septrum around 610 and 700 nm indi-
cate the build-up of photoproduct(s) absorbing part of the energy of the laser
pulse and contributing to the heat evolved within the pulse duration and up
to 0.5 ps, the time resolution of the experiment.

These experiments establish that

(a) 1(700) (lumi-R), the transient characterized by flash photolysis of small
(19-21), large (22-24), and native (2) P(r), representes the first in-
termediate stage in the path to P(fr) at 275 K,

(b) the photochromic relation between 1(700) and P(r), which had already been
demonstrated to exist in the large phytochrome system (39), is set up within
15 ns of the excitation of small P(r) (in fact, all experimental evidence in-
dicates that the same mechanism of phototransformation operates in the dif-
ferently-sized phytochromes; this important aspect will be discussed in more
detail in the next section), and

(c) 1(700) contains ca. 140 kJ/mol more internal energy than P(r) (Fig. 6).

>
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Fig. 6. State diagram of
P(r) and the primary photo-
product 1(700), including
rate constants for physical
and chemical excited-state
deactivation, and the cal
culated internal energy con-
tent difference between P(r)
and 1(700). The values for
lg 1< and lg k can be cal-
culaed as 10. and 9.5
(from 1< in us), respec-
tively (38).
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Fig. 5. Absorption
spectrum (—) of small
P(r) and action spectrum
(...; normalized at 665
nm) of heat emission
(OAS) after laser excita-
tion (38).
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This value was calculated assuming that the prompt heat dissipation around
590 nm (90% of the absorbed energy) is only due to P(r), with no contribution
from the intermediates (note a), and that the quantum yield for the production
of the first transient(s) is 0.13 for small P(r), i. e., the same as that for
the production of the final product, P(fr) (note b) (39). The heat measured
after excitation at 590 nm thus includes the internal conversion of excited
P(r) and the exothermicity involved in the production of the first in-
termediate(s).

The P(r) 1(700) photochromic system may play an important role in deter-
mining the final concentration of the species triggering the photomorpho-
genetic processes in vivo, at sufficiently high radiant power. This could be
shown, e. g., in germination induction experiments with lettuce seeds using
laser pulses of different wavelengths (42): a 690 nm pulse initiated less
germination than a 620 nm pulse, after due consideration of the differences in
P(r) absorbance. This is explainable by the photoreversion of the first inter-
mediate, 1(700), within the 15 ns laser pulse to starting P(r), thus impairing
the formation of P(fr). Similar conclusions were drawn from in vivo experi-
ments using millisecond and microsecond flashes (43).

Since no excess" heat is detected in any spectral region (Fig. 7), upon
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Fig. 7. Action spectra for heat emission (OAS) from laser-excited P(r)
(---) and P(fr) (-.-.-), corrected for the absorbed light energy by
calibration with copper chloride (...). The heat emission data for
P(r) are taken from Fig. 5 (38).

irradiation of P(fr), either no early (< 0.5 p5) intermediates are formed or
they do not lead to any prompt heat dissipation.

The difference between the heat emission and the absorption spectrum recorded
for P(r) in the 610 nm region is due to either an absorption band of I(ioo) or
another transient absorbing in this region. These two alternatives will be
discussed in the next section.

Information about the primary photoprocesses of both final species can be
obtained from a comparison of the prompt heat dissipations. On the one hand
P(r) emits, upon excitation with 660 nm, about 10% less heat than P(fr) (Fig.
7). This may reflect the fact that the yield for P(r) P(fr) is higher than
that for the reverse reaction (35,36). On the other hand, the fact that the
prompt heat dissipation by both final species is of the same order of mag-
nitude and that P(fr) fluoresces at least ten times less efficiently than P(r)
(28) means that the rate of internal conversion to ground state is larger for
the former.

Note a: In the 590 nm wavelength region the transients essentially do not
absorb, at least at low temperatures (26).
Note b: This value was calculated using the quantum yield for P(r) P(fr)
reported by Butler et al. (35), and the new value for c(mx, P(r)) recently
obtained by Litts et al. (5) for native phytochrome. This absorption coeff i-
cient agrees with the values for small and large phytochromes (40,41).

Cu Cl2N
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Preliminary results on laser induced OAS of native P(r) indicate the same
general features as those of small P(r). However, a quantitative comparison of
the heat released is not yet possible (44).

THE KINETICS OF THE PHYTOCHROME PHOTOTRANSFORMAT1ON

Although the occurrence of microsecond and millisecond intermediates in the

phototransformation paths P(r) P(fr) at different temperatures is well do-
cumented (16-27), there are open questions related to their structure, the
activation parameters involved in the transformations, and the influence of
the (variable) size of the protein attached to the chromophore.

Since the phototransformations are monophotonic all transients succeeding the
first one must arise in dark reactions. It is generally accepted, although
not definitively established, that the intersystem crossing yield in phyto-
chrome is very small. The most rigorous arguments are derived from a compa-
rison with the biliverdin model chromophore (45).

The time-resolved difference spectra obtained upon nanosecond laser excitation
of small P(r) at 275 K are shown in Fig. 8.

Fig. 8. Time resolved transient spectra taken immediately (—o--o—),
60 ps (-A-A-), and 1000 ps (xx.) after irradiation of small P(r)
with 15 ns laser pulses. A(exc) = 640 nm (2). The points were
extracted from the decay traces. Each trace was an average of 25 de-
cays.

The corresponding spectra obtained with large phytochrome are very similar
(22,39), and the results from native phytochrome indicate that in this case
the spectra are not different either (2).

The information on the kinetics of the phototransformation accumulated up to
now favours parallel paths leading from P(r) to P(fr), at least in vitro at
temperatures from 273 to 300 K. Scheme 1 explains the fast decays of the
transients formed upon excitation of P(r). It includes the back phototransfor-
mation of 1(700) (38,39,42,43). It is a modification of a scheme postulated
to account also for the appearance of P(fr) (23).

kii
1(700)11

k(12) _______I(bI)/2 P(fr)

k13 I(bI)/3/

Scheme 1

1(700), also called lumi-R (18,27), represents the first absorbance difference
immediately after the flash with an absorption maximum around 700 nm. Accor-
ding to the OAS studies (38), this species possesses 140 kJ/mol more internal
energy content than the P(r) starting material.

From low temperature studies (46) it was concluded that the Z -' E isomeri-
zation around C-14,15 takes place in the early stages of the P(r) + P(fr)

2
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590 610 630 650 670 690 710

Wavelength mm

hv
P(r

hv
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transformation. It could, in fact, be the primary photochemical step leading
to 1(700) within picoseconds. In scheme 1, the two species 1(700)/i and
I(ioo)/2, rather than only one homogeneous 1(700) primary product are made
responsible for the biexponential decay, since there is no kinetic evidence
in favour of a sequential scheme with I(ioo)/2 arising from I(ioo)/1.

In a kinetic analysis of the flash photolysis results of small and native
P(r), the decay curves at different analyzing wavelengths were fitted for up
to 2 ms with a sum-of-single-exponential-decays function,
F(t) = : A(i) exp (-t/-r(i)) (47). The biexponential decay at 695 nm (maximum
of the difference spectrum; see Fig. 8) was the same for the I(ioo) of both
P(r )s, with lifetimes of 20 and 200 ps at 275 K and relative abundances of
0.4 and 0.6, respectively.

This indicates, in accordance with previous observations, that the first
intermediates are modifications of the chromophore independent of the size
of the whole protein. Judging from the similarity of the coefficients the ex-
istence of two decay paths from 1(700) must be an inherent property of phyto-
chrome and not, as suggested, a result of a heterogeneity in molecular size
(23) . Of course, one possibility is that in all phytochrome preparations
(small, large, and native) two different isomers are contained. These isomers
could be different orientations of the chromophore in the protein or two
chromophore conformations. They would automatically lead to more than one set
of intermediates even by the most simple linear mechanism. However, all
available photophysical data suggest, albeit not conclusively, that there is
an homogeneous phytochrome chromophore population. Alternatively then, the
two decays could also derive from two different pathways of excited P(r ) to
two products, I(ioo)/1 and 1(700)/2. Note that in this case z -' E isomeriza-
tion could only be responsible for one of these intermediates, at best.

The activation parameters for the fast [k(11)] and slow [k(12)] decay com-
ponents of 1(700) for small and native P(r) in the temperature range 275-298
K are the same, E(a) 58 ± 5 kJ/mol and in A = 35 -I- 1 (A in 1/s units). This
further supports that the degradation of native to small P(r ) does not affect
the chromophore site in the protein (2).

Most probably the further steps in the P(r) P(fr) transformation involve
proton transfer(s) and/or conformational changes of the chromophore and, in
the last stages leading to P(fr), of the protein. Circular dichroism measure-
ments within the protein absorption band have not shown a difference indica-
tive of a change in conformation of the aromatic aminoacids upon phototrans--
formation (12). The protein changes might be too small to be detected by this
method.

I(bl) (Scheme 1) is a bleached intermediate with a lower absorption coef-
ficient in the red spectral region, which was suggested to decay with three
rate constants to P(fr) to account for the stepwise appearance of the latter
(23). It has also been called meta-Rb (18), and its low red absorption coef-
ficient (26) has been interpreted in terms of a helically coiled chromophore
conformation similar to that adopted by free bilitrienes. It was further spec-
ulated that, in the process of this transformation, the chromophore partially
detaches itself from the protein (perhaps loosing a hydrogen bridge) to re-
accommodate into the P(fr) situation (12). At low temperatures and under
dehydrating conditions another intermediate (meta-Ra) seems to be produced
between iumi-R and I(bl) (16,18).

It is not known whether the protein size has any influence on the later steps
of the transformation leading to P(fr). The question remains to be studied.

No bleaching mirror image of the P(r) absorption is observed in the 6 10-620 nm
region in the difference spectra recorded directly after flash irradiation
(2,19-23,39). This can be attributed to either of two reasons:

(i) The disappearance Of P(r) absorbance is compensated by a concomitant in-
crease in transient absorbance. This would be consistent with the difference
between the optoacoustic and the absorption spectra in this region (Fig. 5).
However, the absorbance differences at 695 nm and around 620 nm exhibit dif-
ferent kinetic behaviours. The decrease in the 695 nm region is coupled to
(i. e. , occurring with the same kinetics as) a very small increase around 620
nm for small and native P(r) (2). This could only be discovered through the
use of our signal averaging facilities and data analysis programs, considering
the very small absorbance changes observed (A ca. 0.001). The differences
in both regions, therefore, may well be attributed to two different sets of
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species, both primary photoproducts of P(r), i. e., the I(?oo)s and another
one, (I(sio)), with art absorption maximum at 610 rim and a lifetime in the mil-
lisecond range. Within the frame of this interpretation, either 1(700) would,
in turn, have to convert also into 1(610) at a later stage in order to explain
the delayed increase in this region, or there is a partial back reversion in
the dark of both 1(700 )s to P(r).

(ii) The disappearance of P(r ) absorbance is compensated for by an increase in
1(700) absorbance, the decay of which cannot be observed because 1(700), in
turn, proceeds to a transient having similar absorption coefficients as 1(700)
in this spectral region (26). The abovementioned increase at around 610 nm
would mean, in the frame of this interpretation, that I(bl), the transient
produced from 1(700), has a slightly larger absorption coefficient in this
region.

Both interpretations need accidental correspondence, within the detection
limits, of the absorbance at around 610-620 nm of two (case i) and even three
(case ii) molecular entities. The first interpretation, however, would be more
in accordance with the observation of the stepwise appearance of P(fr) (23).
Such a behaviour can only be accommodated by a parallel set of reactions
transforming P(r) to P(fr) (Scheme 1) including an 1(610) intermediate.

THE PHOTOPHYSICS AND PHOTOCHEMISTRY OF THE CHROMOPHORE MODEL
COMPOUNDS

The molecular characterization of the intermediates will only be possible
through a detailed understanding of the photophysical and photochemical pro--
perties of model compounds. Pursuing this purpose, we chose biliverdin
dimethyl ester (BVE) which differs from the phytochrome chromophore in the
degree of saturation of one of the terminal rings (Fig. 9).

Our work of the past years on this subject, recently reviewed (48), shall be
outlined briefly here.

R R

BVE-IX BVE-tXy

BVE-XUIa BVE-IXÔ

R = CO2CH3

Fig. 9. Constitution of the dimethyl esters of biliverdin IXct (ByE),
XIIIc, IXy, and IXÔ.

Using 1H—NMR, absorption, fluorescence, fluorescence excitation, and medium
induced circular dichroism of EVE, its protonated form, and of some of its
constitutional isomers (e. g., of BVE--XIIIci), it was shown that in diluted
solutions, and when embedded in lipid membranes, bilitrienes are present in
two forms. In neutral solutions one of the forms, helically coiled z-syn,-
z-syn,z-syn, emits in the far-red (around 710 nm), shows a large induced cir-
cular dichroism, a large D(UV)/D(Vis) ratio in the fluorescence excitation
spectrum, and a large Stokes shift. The other one, a stretched (family of)
form(s) emits in the red (around 660 nm), shows a poor induced circular di-
chroism, a smaller D(UV)/D(Vis) ratio in the fluorescence excitation spectrum
as well as a narrower and more structured red excitation band, and a smaller
Stokes shift. The relative population of the various forms is medium and
temperature dependent (49,50).

Picosecond spectroscopy has helped to understand the nature of the radiation-
less processes undergone by the two forms of BVE (51). The helically coiled
short-lived (ps lifetimes) lose their energy through proton transfer (intra-
molecular oscillation between the nitrogens of rings B and C) and conforma-
tional changes, such as twisting around the bonds linking the rings, most
probably around the C-1O methirie groups.



1162 S. E. BRASLAVSKY

The stretched forms are more rigid, their lifetime being in the nanosecond
time range. This rigidity is an inherent property of the bilitriene skeleton
(i. e, the protein is not needed for this purpose). The relaxation processes
of the stretched skeletons are E,Z isomerizations occurring selectively at
the C-10 position, as was concluded in a study of the photocyclization of the
BVE-1X1 and -IXö isomers (Fig. 9), possessing a vinyl group adjacent to C-b
(48,52,53). These are the only isomers undergoing this type of photocycliza-
tion, yielding phorcabilin and neobiliverdin IXö (NVE-IX6), respectively (see
Figs. 10,11). The reaction exhibits a strong ground state conformation-selec-
tive reactivity, as evidenced by a marked wavelength dependency. The reaction
efficiency is the highest at the wavelengths where the stretched conformers
absorb (ca. 580 nm) and decreases drastically at 640 nm, which is the maximum
of the absorption envelope, and at which wavelength the stretched species do
not appreciably absorb (Fig. 10).

Wave'ength [nmj

350 400 450 550 650 800

Fig. 10. Corrected fluores-
cence and fluorescence exci-
tation spectra of BVE-IXö
in dimethylsulfoxide
(0.000033 M) at room tern-— perature. B: Predominantly

• — stretched BVE-IXÔ; C: pre-
I dominantly coiled BVE-IXÔ.

A: Absorption spectrum. The
I amplitude of the longer-

wavelength emission band (C:
V) is Ca. 0.05 of that of
the shorter-wavelength band
(B: V). D: Relative quantum
yield, 'l(rel), for the for-
mation of NVE-IXÔ, as a
function of irradiation
wavelength (53).

0

Z-syn,Z-anti, Z-syn Z-syn, E'-syn Z-syn

BVE-IXÔ (R= CH2CH2CO2CH3)

A h Fig. 11. Possible primary
steps of the photocycliza-Q tion of stretched forms of

/
— R BVE-IX6 to neobiliverdin

/
N / \ o IX6 (NVE-IXö). No change

A N R A N N in symmetry takes place
H H within the partial struc-

10 II tures A/B and C/D (48,53).

0
— N\

A N R

NVE—IXÔ (R= CH2CH2CO2CH3)

This is undoubtedly due to the substantial predominance of the far-red absor-
bing coiled conformation above 630 nm and, implicitly, to the greater reaction
efficiency of the stretched species. The absorption spectrum of each species

300
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is revealed by the fluorescence excitation spectrum (Fig. lOB and C). Since
the coiled species is the most abundant in most solvents, the absorption spec-
trum (Fig. 1OA) is essentially that of this form.

In dimethylsulfoxide the efficiency of photocyclization is the highest. This
is a consequence not only of the higher relative abundance of stretched spe-
cies in this medium, but possibly also of a better stabilization of the ex-
cited state and of the ability of dimethylsulfoxide to facilitate the proton
transfer needed to arrive to the final product (Fig. 11) (53). The quantum
yield calculated on the basis of the absorption envelope is very low (ca.
0.00001) (52). However, this value does not consider the (unknown) relative
population of the reactive species. Thus, an evaluation of the absolute effi-
ciency of the photocyclization is not possible at the moment.

In the case of BVE-IXx, photolysis at low temperatures leads to changes in the
absorption spectrum which disappear on heating to room temperature (49). While
on irradiating at room temperature no spectral changes are observed, laser
induced OAS has shown that at high dilutions a short-lived energy storing spe-
cies is formed, which returns to the ground starting material with lifetimes
shorter than milliseconds (54) . This species should be the C-1O E isomer.

CONCLUSIONS AND FURTHER CONSIDERATIONS

The results of the photochemistry of the biliverdins can be rationalized by
assuming that in each case the stretching of the coiled form is confined to
transformations within the B/C moiety while the geometry around the other two
bridges is retained. In the case of the stretched bilitriene skeleton the 1OZ
-+ bE isomerization plays an appreciable role as a radiationless deactivation
process.

The fluorescence lifetime of the stretched BVE form is ca. 1.9 ns (51),
similar to that of C-phycocyanin (55). Although in both cases the chromophore
is in a stretched conformation, the similarity in lifetimes should not any
more be speculated upon for the moment, since the high flexibility of the
bilitriene skeleton can lead to several possible stretched forms exhibiting
similar lifetimes. The value of 10.3 for ig k1 [Fig. 6; the internal conver-
sion rate constant of excited P(r)], calculated from the fluorescence lifetime
of 45 ps (28) and the prompt heat dissipation (38), indicates that a chromo-
phore-protein interaction leading to an efficient energy wasting step occurs
in the case of phytochrome (small and large). This process does not seem to
play an important role in the case of C-phycocyanin.

While no photochemical reaction at C-S or C-iS of the bilitrienes could be
found, such reactions occur in the bilirubin chromophore which is saturated
at C-1O (48,56), in bilirubin-type chromophores produced by nucleophilic addi-
tion to C-b of verdins (57), and in C-b rigid molecules, e. g., phorcabilin
(58,59). The E isomers obtained in the first two cases are more stable and
much longer-lived than the C-1O geometrical isomers of the verdins, detectable
only either at low temperatures or, indirectly (49,54), at room temperature.

The fact that at some stage during the P(r) ' P(fr) transformation [between
P(r) and I(bl) (47)] a C-iS isomerization should take place (16) must be
related to the already mentioned protein-chromophore interactions, which in-
hibit the movement within the B/C moiety. Hydrogen bridges between the nitro-
gens of rings B and C and aminoacid groups might keep the 13/C moiety of the
phytochrome chromophore in an rigid conformation, thus impairing twisting
around C-b and creating, as a sacrificing process, the very efficient energy
wasting step (hydrogen oscillations) responsible for the more than 80% heat
loss after the absorption of light. This mechanism might have evolved out of
the necessity to provide for longer-lived species, able to interact with the
protein or, eventually, with other cellular parts (60). The increase of P(r)
fluorescence yield in deuterated medium would be consistent with this inter-
pretation (61).

Finally, the chromophore-protein interactions must take place in regions still
preserved in small phytochrome, since the photophysics and the transient kine-
tics in the earlier stages of the P(r) P(fr) transformation - when the
chromophore transformations take place (16) - are independent of the protein
size.
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