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Open-chain tetrapyrroles, such as phytochromobilin (1)
and phycocyanobilin (2), serve as chromophores in a number
of chromoproteins. Their photoreactivity is largely regulated
by the protein environment. Whereas 2 functions as an

HO,C CO,H

1 R=CHj, R'= CH=CH,
2 R=CHg, R'=CH,CH,4
3 R=CH=CH,, R'=CHj,4

antenna chromophore in the light-harvesting pigments of
cyanobacteria,l'l 1 is the chromophore of the plant photo-
receptor phytochrome,? where it reversibly photoisomerizes
around the C;5—C;; double bond thereby converting the
physiologically dormant P, form into the active Pj, state.?
This photochromic control, triggered by a double-bond
isomerization, is not restricted to 1. For example, 2 in the
phytochrome of the alga Mesotaenium caldariorum functions
as a photochemical trigger analogous to 1.1! Furthermore, 2
can also assume this role in recombinant phytochromes of
higher plants.’! In all these photoreceptors, the chromophore
is invariably bound by a covalent thioether bond to a cysteine
residue of the protein.

We have now explored whether covalent chromophore
bonding to the apoprotein is a prerequisite to the phototrigger
function. We find, for the first time, that such is not the case.
Rather, the chromophore binding pocket of the apoprotein
can accommodate a chromophore sufficiently well to control
the host—guest interactions driving the P,2 P, photocycle,
without the need for covalent bonding.

The boundary conditions for the influence of the protein
matrix on the absorption and photochemical properties of the
phytochrome chromophore have not yet been studied thor-
oughly. The regioselective double-bond photoisomerization at
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C-15 in the protein-bound form of open-chain tetrapyrroles,
such as 1 and 2, is attributed to a steering effect of the
surrounding protein matrix. In homogeneous organic solu-
tions they are presumed to preferentially photoisomerize
around the C-10 double bond.l’! Moreover, the 10E isomer of
2 is thermally unstable and reverts to the Z form within
nanoseconds at ambient temperature.[>7]

It has also been found that the phytochrome A (phyA)
photochromism is influenced by only a few amino acid
residues,®l and that both ligation of 2 to the apoprotein and
photochromism depend critically on the two propionate side
chains of 2, which appear to position the chromophore prior
to binding and to maintain its conformation.[® Furthermore,
we have shown! that variation of ring D substitution in the
phytochromobilin isomer 3 is tolerated in the P,/P; photo-
cycle, while the absorption maximum of the P; form is
selectively blue shifted (that is, shifted to shorter wave-
lengths).

Finally, the significance of this study using a phytochrome-
like protein with a covalently nonbonding chromophore is
accentuated by the fact that a bacteriophytochrome has
recently been found!'"” which possesses a histidine rather than
the usual cysteine at the site for covalent bonding and, thus,
broadens the native structural variability of the phytochrome
family.

When recombinant oat apophyA 65! was incubated with
4, a methanol adduct to 2,[?l the chromophore was embedded
in the apoprotein. The resulting complex, apophyA 65/4,

HO,C CO,H

proved capable of undergoing a photoreversible transforma-
tion reminiscent of the phytochrome photocycle (4., =643
and 705 nm, somewhat blue shifted but analogous to the P,
and P; forms of recombinant phyA 65-2, respectively; Fig-
ure 1A), even though the methanol addition blocks the
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Figure 1. P, and P, absorption (A) and P-P;;, difference absorption spectra
(B) of recombinant oat phyA65-2 (dashed lines) and apophyA 65/4
complex (complete lines), after saturating red and far-red irradiations.
The spectra of phyA 65-2, as shown here, were recorded in the competition
experiment with apophyA 65/4 and 2.
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attachment site (C-3') on the chromophore and prevents
covalent bonding of 4 to the apoprotein (Scheme 1014).[13]
Repetitional cycling at appropriate irradiation wavelengths
(A=614 and 714 nm for excitation of the P and P-like forms,
respectively) did not cause any loss of the 643 and 705 nm
absorbances.

[321)
'

. N s
., -, KI:I:I H L--\.:'_.-_j y
o, - s

Cors[321)

CHO I5H e

",
TOH

T - - ,
e, DOH COH S
. H
", Vi
o :
Lol
phyABE 4 oomplex

Scheme 1. Schematic representations of the chromophore pockets of P,
phytochrome!'¥l (top) and the P -like apophyA 65/4 complex (bottom). The
arrows indicate the Z —FE double-bond photoisomerization that leads to
the Py, forms.

The noncovalent incorporation of the methanol adduct in
the apophyA 65/4 complex was demonstrated conclusively by
a competition experiment. Upon addition of 2 to the P-like
form of the complex under conditions known!'">¢ to bring
about spontaneous covalent bonding to the apoprotein, the
methanol adduct 4 was promptly replaced in the binding
pocket. The familiar chromoprotein, the P, form of phyA 65-
21 was formed instead (Figure 1) and was capable of
undergoing the characteristic P,/P; photocycle (recombinant
phyA 65-2: A, =653 nm for P, and 718 nm for P[1el).

The absorption intensity of the Py-like form of apophyA 65/
4 is somewhat lower, relative to P,, than is customary for the
P, forms with covalently bound chromophores (1 or 2), and
the spectral shape suggests the presence of more than just two
absorbing components (Figure 1A). Nevertheless, in the
difference absorption spectrum of apophyA 65/4 (Figure 1B),
the intensities of the P- and P;-like features are comparable
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to those of wild-type phytochromes. The greater breadth of
the absorption bands, relative to those of P, and Py, possibly
reflects a wider conformational population of chromophores
in the binding pocket than is encountered in the phyto-
chromes. It transpires that the covalent bonding to Cys321
(the binding position in the oat phytochrome) is essential for a
conformationally uniform incorporation of the chromophore
into the protein. Undoubtedly, this arrangement is further
supported by hydrogen bridges and dipolar interactions. In
the absence of the covalent bonding, these nonbonding forces
are insufficient to selectively provide the optimum conforma-
tion. Nevertheless they are good enough to ensure an
arrangement which is reasonably stable—albeit one which
allows exchange of the methanol adduct 4 with the unsatu-
rated phycocyanobilin (2)—and is capable of performing a
phototrigger function that mimics the phytochrome photo-
chromism.

Experimental Section

Compound 4: 2 and 4 were obtained from Spirulina platensis upon
methanolysis in the routine preparation of 2.'1 After treating the
lyophilized cyanobacteria (500 g) for 16 hr with refluxing MeOH under
argon in the dark, the bilin extract was purified by reverse-phase column
chromatography. Preparative HPLC (Chromasil RP-18, 1 mLmin™,
MeCN:phosphate buffer(7:18, 7.5 mm, pH 7.6)) separated 2 and 4 (12:1).
Acetonitrile was removed from the latter fraction in vacuo and the residue
was extracted with CH;Cl:MeOH (19:1). Compound 4 was crystallized
from CH,Cl,:n-hexane at —70°C. UV/Vis (100 mm Tris, 200 mm NaCl,
10% glycerol, 0.2% DMSO, pH 8.0): A,.,=348, 593 nm. 'H NMR
(500 MHz, C,DsN, 'H/'H-COSY): 6=124 (t, JJ(HH)=752Hz, 3H;
H,C-18%), 1.31 (d, %/(H,H)=6.30 Hz, 3H; H;C-3%), 143 (d, /(H,H)=
7.35 Hz, 3H; H,C-2'), 1.97, 2.07, 2.12, 3.30 (4s, 3H each; H;C-7', -17', -13',
and H;CO-3', respectively), 2.49 (m, 2H; H,C-18'), 2.78, 3.06 2m, 1H
each; HC-2 and -3, respectively), 2.85 (m, 4H,; H,C-8 and -12?), 3.10, 3.18
(2t, 3J(H,H) =742, 723 Hz, 2H each; H,C-8' and -12}, respectively), 3.75
(m, 1H; HC-3"), 5.68, 6.06, 730 (3s, 1H each; HC-5, -15, and -10,
respectively); the signals were assigned by decoupling and NOESY
experiments. HR-MS (ESI positive ion mode): C;,H,,N,O,Na [M*Na]:
calcd 641.2951, found 641.2999.

The structure of 42 was confirmed by MS and comparison of the 'H NMR
spectra with in-house recorded data for 2, and literature data for the
dimethylesters of 2,1 4131 and adducts of 2 with short Cys-containing
peptides.'¥l The sample of 4 that was used for the assembly with
apophyA 65 was homogeneous by HPLC, MS, and 'H NMR spectroscopy.
In particular, it was not contaminated with other tetrapyrrole components,
such as 2.

Assembly of the apophyA 65/4 complex and irradiation: Oat apophyA 65['!]
(crude lysate of Hansenula polymorpha yeast cells; ¥ 4.5 nmol in 600 pL
phosphate buffer, pH 7.6) was incubated with 4 (5 nmol in 1 pL DMSO) at
ambient temperature. The apoprotein concentration was determined prior
to incubation, by assembly of an aliquot of the apoprotein solution with
excess 2.

The solution of apophyA 65/4 complex was irradiated with light from a slide
projector bulb (250 W; distance between sample cell and bulb was
approximately 20 cm; excitation wavelengths of 1=614+7 and 714+
7 nm were determined for P, —P;, and P;, —P,, respectively, with interfer-
ence filters). Complete conversions (maximum absorption values) required
irradiation periods of about 10 min. Absorption spectra were recorded with
a Shimadzu spectrophotometer UV2102PC.

Competition experiment with apophyA 65/4 complex and 2: Compound 2
(1.7 nmol in 1 phL DMSO) was added to a sample of the P,-like form of the

apophyA 65/4 complex (600 pL). The mixture was kept in the dark for
several min prior to consecutive irradiations at A=614+7 (interference
filter; P, —Py,) and approximately 720 nm (cut-off filter; Py —P,). Absorp-
tion spectroscopic analyses were performed prior to the first and after each
irradiation.
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