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We developed an efficient and flexible general method for the preparation of linear tetrapyrrole (bilin) chromo-
phores of phytochromes as photoreceptors, including sterically locked derivatives as photoreceptors. Assembly experi-
ments of the synthesized chromophores with apophytochromes in vitro and in vivo provided us insights into the structure

and function of phytochromes.

1. Introduction

Light is vital not only for photosynthesis, but also for
directing plant growth and development. The sensing of light
in environmental conditions is essential for plants, as vision
is for animals. To fine-tune their development according to
light intensity, direction, wavelength, and periodicity, they
possess three major chromoproteins—phytochromes,'= crypto-
chromes,*%7 and phototropin.*®

Phytochromes, one of the best-characterized photoreceptors
in plants, are a widespread family of red/far-red light respon-
sive photoreceptors first discovered in plants®!? and have been
recently also discovered in bacteria, 113 fungi,14 and slime
molds.”> They play critical roles in various light-regulated
processes, ranging from phototaxis and pigmentation in bacte-
ria to seed germination, chloroplast development, shade avoid-
ance, and flowering in higher plants. All phytochromes have a
covalently attached linear tetrapyrrole (bilin) chromophore that

absorbs light in red and far-red region.>!6-?? Three different
bilins are used as chromophores: land plant uses phytochro-
mobilin (P®B),! and cyanobacteria use phycocyanobilin
(PCB),?** which is also a chromophore of the light-harvesting
pigment, phycocyanin, and differs from P®B only by sub-
stitution of the vinyl group at the C18 position with an ethyl
group,'?*?> whereas other bacteria use biliverdin (BV)
(Flg 1).14,26,27

In plant and cyanobacterial phytochromes, the natural chro-
mophores P®B and PCB are coupled by a thioether bond
between the C3! position of the A-ring ethylidene side chain
and a conserved cysteine residue within the so-called GAF
domain of the proteins. Many bacterial phytochromes carry
BV as natural chromophore, which is coupled in a different
manner to the protein.

Phytochromes mediate various developmental processes in
plants, through the photoconversion between the red light-
absorbing (Pr) and the far-red light-absorbing (Pfr) forms."!°
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Fig. 2. One of the chromophore structures of the red light-absorbing (Pr) and the far-red light-absorbing (Pfr) forms in the photo-
reversible conversion of plant phytochromes, which has been recently proposed based on density functional theory (DFT) calcu-

lations of resonance Raman spectra.>?

It is commonly accepted that the first step in the photoconver-
sion from Pr to Pfr is a Z to E isomerization around the
C15=C16 double bond between the C- and D-rings of the bilin
chromophores.?® This photoisomerization generally converts
the physiologically inactive red light-absorbing Pr form into
the active far-red light-absorbing Pfr form and vice versa.
The interchange between the Pr and Pfr forms is essential
for light-absorbing biological processes in the phytochrome
chromophore function.

During photoconversion, the chromophore also moves
around the exocyclic single bonds. In principle, each single
bond can adopt either a syn or anti conformation.'® Vibrational
spectroscopy have provided indirect insight into the conforma-
tion of the phytochrome chromophore in the Pr, Pfr, and inter-
mediate states, but the data were not unambiguous and have
been interpreted in different ways.?®=? For example, it has
been proposed that the formation of Pfr is accompanied by
a syn/anti rotation around the C14—C15 single bond.?! More
recently, interpretation of resonance Raman spectra of plant
phytochromes by density functional theory (DFT) calculations
indicated that the C14—C15 single bond is in an anti conforma-
tion throughout the entire photocycle and that the C5-C6
single bond rotates from anti to syn upon conversion from Pr
to Pfr as shown in Fig. 2.3

By photoconverting between Pr and Pfr, phytochromes act
as unique light-regulated switches in various signal transduc-
tion cascades. Despite intensive physicochemical analysis of
various phytochromes, we do not yet understand how contacts
between polypeptide and the bilin enable photoconversion
between Pr and Pfr, how this transformation reversibly alters
the activity of the photoreceptor, or how the holoprotein
dimerizes.??33

The development of yeast and bacterial system for the ex-
pression of recombinant phytochrome apoprotein has allowed
investigation of the biochemical and spectroscopic properties
of the reconstituted phytochromes.>* Moreover, the photophys-
ical and photochemical properties of wild-type phytochrome
are quite similar to those of the reconstituted chromopro-
teins.>>36 Other strategies, including systematic N- and C-ter-
minal truncations and site-directed mutagenesis of the apo-
protein, have been used to study the structural requirements
of the chromophore—apoprotein interaction in terms of photo-
chromism. 373

Even though such bilin chromophores could be isolated

from natural sources, knowledge of the relationship between
the structure of synthetic bile pigments and the biochemical
properties of the reconstituted biliproteins prepared by com-
bining them with an apoprotein is quite interesting and impor-
tant to determine the precise function of the bilin chromo-
phores. However, in contrast to the vertebrate photoreceptor
rhodopsin,*® in the phytochrome field, little had been done to
examine the relationships among chromophore structure, its
assembly to apoprotein, and photochromism of the holo-
protein, because of the difficulty of synthesizing the natural
bilin chromophores and their structural analogs.

Gossauer and his co-workers have reported total syntheses
of the dimethyl ester derivatives of P®B and PCB around
1980, but they were unable to assemble these analogs with
phytochrome apoprotein.*'* Surprisingly, there had been no
report regarding the synthesis of the free acid form of P®B
or PCB applicable to assemble with the phytochrome apo-
proteins when we started our investigation on phytochrome
chromophores in 1990.

Therefore, we have been studying on the total syntheses
of natural and unnatural bilin chromophores,““’54 and have
succeeded in synthesizing P®B,* PCB,**833 the modified
PCBs,>*! BV and its analogs, including sterically locked
derivatives,> in free acid forms by developing efficient meth-
ods for the preparation of each pyrrole ring and a method
for coupling them and palladium-catalyzed deprotection of
the allyl propanoate side chains of B- and C-rings under mild
conditions.

Assembly experiments of the synthesized chromophores
with phytochrome apoproteins in vitro and in vivo have al-
lowed us to determine the following: (1) the different role of
each substituent on four pyrrole rings of the chromophore in
plant phytochrome, (2) structural requirement of bilin chromo-
phore for the photosensory specificity of phytochromes A and
B, (3) the binding site of BV chromophore in Agrobacterium
phytochromes Agpl, and (4) the stereochemistry of the chro-
mophore in Pr and Pfr forms of Agpl and Agp2. In addition,
(5) photoinsensitive single crystals of Pr with a locked chro-
mophore were obtained for X-ray crystallographic analysis of
the N-terminal photosensory module of phytochrome Agpl.
From these results, it is obvious that an approach based on
the synthetic organic chemistry toward the studies on the
structure and function of phytochromes is very effective and
necessary.



K. Inomata

Bull. Chem. Soc. Jpn. Vol. 81, No. 1 (2008) 27

Me

Me

CO,H CO,H

CO,H
Biliverdin IXa (BV)

CO,H
Heme

[18Et-BV]

CO,H CO.H
Phytochromobilin (P®B)

CO,H CO,H
Phycocyanobilin (PCB)

Fig. 3. Biosynthetic pathway of phytochrome chromophores starting from heme.
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Fig. 4. Typical naturally occurring furans bearing substituent(s) at B-position.

2. Synthesis of Bilin Chromophores of Phytochromes

2.1 Biosynthesis of Bilin Chromophores. Biosynthesis of
bilin chromophores of phytochromes begins with the cleavage
of the porphyrin ring of heme catalyzed by heme oxygen-
ase.>>° Biliverdin IXa (BV), a product by heme oxygenase,
is further reduced by ferredoxin-dependent bilin reductases
(FDBRs).> For phycocyanobilin (PCB) biosynthesis, PCB:fer-
redoxin oxidoreductase (PcyA), a member of the FDBR fam-
ily, serially reduces the vinyl group of the D-ring and A-ring
of BV to produce 3Z/3E-PCB via 18',182-dihydrobiliverdin
IXa (shown as 18Et-BV in Fig. 3) as an intermediate 23360

2.2 Background of Our Study on Synthesis of Bilin Chro-
mophores. Before we began to study pyrrole and tetrapyrrole
chemistry, we had investigated the synthesis of naturally oc-
curring furans, which have in general substituent(s) at B-posi-
tion of the furan ring as shown in Fig. 4. It is relatively easier
to introduce a substituent to the o-position of furan ring by
electrophilic substitution reaction than it is to the B-position,
due to the difference in the electron density at each position;
however, there was no efficient method to introduce a substitu-
ent to the B-position of furan ring.

Therefore, we established a general synthetic method of
substituted furans according to Scheme 1. This method was
efficient and flexible and allowed us not only to synthesize
B-substituted furans but also to introduce additional substitu-
ent(s) into the arbitrary position(s) of furan ring via a key
intermediate 1, which has a y-hydroxy-B-(p-tolylsulfonyl)-
butanal ethylene acetal framework (Ts in Scheme 1 means a

p-tolylsulfonyl (=tosyl) group) and was readily converted to
the corresponding furan 3 by treating in the presence of an acid
catalyst. The conversion of 1 to furan 3 probably proceeds
through intermediate 2, which has a labile y-alkoxyallylic
sulfone framework leading to furan. According to Scheme 1,
we could synthesize all of the typical naturally occurring
furans shown in Fig. 4.61-68

On the other hand, a number of methods for the preparation
of pyrroles, which are five-membered heterocyclic compounds
similar to furans, have been exploited,69’7° because they are
fundamental constituents of important substances, such as
heme, chlorophyll, vitamin B;,, and some of them have phar-
macological activities themselves.

We tried to apply our synthetic method of furan derivatives
mentioned above for the preparation of pyrrole derivatives
(Fig. 5). However, we found that pyrroles have characteristic
properties different from furans. For example, pyrroles are
more unstable than furans under acidic conditions especially
when they do not have an electron-withdrawing group to
decrease the electron density of the pyrrole ring.

Fortunately, I had a chance to join the group of A.
Eschenmoser at ETH for two years from 1981, and studied
the synthesis of uroporphyrinogen-octanitrile that was regard-
ed as an origin of tetrapyrrole compounds ubiquitously found
in nature.”7> After fruitful and valuable experiences at
ETH, we studied the regioselective synthesis of substituted
pyrroles, porphyrinogen, and porphyrins by developing several
new synthetic reactions.®®’37® For example, symmetrically
substituted porphyrins 8 was synthesized according to a similar
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Scheme 1. An efficient and flexible method for the preparation of substituted furans.
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method to that for the preparation of furan derivatives
(Scheme 1) through intermediates 4, as shown in Scheme 2.7

In 1990, a biologist of Kanazawa University, K. Wada,
introduced me to M. Furuya who was a pioneer in the study
of phytochromes in Japan. He asked me about the possibility
of introducing a photoreactive labeling group to the natural
phytochrome chromophores, phytochromobilin (P®B) or phy-
cocyanobilin (PCB). Since we had never dealt such linear
tetrapyrrole compounds,'® we first investigated the general
properties of such kinds of bilin chromophores by several
preliminary experiments.

2.3 Synthetic Strategy of Bilin Chromophores. To estab-
lish an efficient and flexible method for the preparation of
bilin chromophores of phytochromes, we initially employed
the retrosynthetic analysis shown in Fig. 6, which is a similar
strategy to that employed by Gossauer and his co-workers to
prepare dimethyl esters of P®B and PCB.*!=** To prepare free
acid forms of the bilin chromophores as final products, we re-
placed the methyl esters of propanoic acid side chains at the
C8 and C12 positions and the benzyl ester at the C5 meso
position, which were employed by Gossauer’s group, to allyl
esters, respectively, based on our preliminary experiments.
Furthermore, we developed a new coupling reaction between
the C- and D-rings instead of the classical method using a
strong base to avoid the hydrolysis of the ester groups.

Preparation of the four different types of pyrrole compo-
nents, the A- to D-rings, is first described, and then the cou-
pling reaction between the A- and B-rings and the C- and D-
rings and the final construction of linear tetrapyrrole (bilin)
framework are described.

2.4 Preparation of the A-Ring. We first synthesized the
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Scheme 2. Synthesis of symmetrically substituted porphyrins 8 according to the similar method for the preparation of furan
derivatives. Ts and Ms mean p-tolylsulfonyl and methylsulfonyl groups, respectively.
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Fig. 6. An initial retrosynthetic strategy toward phytochromobilin (P®B), phycocyanobilin (PCB), and their analogs.

MeO~ “0” ~O

0o
12 9

Me
Me Et Cl Cl Me / Lawesson's
— reagent
D < — [e—
(EtO)-P N~ ~O O~ °N (0]
H H

Me
Miﬁ
(0] S

10 11

Iz »

Scheme 3. Preparation of the A- and D-ring precursors (11 and 12, respectively) of phycocyanobilin (PCB) starting from a

mucochloric acid derivative 9.

A-ring precursor, 2-ethylidene-3-methyl-1-thiosuccinimide (11),
which is common to both P®B and PCB starting from
mucochloric acid derivative 9 in good yields (Scheme 3).
2-Ethylidene-3-methylsuccinimide 10 was found to be regio-
selectively monothiocarbonylated with Lawesson’s reagent to
give 11, but the synthesis of 10 still required many steps.”’

The synthesis of 11 has also been reported by Gossauer and
Hinze*? and Rapoport et al.;’® however, we could not get re-
producible results according to their methods. Though muco-
chloric acid derivative 9 also allowed us to prepare the D-ring
precursor of PCB, diethyl 4-ethyl-1,5-dihydro-3-methyl-5-
oxo-2H-pyrrol-2-ylphosphonate (12), we had to develop an-
other efficient method for the synthesis of 11 which could be
conducted on large scale (Scheme 4).47!

N-Protected 2-alkylidenesuccinimide derivative 16 was effi-
ciently prepared starting from maleic or citraconic anhydride
(13) through addition/elimination reaction of nitroalkane
(R*CH,NO») to amide-ester 14 or succinimide derivative 15
in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).
After alkylation of 16 using lithium diisopropylamide (LDA)
and an alkylating agent (R’I), if necessary, and deprotection
of p-methoxybenzyl (PMB) group by ceric ammonium nitrate
(CAN), N-deprotected 2-alkylidenesuccinimide derivative 18

was obtained. Compound 18 was treated with Lawesson’s re-
agent in refluxing 1,4-dioxane to afford the A-ring precursor
19 (R!, R? = Me, R?> = H) and its analogs in good to moderate
yields. According to this method, it was possible not only to
change the substituents R! and R3, but also to introduce an ad-
ditional substituent R?, which makes the method more efficient
and flexible for the preparation of the monothiosuccinimide 19
as the A-ring and its analogs of bilin chromophores, such as
P®B and PCB.

Actually, various kinds of PCB derivatives bearing a modi-
fied A-ring, such as 2-norPCB, 2-methylPCB, and 2- or 3-
homoPCB, were prepared by applying this method for the
structure/function analysis of phytochromes. Further, this
method was applicable to synthesize 3,3'-dihydrogenated PCB
derivatives to investigate their non-covalent interaction with
phytochrome apoproteins toward the development of affinity
chromatography to purify apoprotein.’!

2.5 Preparation of the B- and C-Rings. We developed
an efficient method for the preparation of the B- and C-ring
components of bilin chromophores according to Scheme 5,
which allowed us not only to synthesize natural chromophores,
P®B and PCB, but also their derivatives having butanoic acid
side chain(s) instead of propanoic acid side chain(s), regio-
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Scheme 5. Synthesis of the B- and C-ring components (25 and 26, respectively) of bilin chromophores.

selectively monoesterified derivatives at the C8 or C12 posi-
tion, and regioisomers with respect to methyl and propanoic
acid substituents of the B- and C-rings by exchanging aldehyde
and nitroalkane components in Scheme 5 each other.
Previously, we reported a convenient method for the prepa-
ration of a pyrrole precursor 24¢ common to the B- and C-
rings starting from methyl 4-oxobutanoate (22¢), which was
prepared by using rhodium(I)-catalyzed hydroformylation of
methyl acrylate according to a modified procedure of the re-

ported method,”® though it was not so easy to get good re-
producible results.*® Compound 22¢ was also available from
methyl 4-nitirobutanoate by Nef reaction.?? Aldehyde 22¢ thus
obtained was then reacted with nitroethane to give the nitro-
alcohol in quantitative yield, and this was followed by de-
hydration3! with N,N’-dicyclohexylcarbodiimide (DCC) and
CuCl to afford the nitroalkene 23¢’ in 69% yield. The reaction
of 23¢’ with t-butyl isocyanoacetate®? in the presence of DBU
gave the desired pyrrole derivative 24¢®} in reasonable yield.
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Fig. 7. Regioisomers (25a" and 26a’) of 25a and 26a were readily prepared from allyl 4-nitrobutanoate and acetaldehyde through

pyrrole 24a’.

This synthetic method to obtain 24c was simpler than the
reported procedure.34-3°

We initially planned to prepare acid free bilin chromophores
by hydrolysis of the dimethyl ester groups at the C8 and C12
positions of the chromophores. However, it was found that an
exocyclic olefin at the C3 position tends to migrate to endo-
cyclic position (C2) under basic conditions at several synthetic
stages toward PCB and its derivatives. Thus, methyl ester
group of 24¢ (R = Me, n = 1)885 was changed to other ester
groups (R = CH,Ph, CH,CCl3, and Allyl) which are remov-
able under mild conditions prior to the preparation of the B-
and C-rings components. Ultimately, allyl ester was chosen
as a protecting group of the carboxylic acid side chain, since
it turned out to be applicable to the synthesis of PCB deriva-
tives bearing a photoreactive group avoiding migration of
the exocyclic olefin of the A-ring in the final stage of the total
synthesis of bilin chromophores.*”%’

Since it was not easy to directly prepare allyl ester deriva-
tive of pyrrole compound 24a (R = Allyl, n = 1) according
to the above methods, transesterification was required to
change the propanoic methyl ester side chain of the inter-
mediary pyrrole derivatives 24¢c (R =Me, n=1) to allyl
esters for the total synthesis of PCB and its derivatives.*’

Thus, we developed a new and convenient method, which
can provide not only the desired pyrrole 24a (R = Allyl,
n = 1) without transesterification, but also other derivatives,
such as 24b-24d, which are useful for production of a variety
of bilin chromophores depending upon the used alcohols
(ROH) and the starting lactones (20a and 20b) as shown in
Scheme 5. After treating the lactones (20a and 20b) with
sodium allyloxide or methoxide in the corresponding alcohols
at room temperature, the resulting crude w-hydroxy esters
(21a-21d) were oxidized with PCC in CH,Cl, at room tem-
perature to afford the corresponding 4-oxobutanoates (n = 1)
or 5-oxopentanoates (n = 2). In the case of 5S-membered lac-
tones 20a (n = 1), it was necessary to use excess amounts of
alkoxide to obtain 21a and 21c¢ (n = 1) in good reproducible
yields, probably due to the existence of an equilibrium going
back to the starting lactone 20a.

Aldehydes 22a-22d, thus prepared, were reacted with nitro-
ethane in the presence of a base according to Henry reaction
to afford the nitroalcohols, which were then converted to the
corresponding pyrroles 24a—24d applying Barton’s method®?
as shown in Scheme 5.

The pyrroles 24a—24c¢ were then converted to ylides 25a—
25c as the B-ring precursor, or formylated to 26a-26¢ as the
C-ring precursor by using Vilsmeier—Haack reaction in high
yields, by modifying the procedures reported in the litera-
ture. 58-89

In a similar manner, regioisomers (25a’ and 26a’) of 25a
and 26a were prepared starting from allyl 4-nitrobutanoate
and acetaldehyde through pyrrole 24a’ (Fig. 7).%°

2.6 Preparation of the D-Ring. Modification of the D-ring
of bilin chromophores is crucial for analysis of photochromism
of phytochrome, because the D-ring connected to the C-ring
via the C15 methine bridge has been regarded as the essential
site where photoisomerization occurs during photoconversion
of phytochromes. Therefore, it was required to establish an ef-
ficient and flexible synthetic method for the D-ring precursors
to synthesize P®B, PCB, and their derivatives modified at the
C17 and C18 positions toward structure and function analysis
of phytochromes.

3,4-Disubstituted 1,5-dihydro-2H-pyrrol-2-ones (pyrroli-
nones) 27 are useful building blocks for the synthesis of
biologically important bile pigments such as bilirubin, chlo-
rins,?° and the prosthetic groups of biliproteins, such as phyto-
chromes.!%*? A variety of the methods for the synthesis of such
3,4-disubstituted pyrrolinone derivatives have been so far re-
ported:*1-93 the modification of the Paarl-Knorr synthesis,”*
intramolecular Horner—-Emmons cyclization,® condensation of
acetoaminoketone with cyanoacetate,” and reductive cycliza-
tion of the cyanohydrin derivatives of B-ketoester.”’ In addi-
tion, direct structural transformation of substituted pyrroles
to the corresponding pyrrolinones has been studied. For exam-
ple, 2-formyl-3-ethyl-4-methylpyrrole has been oxidized by
hydrogen peroxide in pyridine to give pyrrolinones concomi-
tantly by the loss of the formyl group.”® Acid hydrolysis
of t-butyl 5-bromo-3-(2-methoxycarbonylethyl)-4-methoxycar-
bonylmethylpyrrole-2-carboxylate®® and 4-(2-carboxyethyl)-
3-carboxymethyl-5-chloropyrrole-2-carboxylic acid® has also
been investigated. However, neither chemical yield nor regio-
selectivity of them have been satisfactory.

The reported base-catalyzed Knoevenagel-type condensa-
tion of an a-unsubstituted pyrrolinones 27 (X = H) with a for-
mylpyrrole as the C-ring requires a subsequent reesterification
of the propanoic acid side chain of the resulting CD-ring com-
ponents with diazomethane. On the other hand, we have re-
ported that readily available N-(tosylmethyl)-p-toluenesul-
fonamide (TsNHCH,Ts)'® and N-(2-methylthio-1-tosylethyl)-
methanesulfonamide (MsNHCH(Ts)CH,SMe) react as meth-
animine equivalents with a variety of nucleophiles in the
presence of a base to afford the corresponding substitution
products through elimination of p-toluenesulfinic acid and
the subsequent addition of nucleophile toward the intermediary
N-methylenesulfonamide derivatives in good yields.”>”> Fur-
thermore, B-[N-methane(or toluene)sulfonamidomethyl]ated
propanal ethylene acetals, like 4, which were available by
applying the above reaction, could be converted into the
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Scheme 7. Hydrolysis of 2-tosylpyrrole 31 under acidic conditions.
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Scheme 8. A probable mechanism of regioselective hydrolysis of 2-bromo-5-tosylpyrrole 35 to the corresponding 5-tosylpyrroli-

nones 28 under acidic conditions.

corresponding N-substituted pyrroles, such as S, with the aid of
acid catalyst in excellent yields (Scheme 2).”3

Such background prompted us to develop a versatile method
for the regioselective synthesis of 3,4-disubstituted 5-(p-tolyl-
sulfonyl)pyrrolinones 28, instead of 27, as described in the
following. Compounds 28 were found to react with various
nucleophiles (Nu™) including hydride (H™) and active meth-
ylene compounds (LCH,EWG, EWG = electron-withdrawing
group) with an appropriate leaving group (L), affording the
corresponding 29 and exomethylene compounds 30, respec-
tively, as shown in Scheme 6.* Tt is most likely that the
reaction proceeded through elimination/addition processes
as in the cases of TsNHCH,Ts and MsNHCH(Ts)CH,SMe
mentioned above,'01-103

Before the preparation of 5-tosylpyrrolinones 28, we first
tried the hydrolysis of a 2-tosylpyrrole, such as 31, which were
readily available by the reaction of p-tolylsulfonylmethyl iso-
cyanide and substituted nitroolefins or B-acetoxy nitroalkanes
in the presence of a base according to Barton’s method,®
under acidic conditions expecting selective protonation at the

C2 position due to the strong inductive effect of a tosyl group.
Actually, when 2-tosylpyrrole 31 was refluxed in a trifluoro-
acetic acid (TFA)-MeOH solution containing a small amount
of water, product 32 was predominantly obtained in good yield
along with its regioisomer 32’, as shown in Scheme 7.

Formation of 32’ seemed to be due to the competitive initial
protonation at both the C2 and C5 positions of 31. In order to
improve the regioselectivity, 2-tosylpyrrole 31 was brominated
with trimethylphenylammonium tribromide in CH,Cl, at 0°C
to afford 2-bromo-5-tosylpyrroles 33 in quantitative yield.
Then, to a solution of 33 in TFA was added water, and the re-
action mixture was allowed to stand overnight at room temper-
ature to give a single product, 5-tosylpyrrolinone 34, in 92%
yield. Compound 34 was converted to 32 in quantitative yield
by reducing with NaBH, (Nu™ = H™) in ethanol according to
Scheme 6.4

A probable mechanism for regioselective hydrolysis of 2-
bromo-5-tosylpyrroles 33 to 5-tosylpyrrolinones 34 is shown
in Scheme 8. Initial protonation takes place selectively at the
C5 position of 35 (=33, when R = Me, R’ = Tol) due to the
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Scheme 9. A new Wittig-type coupling reaction of 5-tosyl-
pyrrolinones 28 with various aldehydes to afford the cor-
responding pyrromethenone derivatives 38 in the presence
of PBu; and DBU.

strong inductive effect of a tosyl group to afford the intermedi-
ates 36. Then, water attacks the C2 position of 36, followed by
elimination of hydrogen bromide from the resulting addition
products 37, to afford 5-tosylpyrrolinones 28 (=34, when R =
Me, R’ = Tol).**

Such 5-tosylpyrrolinones 28 were found to be useful not
only for the substitution reaction with nucleophiles and
active methylene compounds, shown in Scheme 6, but also
for a new Wittig-type coupling reaction with various aldehydes
(R”CHO) as shown in Scheme 9. Namely, when 5-tosylpyr-
rolinones 28 were reacted with aldehydes in the presence
of tributylphosphine and DBU, 5-exomethylene compounds
38, including pyrromethenone derivatives (R” = 2-pyrrolyl),
which are as the CD-ring component of bilin chromophores,
were obtained in high yields.¥

Now, we can depict the general procedure for the prepara-
tion of the D-ring in Scheme 10.

3,4-Disubstituted 2-tosylpyrrole 40 was prepared starting
from nitroalkane and aldehyde via nitro-acetate 39 and/or
nitroolefin 39’, which were reacted with tosylmethyl isocya-
nide'® by applying Barton’s method,} followed by bromina-
tion with trimethylphenylammonium tribromide to afford 2-
bromo-5-tosylpyrrole 41. Acid hydrolysis of 41 in TFA con-
taining water gave the corresponding 5-tosylpyrrolinone 42
as shown in Scheme 10.

In the course of the investigation of the synthesis of 2-tosyl-
pyrroles 40, a peculiar phenomenon was observed when NMR
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spectrum of an isolated 2-tosylpyrrole 40 was taken in CDCl;.
That is, the spectrum of 40 showed contamination, even
though it was carefully purified on TLC. Structure of the impu-
rity was later confirmed to be regioisomer 43 of compound 40
by comparison with an authentic sample prepared separately.
Furthermore, such phenomenon was not observed by using
CDClj; treated with basic alumina. This fact strongly suggested
that tosyl group of 3,4-disubstituted 2-tosylpyrroles 40 rear-
ranged from the C2 to C5 position under the mild acidic
conditions. Actually, the tosyl group of 40 readily rearranged
in chloroform containing trifluoroacetic acid (TFA) (TFA/
CDCl; = 1/9). The ratio of the regioisomers at equilibrium
was definitely influenced by the bulkiness of the substituent
R* (marked with a green circle in Scheme 10) at the C3 posi-
tion of the starting 4-methyl-2-tosylpyrroles 40 (R’ = Me).
When the substituent R* was t-butyl group, 40 was completely
transformed to 43.103

We have proposed that the rearrangement proceeds through
the elimination of tosyl cation from the initial cationic inter-
mediate formed by protonation at the C2 position, followed
by electrophilic attack of the tosyl cation from the less hin-
dered «-position of the intermediary «-unsubstituted pyr-
roles.'% In order to confirm this mechanism, the tosylation
of a-unsubstituted pyrroles was examined by utilizing TsX
(X = AICl4~, CF3CO, ™, etc.) under several conditions. How-
ever, a complicated mixture was obtained in all cases. On
the other hand, we found that addition of a catalytic amount
of p-toluenesulfinic acid remarkably accelerated the rearrange-
ment.'% From these results, the rearrangement of tosyl group
from the C2 to C5 position seemed to proceed through the
mechanism shown in Scheme 11. Namely, initial protonation
takes place selectively at the C2 position with a tosyl group
to afford the cationic intermediate 46 in a similar manner in
the case of reversible sulfonation of aromatic compounds, fol-
lowed by addition of p-toluenesulfinate at C5 position to afford
the intermediate 47, which has a tosyl group at both a-posi-
tions. From compound 47, p-toluenesulfinic acid must be elim-
inated to avoid the steric congestion between bulky substituent

R® RS

1) base CNCH,Ts
RSCHNO, + (@) CHO Dbase or M= 2
2) acetylation O.N OAC O.N DBU
or dehydration 2 2
39 39'
R5 R5 RS
PhMegN*Brs™ TFA/H,0 _
N s R D \s
N~ Ts R5 Br Ts 0" N° Ts
H ~o H
40 H™ 42
Ts" N
Rs 2 H 43 RS RS
PhMe3N*Brs~ TFA /H,O -
/ N\ —_— / N\ D \5
N~ Ts Br Ts 0" N Ts
H H
43 45

Scheme 10. Synthesis of 2-tosylpyrrole 40 and rearrangement to its regioisomer 43 under acidic conditions. Both pyrroles, 40 and
43, were converted to the corresponding 5-tosylpyrrolinones, 42 and 45, respectively, by bromination and subsequent acid
hydrolysis. R* marked with a green circle shows a bigger substituent than R>.
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Scheme 11. The most plausible mechanism of the arrangement of 2-tosyl group of 40 to the C5 position to afford the regioisomer 43
in the presence of a catalytic amount of p-toluenesulfinic acid under acidic conditions.
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Scheme 12. Preparation of a sterically unfavorable pyrrole 40 is easier than the direct preparation of the regioisomer 43. Pyrrole 43
is readily available by acid-catalyzed rearrangement of tosyl group of 40.
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Scheme 13. Preparation of the D-ring 53 with a photoreactive group instead of a vinyl group of phytochromobilin (P®B).

R* and tosyl group found in the starting 2-tosylpyrrole 40. The
ratios of 40/43 at equilibrium were proven to be dependent
only on the steric requirement between tosyl group and the
substituents at the C3 or C4 positions.

This rearrangement was synthetically very useful. Barton
and his co-workers have reported a convenient method for
the preparation of substituted pyrrole derivatives through the
reaction of isonitrile with a nitroolefin or its equivalent avail-
able from nitroalkane and aldehyde.®* However, we were
sometimes confronted with the difficulty of introducing arbi-
trary substituents at the C3 and C4 positions of pyrroles
according to Barton’s method. For example, synthesis of the
sterically unfavorable 4-methyl-3-substituted 2-tosylpyrrole
40 (R’ = Me) is much easier than that of its regioisomer, 3-
methyl-4-substituted 2-tosylpyrrole 43 (R3 = Me), because
substituent R* (marked with a green circle in Scheme 12) at

the C3 position of the pyrrole 40 comes from aldehydes 48,
many of which are commercially available. However, substitu-
ent R* at the C4 position of the pyrrole 43 is from nitro com-
pounds 49, which are not as easy to obtain as aldehydes 48.

The rearrangement of tosyl group of 2-tosylpyrroles 40 was
successfully applied to the preparation of the D-ring precursor
53 with a photoreactive group instead of vinyl group at
the C18 position of phytochromobilin (P®B) as shown in
Scheme 13.%7

The acid hydrolysis of 2-bromo-5-tosylpyrroles 44 general-
ly proceeded well when the substituent R* is a simple alkyl or
aryl group.8” However, when we tried to hydrolyze 2-bromo-5-
tosylpyrrole 58 bearing a 2-(tolylthio)ethyl group at the C3 po-
sition, which was prepared according to Scheme 14 (54 — 58)
via rearrangement of tosyl group of the sulfoxide 55'7 ob-
tained by oxidation of the readily available 2-tosylpyrrole 54
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Scheme 14. Preparation of the D-ring precursor 59 from 2-tosylpyrrole 54 via rearrangement of the tosyl group under mild acidic

conditions.
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Scheme 15. Preparation of 5-tosylpyrrolinone 59 as a precursor of the D-ring of P®B from 2-bromo-5-tosylpyrrole 58 via sulfoxide

61 under mild acidic conditions.

with m-chloroperbenzoic acid (mCPBA) and subsequent re-
duction (56 — 57) with (COCI),/Nal in CH3;CN'% and bro-
mination (57 — 58), to the corresponding 5-tosylpyrrolinone
59 as a precursor of the D-ring of P®B under acidic condi-
tions,* the yield of the expected 5-tosylpyrrolinone 59 was
disappointingly poor*® (Scheme 14). This result seemed to
be due to the neighboring effect of 2-(tolylthio)ethyl group to
form the cyclic intermediate, such as 60, shown in Scheme 14,
to avoid hydrolysis. Many attempts to improve the yield of 59
by acid hydrolysis were unsuccessful.

Ultimately, it was found that 5-tosylpyrrolinone 59 as a
precursor of the D-ring of P®B was available in high yield
by treating sulfoxide 61, which was obtained by oxidizing
58 with mCPBA, with Nal in TFA under anhydrous conditions
for a short time. A probable reaction mechanism is shown in
Scheme 15.4

This successful redox method for the conversion of 58 to 59

via sulfoxide 61 prompted us to examine the use of dimethyl
sulfoxide (DMSO) as an external nucleophile instead of the
sulfoxide moiety in 61 to expand the method to prepare 2-
bromo-5-tosylpyrroles 44, in which a thioether substituent
does not exist at the C3 position. Though the expected reaction
proceeded well to give the corresponding 5-tosylpyrrolinones
45 by employing DMSO and Nal in TFA, the use of a large
excess (5—7 molar amount) of Nal was required to obtain high
yield, and a lot of iodine was liberated in progress of the reac-
tion. After many attempts, it became possible to use only a
catalytic amount of iodine together with zinc powder, which
reduces iodine in situ to reproduce iodide anion as shown in
Scheme 16.%2

More recently, it was found that the iodide salt is unneces-
sary when zinc powder is used as a reductant in TFA.

Though 3,4-disubstituted 5-tosylpyrrolinones 45 have been
so far synthesized from the corresponding 2-bromo-5-tosylpyr-
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Scheme 16. An efficient redox method for the conversion of 2-bromo-5-tosylpyrroles 44 to the corresponding 5-tosylpyrrolinones 45.
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Scheme 17. An alternative method for the preparation of the D-ring precursors 45 and 71 from the 2-pyrrolecarboxylic acid ester

derivatives 68.

roles 44 according to the method described above,* we could

also establish an alternative method starting from 2-pyrrole-
carboxylic acid ester derivatives 68, which are easily prepared
by the reaction of B-acetoxy nitroalkanes and t-butoxycar-
bonylmethyl isocyanide in the presence of a base by applying
Barton’s method,®? as shown in Scheme 17. Iodination at the
5-position of 68 with N-iodosuccinimide (NIS) afforded the
corresponding iodinated products 69'% in quantitative yields.
Iodinated pyrroles 69 were then oxidized with Pb(OAc)s to
give the pyrrolinone derivatives 70 in excellent yields. When
compounds 70 were treated with p-toluenesulfinic acid in the
presence of diethyl ether—boron trifluoride (1/1), the desired
5-tosylpyrrolinones 45 were obtained in high yields.

Similarly, compounds 70 underwent a substitution reaction
with triethyl phosphite to give the corresponding diethyl 3,4-
disubstituted 1,5-dihydro-5-oxo-2H-pyrrol-2-ylphosphonates
7177110 a5 an alternative D-ring precursor, probably through
an elimination/addition mechanism accompanied by a decar-
boxylation reaction. However, it required a strong base, such
as t+-BuOK, for the subsequent Horner—Emmons-type coupling
reaction with a formylpyrrole as the C-ring to afford the corre-
sponding pyrromethenone derivative as the CD-ring compo-
nent.7%110

2.7 Coupling of the A- and B-Rings. Although there have

been reports on the syntheses of bilin ester derivatives, most
of the published studies in this area for the synthesis of the
AB-ring component have been carried out by utilizing either
the Eschenmoser’s sulfide contraction,*! the thio-Wittig cou-
pling,*>#38% or the photochemical rearrangement of N-pyrrolo-
enamide.!'"''2 We first tried the thio-Wittig coupling reaction
between A-ring 11 and ylide 25a, as the B-ring precursor, in
refluxing toluene to afford the AB-ring component 72 of
natural type of P®B and PCB as shown in Scheme 18. AB-
ring component 72 was then formylated with methyl ortho-
formate in TFA, accompanied by decarboxylation to afford
73, which was coupled with the CD-ring component to give
PCB derivative as will be described later.>!

This method provides a viable route to the AB-ring compo-
nent; however, it requires removing a carboxylic acid moiety
at the meso-position under acidic conditions, which sometimes
brought about difficulty toward the total synthesis of bilin
chromophores. For example, when we applied this method to
the synthesis of P®B bearing an acid labile vinyl group at
the C18 position, a tetrapyrrole intermediate obtained by cou-
pling AB-ring component 73 with the CD-ring component
decomposed at the final stage to remove the carboxylic acid
moiety at the C5 meso-position after deprotection of the allyl
ester group by Pd-catalyzed reaction together with other two
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Scheme 18. Synthesis of the AB-ring component by thio-Wittig coupling reaction.
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Scheme 19. A plausible reaction mechanism of the Wittig-type coupling of 5-tosylpyrrolinone 28 and aldehyde in the presence of

DBU and tributylphosphine.

allyl esters of the side chains at the C8 and C12 positions of the
P®B precursor.

On the other hand, 5-tosylpyrrolinones 28 were found to un-
dergo the Wittig-type coupling reaction with various aldehydes
(R”CHO) in the presence of DBU and two molar amounts of
tributylphosphine to give the corresponding 5-exomethylene
derivatives 38, including a pyrromethenone derivative (R” =
2-pyrrolyl), as illustrated in Schemes 9 and 19. This reaction,
which was originally developed to prepare the CD-ring com-
ponent, seems to proceed through the mechanism shown in
Scheme 19.44-46

By applying this Wittig-type coupling reaction, we devel-
oped an alternative method for the synthesis of the AB-ring
component, which was applicable to the synthesis of P®B,
due to the absence of an ester group at the meso-position.
When 4-(1-methoxyethyl or 1-tosylethyl)-3-methyl-5-tosyl-
1,5-dihydro-2H-pyrrol-2-one 77a (X = OMe) or 77b (X =
Ts), as the A-ring precursor, was reacted with a 2-formylpyr-
role derivative 26a, as the B-ring precursor, in the presence
of "BusP and ‘BuOK in CH,Cl,, the corresponding coupling
product 78a (X = OMe) or 78b (X = Ts) was obtained as a

mixture of E- and Z-isomers in good yield. Reduction of the
coupling products 78a and 78b with aluminum amalgam
[Al(Hg)] gave intermediates 79a and 79b, respectively.'!?
Intermediates 79a and 79b were treated with pyridinium p-
toluenesulfonate (PPTS, for 79a) or with DBU (for 79b) with-
out further purification to give the desired AB-ring component
80 as a single Z-isomer (confirmed by NOE measurement) via
the elimination of methanol or p-toluenesulfinic acid, respec-
tively, in good yields as shown in Scheme 20483

However, the preparation of 77a and 77b required many
steps. Therefore, we employed 81, which is a regioisomer of
D-ring precursor 59, instead of 77a and 77b as the A-ring pre-
cursor to establish a more efficient and flexible method for
the preparation of not only AB-ring component 80 of P®B
and PCB, but also AB-ring component 84 of BV, which is
used as a chromophore in bacteriophytochromes (Scheme 21).
When 5-tosylpyrrolinone 81 was coupled with formylpyrrole
26a in the presence of tributylphosphine and DBU in THF at
room temperature, a mixture of (E)- and (Z)-pyrromethenone
intermediate 82 was obtained in 80% yield. The E-isomer of
82 was readily converted to the thermodynamically favored
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Scheme 20. An alternative method for the preparation of AB-ring component 80 by Wittig-type coupling reaction between 5-tosyl-

pyrrolinones 77a and 77b and formylpyrrole 26a.
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Scheme 21. An efficient and flexible method for the preparation of the AB-ring components of BV, P®B, and PCB starting from

5-tosylpyrrolinone 81 and formylpyrrole 26a.

Z-isomer by treatment with a catalytic amount of iodine in
CH,Cl, at room temperature in quantitative yield. The 2-
(tolylthio)ethyl group of the coupling product was oxidized
to the corresponding sulfoxide 83 with mCPBA in CH,Cl,
and converted to a vinyl group by heating in xylene to afford
84, which is regarded as the AB-ring component of BV.

Pyrromethenone derivative 84 having a vinyl group on the
A-ring was then reduced with Al(Hg) to the reduced inter-
mediate 85,''® followed by acid treatment, without further
purification to obtain AB-ring component 80 via rearrange-
ment of a proton at the C5 meso-position as a single Z-isomer
(confirmed by NOE measurement) in good yield as shown in
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components (89a and 89b for P®B) via cleavage between the B

Scheme 21.434%114 Transformation of pyrromethenone deriva-
tive 84 having a vinyl group to AB-ring component 80 of P®B
and PCB through the reduced intermediate 85 is of interest in
connection with the mostly speculative biosynthetic pathway
for the transformation of biliverdin IX« (BV) to P®B through
“dihydrobiliverdin.” '

Decarboxylated AB-ring component 86a, which was used
for the synthesis of the locked BV derivatives, was prepared
from (E/Z)-82 via oxidation to the sulfoxide (E/Z)-83 and
subsequent treatment with a mixture of formic acid and TFA
for decarboxylation, followed by refluxing in DMF, to intro-
duce a vinyl group in the presence of pyridine as only Z-isomer
in 57% yield in three steps.!"> Compound 86a was also
available by treating BV diallyl ester with thiobarbituric
acid.l 16,117

It has been reported that addition of thiobarbituric acid to
BV dimethyl ester proceeded to afford the CD-ring component
of POB resulting from the cleavage at the C10 position be-
tween the B- and C-rings,!'®!!9 and the CD-ring component
obtained by the cleavage was coupled with the chemically syn-
thesized AB-ring component to provide P®B dimethyl ester in
extremely short steps.'!” On the other hand, we found that the
pyrromethenone derivative having a vinyl group was readily

- and C-rings of bilirubin or BV diallyl esters, respectively.

converted to the AB-ring component of P®B and PCB by
reducing with Al(Hg) and subsequent acid treatment as de-
scribed above.*® Based on these facts, we next attempted to
obtain pyrromethenone derivatives 86a and 86b as an AB-ring
precursor along with CD-ring components 89a and 89b of
P®B by cleaving between the B- and C-rings of bilirubin
diallyl ester 87b (R = Allyl, Scheme 22) and BV diallyl ester
88, since the former products 86a and 86b were expected to
be converted to AB-ring components 91a and 91b of P®B
and PCB derivatives by reduction with Al(Hg).
Commercially available bilirubin 87a (R = H) was convert-
ed to the diallyl ester 87b (R = Allyl) in excellent yield by
treating with allyl bromide and DBU in DMF. Oxidation of
87b with DDQ afforded biliverdin (BV) diallyl ester 88 in
good yield."?*12! Compound 88 was reacted with thiobarbitu-
ric acid in MeOH to cleave between the B- and C-rings to af-
ford CD-ring component 89a of P®B and AB-ring precursor
86a of the POB and PCB derivatives along with equimolar
amounts of the isomeric thiobarbituric acid adducts 89¢ and
86¢, respectively, in quantitative yields (Scheme 22).!'8119
Two pyrromethenone derivatives (89a and 86a) were treated
with methyl orthoformate in TFA to afford the formylated
compounds (89b and 86b) in high yields, respectively.'!”
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Scheme 23. An efficient method for preparation of CD-ring components 89b and 98 of P®B/BV and PCB, respectively, starting

from 5-tosylpyrrolinones 59 or 93 and formylpyrrole 26a.

It is known that bilirubin derivatives are cleaved between
the B- and C-rings in an acid solution to yield pyrromethenone
derivatives,''® even though they further react to afford a mix-
ture of tetrapyrrole derivatives by recondensation of the pyrro-
methenones or decompose. Thus, we next attempted the direct
synthesis of the formylated compounds 89b and 86b from 87b
under conditions similar to those used above for the prepara-
tion of 89b and 86b to avoid the recondensation or decom-
position. When 87b was treated with methyl orthoformate in
TFA at 0°C for 30 min, 86b was obtained in 27% yield by di-
rect formylation at the C9 position accompanied by cleavage
between the C9 and C10, but not CD-ring component 89b.
When the reaction was stopped after 20 min, 86b was obtained
in 21% yield along with 89b in 4% yield. The CD-ring part of
87b seems to decompose in acidic medium, TFA, probably
through intermediate 92 formed by protonation at a vinyl
group (C182 position) of the D-ring of 87b, in which the elec-
tron density at C11 is decreased to retard the desired formyla-
tion reaction. Formylation of 87b by Vilsmeier reaction or
introduction of an ester group by Friedel-Crafts type reaction
to cleave between the B- and C-rings was also attempted, but
the expected products could not be obtained.'!”

Formylated AB-ring component 86b was treated with
Al(Hg) in THF/H;O to afford reduced intermediate 90b,
followed by acid treatment in CH,Cl, to give AB-ring 91b
having an ethylidene group at the A-ring in 57% yield from
86b. The present synthetic method of the AB-ring component
made it possible to construct bilin chromophores in short steps
starting from commercially available bilirubin 87a.

2.8 Coupling of the C- and D-Rings. A base-catalyzed
Knoevenagel-type reaction has so far been employed for con-
densation between an «-unsubstituted pyrrolinone 27 as the
D-ring and a formylpyrrole as the C-ring bearing a methoxy-
carbonylethyl group to construct a pyrromethenone framework
as the CD-ring component of bilin chromophores. The conden-
sation reaction, however, requires a subsequent reesterification
of the propanoic acid side chain of the resulting coupling
product with diazomethane. Therefore, we exploited the new
Wittig-type coupling reaction between 5-tosylpyrrolinone
28 and a formylpyrrole under mild conditions as shown in

Scheme 19, for the preparation of the AB-ring component as
described above, #3467

In a similar manner, CD-ring components 89b of P®B/BV
and 98 of PCB were prepared from 5-tosylpyrrolinones 59,
which is a regioisomer of A-ring precursor 81, and 93 as the
D-ring precursor of PCB, by coupling with formylpyrrole
26a by using our original Wittig-type coupling reaction. The
resulting E/Z-mixture of 94 and 96 were treated with a catalyt-
ic amount of iodine to give only Z-isomers in good yields. A
thioether bond of the coupling product 94 was oxidized with
mCPBA to afford sulfoxide 95. Pyrromethenone derivatives
95 and 96 were treated with TFA for decarboxylation, fol-
lowed by formylation with methyl orthoformate, to afford
the corresponding formylated products 97 and 98, the latter
of which is the CD-ring component of PCB. CD-ring compo-
nent 89b of P®B/BV was obtained by heating 97 in xylene
in the presence of pyridine to introduce a vinyl group on the
D-ring as shown in Scheme 23.4°

CD-ring component 104 of PO®B and BV was also available
by using pyrrolinone 102, which has a 2-tosylethyl group as a
potential equivalent of a vinyl group and prepared from tosyl-
ethene 99 via 100 and 101 as shown in Scheme 24 as the D-
ring precursor, whereas it required the use of a strong base,
t-BuOK, to convert the 2-tosylethyl group of coupled com-
pound 103 into a vinyl group by S-elimination of p-toluene-
sulfinate. The free carboxylic acid, which was partially formed
by the attack of p-toluenesulfinate toward the methyl ester, was
reesterified with diazomethane to afford methyl ester deriva-
tive 104.46

The Wittig-type coupling reaction allowed us to prepare
CD-ring components 106 and 107 bearing a photoreactive 4-
[3-(trifluoromethyl)diaziren-3-ylJphenyl (Ar) group'?>'2* on
the D-ring starting from 53 and 1085, as outlined in Scheme 25,
to investigate the structural relationship between the chromo-
phore and the apoprotein in the reconstituted phytochrome
for both Pr and Pfr forms. Pyrrolinone 53 was available via
rearrangement of the tosyl group of 2-tosylpyrrole 50
(Scheme 13).87

2.9 Construction of Tetrapyrrole Framework of Bilin
Chromophores. As described above, the AB- and CD-rings
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Scheme 24. An alternative method for the preparation of CD-ring component 104 of P®B and BV starting from tosylethene (99).
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Scheme 25. CD-ring components 106 and 107 bearing a photoreactive 4-[3-(trifluoromethyl)diaziren-3-yl]phenyl (Ar) group.

components were in hand. Thus, they were coupled in alcohol
in the presence of acid catalyst to construct the corresponding
tetrapyrrole derivatives.

Scheme 26 shows the coupling between the AB-ring com-
ponent bearing an ester group at meso-position and the CD-
ring component. AB-ring component 110 was formylated with
methyl orthoformate in TFA accompanying decarboxylation to
afford 111, which was coupled with CD-rings component 109
obtained from 108 by treating with TFA, to afford triallyl ester
derivatives of PCB and its analogs.

Finally, three allyl ester groups of the coupling products
were deprotected all at once with excess amounts of morpho-
line in the presence of Pd’-catalyst,!** avoiding the migration
of exocyclic olefin of the A-ring to the endocyclic position,
followed by decarboxylation at the C5 position by treating
with TFA to afford free acid form 112, as well as the PCB de-
rivatives bearing a photoreactive group on the D-ring for a
photoaffinity study.*’#33387 It was confirmed by NOESY that
all of the synthesized bilin chromophores have an all-Z con-
figuration and an all-syn conformation, respectively.

Various PCB derivatives with a modified A-ring, such as 2-
norPCB, 2-methylPCB, and 2- or 3-homoPCB, could be pre-
pared by applying this method for the structure/function anal-
ysis. 3,3'-Dihydrogenated PCB derivatives were also synthe-
sized to investigate their non-covalent interaction with phyto-
chrome apoprotein toward the development of affinity chroma-
tography to purify apoprotein.*’>!

Furthermore, PCB and its derivatives were synthesized by
coupling CD-ring components 109 with the AB-ring compo-
nents, which do not have an ester group at meso-position, such

as 91b instead of 111, under acidic conditions in a similar
manner described above. These method also allowed us to pre-
pare various kinds of PCB derivatives with the modified A-,
B-, C-, and D-rings including PCB derivatives with a photo-
reactive 4-[3-(trifluoromethyl)diaziren-3-yl]phenyl group'?>123
on the D-ring for a photoaffinity study.*748-387

On the other hand, the total synthesis of P®B was achieved
starting from only two pyrroles, 4-methyl-3-[2-(tolylthio)-
ethyl]-2-tosylpyrrole (54) as a precursor of the A- and D-rings
and 2-formylpyrrole 26a common to the B- and C-rings,*
employing the novel synthetic reactions described above: (1)
rearrangement of the tosyl group of 2-tosylpyrrole to the 5-
position under acidic conditions, (2) efficient transformation
of 2-bromo-5-tosylpyrrole to the corresponding 5-tosylpyrroli-
none under anhydrous redox conditions, (3) Wittig-type cou-
pling reaction between 5-tosylpyrrolinone and 2-formyl-
pyrrole, followed by reductive transformation of the AB-ring
component, and (4) protection and palladium-catalyzed depro-
tection of propanoic acid side chains at the C8 and C12 posi-
tions via allyl esters (Scheme 27).* It is also possible to intro-
duce a formyl group to the AB-ring component instead of the
CD-ring; however, it looked better to introduce the electron-
withdrawing formyl group to the CD-ring component than
to the AB-ring, due to the existence of an acid labile vinyl
group at the D-ring of P®B, as discussed for the cleavage
between the B- and C-rings of bilirubin diallyl ester (see 92
in Scheme 22).

In the course of the investigation, it was found that P®B
was extremely unstable in free acid form compared to PCB
except the solid state after purification.
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Scheme 28. A general and efficient synthetic method of BV, P®B, PCB, and their derivatives.
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Fig. 8. BV and its derivatives synthesized by using our general method for the preparation of bilin chromophores.

This synthetic method was applicable not only for the prep-
aration of PCB, P®B, and their derivatives, but also for the
preparation of BV and its derivatives (Scheme 28). Actually
we could prepare BV and its derivatives, 3-Et-BV, 18-Et-BV,
3,18-Et-BV, and BV-4 shown in Fig. 8, for assembly experi-
ment with Agrobacterium phytochrome Agpl as will be dis-
cussed later.

2.10 Synthesis of the Sterically Locked BV Derivatives.
As mentioned above, we established an efficient and flexible
synthetic method of various kinds of bilin chromophores,*¢->!

including P®B.,* PCB,***8 and more than 20 kinds of PCB
derivatives,’®! in free acid forms, which made it possible to
assemble them with the apoproteins not only in vitro to ana-
lyze the spectral properties of the resulting holoproteins,'?
but also in vivo to observe their physiological functions!?® as
will be seen later.

On the other hand, for plant phytochrome, it has been shown
that the first step of the Pr to Pfr photoconversion is a Z to E
isomerization of the chromophore around the C15=C16 dou-

ble bond.?® In principle, each exocyclic single bond can adopt
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Fig. 9. Retrosynthetic analysis of the sterically locked BV derivatives.

either the syn or anti conformation during photoconversion.'6

Vibrational spectroscopy gained indirect insight into the con-
formation of the phytochrome chromophore in the Pr, Pfr,
and intermediate states, but the data were ambiguous and have
been interpreted in different ways.?*-> For example, it has
been proposed that the formation of Pfr is accompanied by
a syn/anti rotation around the C14—C15 single bond.’! More
recently, interpretation of resonance Raman spectra by using
density functional theory (DFT) calculations indicated that
the C14—C15 single bond is in the anti conformation through-
out the entire photocycle and that the C5-C6 single bond ro-
tates from anti to syn upon conversion from Pr to Pfr as shown
in Fig. 2.32 Therefore, we attempted to synthesize the sterically
locked bilin chromophores to directly confirm the stereochem-
istry of the chromophore in phytochrome around the C15 po-
sition for both Pr- and Pfr-forms by applying the above general
synthetic method of bilin chromophores.

The recent discovery of phytochrome-related proteins in
photosynthetic cyanobacteria and nonphotosynthetic eubacte-
ria has opened new avenues for investigating biliprotein
photosensory function.!?”128 The latter phytochromes use BV
as a chromophore. Thus, we planned to prepare the sterically
locked BV derivatives at first, since it required fewer steps
than the case of the synthesis of the corresponding PCB or
P®B derivatives as obviously shown in Scheme 28. AB-ring
component 86a common to the locked BV derivatives were
prepared as shown in Scheme 21 from (E/Z)-82.'"> Thus,
total syntheses of the four different types of BV derivatives
(121-124), in which the stereochemistry between the C- and
D-rings are locked in Z-syn, Z-anti, E-syn, and E-anti config-

uration and conformation, respectively, were accomplished
via establishment of new and efficient methods for the con-
struction of sterically locked CD-ring components based on
the retrosynthetic analysis depicted in Fig. 9.

2.10.1 Synthesis of the Z-syn CD-Ring Component and
15Zs-18Et-BV: CD-ring precursor 125, which is sterically
locked in Z-syn configuration and conformation, was prepared
by treating (£)-96 with 1,2-dibromoethane in the presence of
NaH in 84% yield. The r-butoxycarbonyl group of 125 was
converted to a formyl group by treating with TFA followed
by addition of methyl orthoformate at room temperature to
give the formylated CD-ring component 117 in quantitative
yield, as shown in Scheme 29. Coupling reactions between
CD-ring component 117 and AB-ring component 86a were
carried out in methanol under acidic conditions to afford
15Zs-18Et-BV diallyl ester 126 in 69% yield. The two allyl
ester groups were deprotected by using a Pd’-catalyzed reac-
tion with sodium p-toluenesulfinate (NaTs) as a nucleophile
in THF/MeOH to give 15Zs-18Et-BV 121 in free acid form
in 80% yield.>*

2.10.2 Synthesis of the Z-anti CD-Ring Component and
15Za-18Et-BV: Z-anti CD-ring component 118 was prepared
from D-ring 9332 and C-ring 113 with a leaving group for cy-
clization, as shown in Scheme 30.!'> Commercially available
3-bromo-1-propanol (127) was acetylated, followed by nitra-
tion using sodium nitrite in the presence of phloroglucinol in
DMF, to give 3-nitropropyl acetate (128) in 60% yield. Com-
pound 128 was coupled with oxoester 22¢ in a similar manner
for the preparation of the B- and C-rings,*>° followed by ace-
tylation of the resulting alcohol to give nitro-acetate 129 in
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66% yield, along with a small amount of nitroolefin. When
compound 129 was treated with #-butyl isocyanoacetate and
DBU according to Barton’s method® in acetonitrile, pyrrole
derivative 130 was obtained in 55% yield. Hydrolysis of 130
with KOH in MeOH, followed by allylation with allyl bromide
in the presence of DBU in THF/DMF, gave pyrrole 131
in 60% yield. When compound 131 was formylated by the
Vilsmeier reaction to give the formylated product, chlorination
of the hydroxy group proceeded simultaneously to afford for-
mylpyrrole 113 with a 2-chloroethyl group in 94% yield.

As shown in Scheme 31, Wittig-type coupling reaction be-
tween 5-tosylpyrrolinone 93 and formylpyrrole 113 proceeded
satisfactorily using tributylphosphine in the presence of DBU
in THF at 0°C to room temperature to afford CD-ring com-
ponents 132 as a mixture of E- and Z-isomers in 98% yield.
It was found that compound (E)-132 had to be converted to
the Z-isomer by treating with a catalytic amount of iodine in
CH,Cl, prior to the cyclization. Compound (Z)-132 was cy-
clized at 50 °C in the presence of DBU in THF affording the
desired cyclized product 133 in 76% yield. Subsequent for-
mylation was accomplished by treating with methyl orthofor-
mate in TFA to give formylated CD-ring component 118 in
quantitative yield.>*!!3

Coupling reaction between CD-ring 118 and AB-ring 86a
was carried out under acidic conditions to afford the sterically
locked 15Za-18Et-BV diallyl ester derivative 134 in 87%
yield. Finally, the deprotection of the allyl ester moiety of

134 was achieved by Pd’-catalyzed reaction using sodium
p-toluenesulfinate as a nucleophile in THF/MeOH to give
the desired locked chromophore 122 (15Za-18Et-BV) in 90%
yield.54’1 15

2.10.3 Synthesis of the E-syn CD-Ring Component and
15Es-18Et-BV:  5-Tosylpyrrolinone derivative 114 was pre-
pared starting from propenal (135) as shown in Scheme 32.
Treatment of 135 with acetic acid in the presence of a catalytic
amount of zinc acetate afforded 3-acetoxypropanal (136) in
40% yield.">>13° Compound 136 was then coupled with 1-
nitropropane according to Henry reaction in the presence of
a catalytic amount of KOH in MeOH. The resulting nitro-alco-
hol was then acetylated using acetic anhydride in the presence
of a catalytic amount of 4-(dimethylamino)pyridine (DMAP)
in THF to give the nitro-diacetate 137 in 85% yield in two
steps. Compound 137 was reacted with tosylmethyl isocyanide
in the presence of DBU to afford 2-tosylpyrrole derivative 138
in 59% yield. Compound 138 was then brominated with tri-
methylphenylammonium tribromide in CH,Cl,, followed by
hydrolysis of the acetoxy group with aq NaOH in MeOH, to
give compound 139 in 72% yield in two steps. Mesylation
and subsequent redox-type reaction***> using DMSO and zinc
in TFA afforded the 5-tosylpyrrolinone derivative 114 in 55%
yield in two steps.”*

Compound 114 and 26a were coupled by Wittig-type reac-
tion using tributylphosphine and DBU in THF to directly af-
ford the cyclized CD-ring component 140 as E-syn isomer in



46 Bull. Chem. Soc. Jpn. Vol. 81, No. 1 (2008)

Me
o
Me /D
23 "BugP / DBU ) NH
+
Sy
o CO,/Bu
COLAllyl

132, 98% (E/Z mixture)
(E)-132

cat. I in CH,CI
2 2¥2 L (2)-132, 80%

86a
118

cat. H,SO,4 in MeOH

AWARD ACCOUNTS

Me
Me
D —
u N
(2)-132 /c
in THF R
COLAllyl
TFA 133,76% (R = CO,'Bu)
(MeO)3CH L~118, quant. (R = CHO)

COsR

COsR

TsNa / cat. [Pd(PPhg),] [134 (R=Allyl), 87%

in THF/MeOH

122 (15Za-18Et-BV), 90%

Scheme 31. Synthesis of 15Za-18Et-BV 122.

H // AcOH HMOAC
0] Zn(OAC)2 0]

Me
cat. KOH
1) O,N">M Tycon 0N OAc
2) Ac,O / DMAP in THF AcO

135 136, 40% 137, 85% (2 steps)
1) PhMesN*Bry” 1) MsCl / Et;N
CNCHgTS in CHZC|2 |n THF
" DBU _ HN / 2)aq.NaOH  HN / TFA/ DMSO  HNZ
in MeCN in MeOH

138, 59%

139, 72% (2 steps)

114, 55% (2 steps)
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65% yield. Formylation reaction was carried out by treating
140 with TFA and subsequent addition of methyl orthoformate
to give the formylated CD-ring component 119 in 85% yield.

Coupling reaction between CD-ring 119 and AB-ring 86a
was carried out under acidic conditions in a similar manner
as in the case of other locked chromophores described above
to afford the sterically locked 15Es-18Et-BV diallyl ester
derivative 141 in 45% yield. The deprotection of the allyl
ester moiety of 141 by Pd’-catalyzed reaction*’** with
sodium p-toluenesulfinate as a nucleophile in THF/MeOH
gave locked chromophore 123 (15Es-18Et-BV) in 42% yield
(Scheme 33).54115

2.10.4 Synthesis of the E-anti CD-Ring Component and
15Ea-18Et-BV: Biliverdin (BV) derivative 124 (15Ea-18Et-
BV) bearing an E-anti CD-ring component was synthesized
by fixing with 8-membered ring as shown in Scheme 34.13!

CD-ring component 120 was prepared starting from the

commercially available 3,4-dihydro-2H-pyran (142). 5-Hy-
droxypentanal obtained by acid hydrolysis of 142 was reacted
with 1-nitropropane in the presence of a base according to the
Henry reaction, followed by acetylation in the presence of
DMAP to give nitro-diacetate 143 in 38% yield in three steps.
Compound 143 was reacted with #-butyl isocyanoacetate in the
presence of DBU in THF applying Barton’s method®® to give
pyrrole derivative 144 in 67% yield.

Iodination of a-position of pyrrole 144 with N-iodosuccin-
imide (NIS), followed by oxidation utilizing Pb(OAc), in tol-
uene, gave pyrrolinone derivative 145 in 90% yield. The -
acetoxy group of the pyrrolinone derivative 145 was replaced
by Ts group using anhydrous sodium p-toluenesulfinate (TsNa)
in refluxing THF, followed by protection of the pyrrolinone-
NH using di-#-butyl dicarbonate (Boc,O) in MeCN. Then, hy-
drolysis of the acetate group in 0.5 M methanolic HCI afforded
N-protected tosylpyrrolinone derivative 146 in 92% yield. lo-
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Scheme 34. Synthesis of 15Ea-18Et-BV 124.
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Fig. 10. Chemical structures of synthesized bilin chromophores, which were used for assembly experiment with PHYB.

dination of the resulting alcohol using iodine and triphenyl-
phosphine in the presence of imidazole in MeCN, followed
by nitration using sodium nitrite in the presence of phloroglu-
cinol in DMF, gave the tosylpyrrolinone derivative bearing a
nitro group in its side chain in 38% yield. The resulting nitro
compound was reacted with allyl 4-oxobutanoate to construct
tosylpyrrolinone derivative 147 with a nitroalcohol side chain
in 64% yield (24% yield from 146 in three steps). Acetylation
of the resulting alcohol 147, followed by reaction with #-butyl
isocyanoacetate, gave dipyrrole derivative 148 in 82% yield
from 147 in two steps.

Compound 148 was subjected to the Vilsmeier reaction to
afford formylated dipyrrole derivative 149 in 68% yield. Com-
pound 149 was then treated with 99% formic acid to cleave the
Boc and #-butyl esters giving dicarboxylic acid derivative 150,
which was subjected to Wittig-type coupling reaction using
tributylphosphine in the presence of DBU in THF/DMF at
—75°C-rt to give the pyrromethenone derivative 151 in 74%
yield. Compound 151 was formylated by treating with methyl
orthoformate in TFA to give the desired formylated E-anti
CD-ring component 120 in 40% yield.

The coupling reaction between CD-ring 120 and AB-ring
86a was carried out under acidic conditions to afford 15Ea-
18Et-BV diallyl ester derivative 152 in 71% yield. Finally,
deprotection of the allyl esters was achieved by using Pd°-
catalyzed reaction in the presence of sodium p-toluenesulfinate
as nucleophile in THF/MeOH to give 15Ea-18Et-BV 124 in
70% yield.!3!

3. Assembly of the Synthetic Bilin Chromophores
with Phytochrome Apoproteins

3.1 In Vitro Assembly of P®B, PCB, and PCB Analogs
with Phytochrome B Apoprotein. Now various kinds of
PCB, P®B, BV, and their derivatives have become available
in free acid forms for us to study on the reconstituted phyto-
chromes. Phytochromes have long been believed to be the
photoreceptors for red/far-red reversible reactions, but it has
become evident that phytochrome A and B (PhyA and PhyB)
recognize light in essentially different manners.'>> PhyB pho-
toreversibly switches responses on or off upon irradiation with
red/far-red light, whereas PhyA triggers very low-fluence or
high-irradiance responses.!33 The spectral properties of PhyA
have been well characterized, because of the relatively high
abundance of this photoreceptor in dark-grown tissue. In
contrast, PhyB has not been well characterized, because of
its low abundance in native tissue. Several groups have report-
ed in vitro assembly of PhyB and have shown that it has
similar spectral properties to PhyA.!134-136
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Fig. 11. Difference absorption spectra of the PHYB ad-
ducts with the chemically synthesized P®B and PCB.'?
The difference spectra were obtained by subtracting the
absorption spectra recorded after red light irradiation from
that recorded after far-red light irradiation. Black and gray
dotted lines indicate the difference spectra of P®B and
PCB adducts, respectively. The vertical bar represents
0.002 absorbance unit.

To analyze the structural requirements of the chromophore
for the spectral properties of PhyB, we designed and chemical-
ly synthesized more than 20 bilin chromophore derivatives
(Fig. 10), including natural P®B and PCB, and reconstituted
them with recombinant Arabidopsis PhyB apoprotein (PHYB)
through collaborative study with biologists.!?

The difference absorption spectra of the in vitro-assembled
adducts of the synthetic bilin chromophores with PHYB were
measured on actinic far-red and red light irradiations. The ad-
duct with PCB showed a similar difference spectrum to that of
the PO®B adduct, although its peaks were slightly blue shifted
due to the difference of the length of 7r-conjugation system
when compared with the P®B adduct corresponding to the
natural phytochrome,'3’-13 as shown in Fig. 11.1%

Some of the difference absorption spectra of PHYB adducts
with the synthesized PCB analogs modified at the A-, B-, C-,
and D-rings, respectively, are shown in Fig. 12. Binding effi-
ciency of each analog by using zinc blot analysis was reported
in our original report.'?>

The A-ring acts mainly as the anchor for ligation to PHYB,
because the modification of the side chains at the C2 and C3
positions did not significantly influence the formation (based
on the results from zinc blot analysis) or difference spectra
of adducts (Figs. 12a and 12b). The results indicated that a hy-
drophobic environment and open space accommodate the A-
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ring of the bilin chromophore at the binding site of PHYB, and
that stereochemistry at the C2 position is not crucial, since the
analog dimethylated at the C2 position showed similar differ-
ence spectra (Fig. 12b).

In contrast, the side chains of the B- and C-rings are crucial
to position the chromophore properly in the chromophore
pocket of PHYB and for photoreversible spectral changes.
Typical examples are shown in Figs. 12¢ and 12d. Exchanging
the methyl groups and the propanoic acid side chains of the
B- and C-rings decreased the binding efficiency remarkably
(by zinc blot analysis),'? suggesting that free-acid elements
are required for chromophore binding, probably dictated by
the electrostatic interaction between propanoic acid side chain
and basic amino acid residues, such as Arg or Lys of the phyto-
chrome apoprotein. When PHYB adducts retained a propanoic
acid side chain at the C8 position of the B-ring, they displayed
photochromism (Fig. 12d). Thus, propanoic acid side chain at
the C8 (Fig. 12d) was found to be more crucial for photorever-
sible conversion of phytochrome than that at the C12 position
(Fig. 12c).

Modification of the D-ring was essential for analysis of
photochromism, because the D-ring (the C15 position) is the
site at which isomerization occurs during photoconversion of
phytochrome. Substituents at the C17 and C18 positions of
the D-ring were varied as vinyl (corresponds to P®B), methy],

propyl, pentyl, or octyl groups in a regioselective manner for
structure /function analysis. In addition, acetoxy and tolylthio
groups were introduced at the B-position of the ethyl group
at the C18 position. The side-chain structure of the D-ring
was required for the photoreversible spectral change of the
adducts.'? Some difference absorption spectra of the adducts
are shown in Figs. 12e—12h. When methyl and ethyl groups
at the C17 and C18 positions are replaced with a propyl or
octyl group, respectively, the photoreversible spectral change
of the adducts depended on the length of the side chains. Com-
parison of the difference absorption spectra of the adducts
replaced with an octyl group (Figs. 12f and 12h) suggested
that the environment around the C18 position of the chromo-
phore within the chromophore-biding pocket of PHYB is
hydrophobic and more flexible than that of the C17 position.
This suggestion was supported by the results from other two
analogs, which have the 2-(acetoxy)ethyl or 2-(tolylthio)ethyl
groups at the C18 position.!?

The results of these studies allowed us to outline the order
of events during in vitro assembly of PHYB with its chromo-
phore. First, the ligation of chromophore to PHYB is initiated
by an electrostatic interaction between the propanoic acid side
chains of the B- and C-rings and a basic amino acid residue
such as Arg or Lys. Second, the A-ring falls into the hydropho-
bic site close to the Cys of PHYB, followed by nucleophilic
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attack of the thiol group at the C3! position of the ethylidene
substituent of the A-ring to form a thioether bond through a
sort of Michael-type addition reaction. Finally, the D-ring also
falls into a hydrophobic pocket where open space exists at
least around the C18 position of the chromophore. Rotation
around the C14-C15 single bond axis probably occurs at
this stage, forming the extended structure of the chromophore
in PHYB.

It was possible to replace a side chain at the C17 or C18 po-
sition of the D-ring with a bulky substituent without loss of
photoconversion. Thus, these positions seemed to be suitable
to be labeled with a photoreactive group for photoaffinity stud-
ies. However, PCB analogs carrying a photoreactive 4-[3-
(trifluoromethyl)diaziren-3-yl]phenyl group at the C17 or C18
position of the D-ring were not incorporated into PHYB, prob-
ably due to the bulkiness and the lack of flexibility of the
employed photoreactive group.

From these studies, we proposed that each pyrrole ring of
the linear tetrapyrrole (bilin) chromophore plays a different
role in chromophores assembly and the photochromic proper-
ties of PhyB. This collaborative study with biologists has
opened an avenue of research toward understanding the nature
of holophytochrome assembly and the chromophore pocket in
vitro.

3.2 In Vivo Assembly of P®B, PCB, and PCB Analogs
with Phytochromes A and B Apoproteins. Phytochromes
are encoded by a small gene family, and five distinct phyto-
chromes (A to E) have been identified in the model plant
species Arabidopsis thaliana,'*>'#! in which phytochrome A
(PhyA) and B (PhyB) are most abundant, principally working
throughout the life cycle. Photobiological analyses have estab-
lished that, under continuous irradiation, phytochrome A is
primarily responsible for plant’s sensitivity to far-red light,
whereas the other phytochromes respond mainly to red light,
using various phytochrome-deficient mutants.* To elucidate a
question whether different bilin structures affect the photobio-
logical activities of phytochromes in vivo, we have collaborat-
ed with biologists to incorporate synthetic bilin chromophores
into apopytochromes A (PHYA) and B (PHYB) in Arabidopsis
hyl and hy2 mutants, which are deficient in P®B biosynthe-
sis.!4?~144 Parks and Quail have restored photomorphogenesis
in these mutants with exogenously supplied biliverdin IXo
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Fig. 13. Difference of the growth phenotype of FR irradiat-
ed 7-day-old hy2 seedlings, which were treated with P®B
(left) or PCB (right), respectively.!?

(BV), a direct precursor of P®B.'* By using an analogous
approach, synthetic bilins were fed exogenously to hyl and
hy2 seedlings to test whether they restore the photobiological
functions of PhyA and PhyB in vivo.'?® When these seedlings
were intermittently irradiated with far-red (FR) light for 48 h,
the P®B-treated hyl and hy2 seedlings showed a significantly
different growth phenotype compared with PCB-treated mu-
tant in terms of hypocotyls length, cotyledon opening, and cot-
yledon expansion (Fig. 13). FR-irradiated PCB-treated seed-
lings resembled dark-grown seedlings, whereas the P®B-treat-
ed seedlings showed a characteristic de-etiolated phenotype,
hypocotyl growth inhibition, similar to that of the FR-irradiat-
ed wild type (WT) seedlings.'?

Figure 14 shows effect of exogenously supplied P®B and
PCB to hy2 mutant seedlings in terms of hypocotyl length.!?
The far-red light sensitivity of PhyA was found to depend on
the structure of the bilin chromophore. By reconstitution of
holophytochrome in vivo through feeding various synthetic
bilins to chromophore-deficient mutants of Arabidopsis, the
requirement for a double bond on the D-ring of P®B for
restoring PhyA function has been established (Fig. 14A). In
contrast, PhyB function was restored with both P®B and
PCB with a saturated D-ring substituent (Fig. 14B).'2¢ These
results were confirmed further by using hyl/phyA and hyl/
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Wild type hy2
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Fig. 14. Effect of exogenously supplied P®B and PCB to sy2 mutant seedlings on hypocotyls growth.'?¢ (A) The seedlings were
irradiated with intermittent far-red (FR) light pulses to observe the photosensory function of PhyA. D (black), kept in darkness; FR
(bluish gray) at 3 min cycles for 2 days. The PhyA-mediated responses occurred only when P®B was supplied. (B) The seedlings
were irradiated intermittent red (R) light pulses to observe the function of PhyB. D (black), kept in darkness; R (red) at 4 h cycles
for 2 days. The PhyB-dependent responses were restored by both P®B and PCB.!?® Error bars represent SE.
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the Pr minus Pfr difference spectrum (dashed line).

phyB double mutant seedlings in the presence or absence of
P®B and PCB followed by intermittent R, R/FR, FR, and
FR/R light treatments. 2

The loss of PhyA-mediated response to FR light in PCB-
supplied seedlings might be caused by reasons other than the
spectrophotometric properties of the PhyA adduct with PCB.
One possible explanation is that P®B (not PCB) might have
some direct role as signaling molecules in PhyA signaling
pathway. Another possibility is that loss of PhyA function in
PCB-supplied chromophore-deficient mutants is caused by a
lack of interaction between chromophore and phytochrome
apoprotein.

This collaborative work with biologists demonstrated a
quite suggestive discovery that a double bond in the vinyl side
chain of D-ring of P®B is crucial for the photosensory func-
tion of PhyA. Perhaps some amino acid(s) in the N-terminal
domain of PHYA interacting directly have an essential role
in the direct interaction with this vinyl side chain. It is likely
that tight binding with PHYA through the vinyl group at the
hydrophobic cavity prevents free movement of P®B from
the binding site even when PhyA is irradiated with FR light.
This binding process might be required for PhyA-specific
biological activity for photomorphogenesis.

3.3 In Vitro Assembly of BV and Its Analogs with Agro-
bacterium Phytochrome Agpl. In plant phytochromes, the
natural chromophore, phytochromobilin (P®B), is coupled
by a thioether bond between its A-ring ethylidene side chain

and a conserved cysteine residue within the so-called GAF
domain of the protein.! Many bacterial phytochromes carry
biliverdin (BV) as a natural chromophore, which is coupled
in a different manner to the protein, because BV has a vinyl
side chain on the A-ring instead of an ethylidene side chain
of P®B. In phytochrome Agpl of Agrobacterium tumefaciens,
BV is covalently attached to a cysteine residue close to the
N-terminus (position 20). It has been proposed that BV binds
via its D-ring to the protein,'*® but the assumption has not
been confirmed by chemical studies.

Therefore, we used different natural and synthetic BV deriv-
atives prepared above (Fig. 8), three BV-derivatives with a
reduced A-ring and/or D-ring side chains, namely 3-Et-BV,
18-Et-BV, 3,18-Et-BV, and BV-4, in which the D-ring vinyl
group of the C18 position was exchanged with the methyl
group of the C17 position, to test whether the A-ring or D-
ring vinyl side chain is used for covalent BV attachment in
Agpl.'¥7 Chromophore assembly was carried out by German
biologists as our collaborative work and resulted in the forma-
tion of the Pr form, which is determined by its unambiguous
spectral features; upon incorporation into the protein, the max-
imum of the red absorption band of the chromophore shifted to
approximately 700 nm. At the same time, absorbance in this
spectral region increased and exceeded that of the blue absorp-
tion band. This behavior was found for all chromophores test-
ed, indicating that they all formed adducts with the Agpl pro-
tein (Figs. 15a—15g). In addition, all adducts showed typical
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Fig. 16. Tests for covalent bilin attachment with Agp1 (a—g).'#” Spectra after SDS-denaturation before (solid line) and after (dashed
line) separation of protein and free chromophore on NAP-5 desalting column. The spectra are normalized at 280 nm.

photoconversion into the longer wavelength Pfr form upon
irradiation with red light.'¥

Covalent attachment of the chromophores was tested by
SDS-denaturation/dissociation followed by separation of pro-
tein and the free bilin on desalting columns. If the chromo-
phore is covalently bound, it elutes together with the protein
from the desalting column, whereas noncovalently bound
chromophore is separated from the protein by using SDS and
remains almost entirely inside the column. Spectra that were
recorded before and after the column separation are shown
in Fig. 16.'47 The spectra were normalized at the protein
absorption band (280nm) to compensate for dilution effects
that occur during the separation. The assay showed that most
if not all of the BV was covalently attached to the protein
(Fig. 16a). In the case of 18-Et-BV, both spectra were almost
identical; thus, 100% of the chromophore was covalently
bound (Fig. 16c). From the spectra of the BV-4 adducts, it
can be judged that approximately 90% of the chromophore
were covalently attached (Fig. 16e). All three covalently
bound chromophores have an A-ring vinyl side chain but differ
by their D-ring side chains. Those chromophores that contain
an A-ring ethyl or ethylidene side chain, namely 3-Et-BV,
3,18-Et-BV, P®B, PCB, were noncovalently bound to the
protein. In all those cases, the absorbance in the visible range
was very small after the column separation (Figs. 16b, 16d,
16f, and 16g). Because ~5% of free bilins eluted from the
desalting columns under the test conditions, minor traces of
chromophore absorbance might be attributed to co-eluted

free bilin.

From these results, we could conclude that the A-ring vinyl
group forms a thioether bond with the cysteine 20 residue of
Agpl.'¥" Recently, this result was confirmed by X-ray crystal-
lography of a truncated phytochrome from Deinococcus
radiodurans consisting of the N-terminal 321 amino acids.'4®

3.4 In Vitro Assembly of Sterically Locked Synthetic BV
Derivatives with Agrobacterium Phytochrome Agpl and
Agp2. 3.4.1 Formation of Photoinsensitive Pr- and Pfr-
Like Adducts: For plant phytochromes, it has been shown
that the first step of the Pr to Pfr photoconversion is a Z to E
isomerization of the chromophore around the C15=C16 dou-
ble bond,”® which occurs on the picosecond time scale.'49-13!
Isomerization is followed by spectral changes in the micro-
second and millisecond time scale.'>>~* During photoconver-
sion, the chromophore also undergoes movement around the
exocyclic single bonds. In principle, each single bond can
adopt either the syn or anti conformation.'® Vibrational spec-
troscopy gained indirect insight into the conformation of the
phytochrome chromophore in the Pr, Pfr, and intermediate
states, but the data were not unambiguous and have been inter-
preted in different ways.?®-32 For example, it has been pro-
posed that the formation of Pfr is accompanied by a syn/anti
rotation around the C14—C15 single bond.>' More recently,
interpretation of resonance Raman spectra of plant phyto-
chromes by using density functional theory (DFT) calculations
indicated that the C14—C15 single bond is in the anti confor-
mation throughout the entire photocycle and that the C5-C6
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single bond rotates from anti to syn upon conversion from Pr
to Pfr as shown in Fig. 2.3

The Pr/Pfr photocycle is associated with conformational
change of the protein that have been measured by using size
exclusion chromatography (SEC), CD spectroscopy, or limited
proteolysis.'>>~1%7 Most bacterial phytochromes are histidine
kinases, in which kinase activity is modulated by light-induced
conformational changes of the protein. Kinase activity is gen-
erally stronger in the Pr and weaker in the Pfr form, although
other phosphorylation patterns have also been found.!!-14.146.158

To understand better how the structure of the chromophore
is linked with the conformation of the protein, we prepared
four synthetic biliverdin (BV) derivatives in which the C-
and D-rings are sterically locked by cyclizing with an addition-
al carbon chain as described above. In these chromophores,
which are termed 15Zs (121), 15Za (122), 15Es (123), and
15Ea (124) in this section, the C15=C16 double bond is in
either the Z or E configuration and the C14-C15 single bond
in either the syn or anti conformation. Biliverdin (BV), the
natural chromophore of Agpl, and 18EtBV (Fig. 8) were used
as controls. These six different chromophores were first assem-
bled with Agrobacterium phytochrome Agpl by German biol-
ogists as collaborative work. Both BV and 18EtBV chromo-
phores completely formed a covalent bond between 1 and
Smin and produced adducts that show typical red/far-red
reversible photoconversion (Figs. 17a and 17b).">°

All locked BV derivatives also bound covalently to the pro-
tein, which was confirmed by using SDS-denaturation/dissoci-
ation, followed by separation of protein and the free bilin on
desalting columns as described above, and the binding was
completed between 1 and 5min except 15Ea that required
about 140 min, producing adducts with characteristic spectral

properties. The 15Za adduct was spectrally similar to the Pr
form (Fig. 17c), and the 15Ea adduct was similar to the Pfr
form of the BV adduct (Fig. 17e). Thus, the chromophore of
Agpl adopts a C15=C16 Z configuration and a C14-C15 anti
conformation in the Pr form and a C15=C16 E configuration
and a C14-C15 anti conformation in the Pfr form. Both the
15Zs and the 15Es adducts absorbed only in the blue region
of the visible spectra (Figs. 17d and 17f).%°

The results with the 15Zs and 15Es chromophores show that
the Agpl protein is rather tolerant for bilins that have the
“wrong” conformation. Both locked syn bilins might adopt a
helical conformation within the Agpl chromophores pocket
as compared with the stretched conformation of other bilins.
Another possibility could be that the conjugation system of
tetrapyrrole chromophore is broken by a nucleophilic attack
of an amino acid side chain to the C10 position. However,
the addition reaction must be reversible, because the red
absorption band appeared again upon SDS treatment of the
holoprotein, as found during our tests for covalent binding.

Why is the covalent bond with 15Ea formed rather slowly as
compared with the other chromophores? It could be that after
the rapid incorporation of 15Fa into the Agpl chromophore
pocket, the distance between the Cys-20 thiol group and the
A-ring vinyl side chain of 15Ea is rather large and that the
likelihood for covalent bond formation is thereby decreased.
In this model, thermal conformational motions of the protein
and/or the chromophore would be required for covalent bond
formation. For the chromophore, a syn/anti rotation around
the C5-C6 single bond is the most likely option. Once the
E-isomer is present, the protein adopts its conformation in a
proper manner.

It has been shown that the first step in the Pr to Pfr photo-
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Fig. 18. Size exclusion chromatography (SEC) with Agp1-M15 (the N-terminal 504 amino acids of Agpl) apoprotein and chromo-
phore adducts (a—f).!>° a. apoprotein and BV adducts; b. 18EtBV adducts; ¢, 15Za adduct; d, 15Zs adduct; e, 15Ea adduct; f, 15Es
adduct. Pr, after dark incubation; Pfr, after saturating red irradiation. The apparent molecular mass in kDa is given above each

trace.

conversion of plant phytochromes is a Z to E isomerization
around the C15=C16 double bond.?® Because of the spectral
similarities, this mechanism was most likely universal for all
phytochromes, although direct experimental evidence was
lacking. If Agpl follows the same mechanism, all adducts with
locked chromophores should remain stable in the light. Indeed,
we did not observe any spectral changes upon irradiation with
either red or white light (Figs. 17c—17f) under conditions
that induced saturating conversions of the BV and 18EtBV
adducts.

Mobility of proteins subjected to size exclusion chromatog-
raphy (SEC) was dependent on the shape and quaternary struc-
ture of the molecules. All chromophore adducts with Agpl-
M15 (the N-terminal 504 amino acids of Agpl) apoprotein
were analyzed by using SEC (Fig. 18), and also histidine ki-
nase activity to probe for protein conformation (Fig. 19).!%°
In either case, the 15Za adduct behaved like the Pr, and the
15Ea adduct behaved like the Pfr form of Agpl. Replacing
the natural chromophore with a locked 15Ea derivative can
thus bring phytochrome holoprotein in the Pfr form in the dark.
In this way, physiological action of Pfr can be studied in vivo
and separated from Pr/Pfr cycling and other light effects.

Agpl and Agp2 have antagonistic properties: in the dark,
Agpl converts slowly from Pfr to Pr, whereas Agp2 converts
slowly from Pr to Pfr. To see whether and how locked chromo-
phores are incorporated into Agp2, the set of the above men-
tioned chromophores was also tested with purified recombi-
nant Agp2.'%0 Interesting differences between Agpl and Agp2
and between different chromophores were found for the as-
sembly rates. The slowest assembly with Agpl was found
for the 15Ea chromophore. In the case of Agp2, the 15FEa
assembly rate is faster than that of 15Za. The assembly rates
for 15Ea/15Za for both phytochromes are in line with the find-
ing that Agpl adopts a Pr form and Agp2 adopts a Pfr form in
the dark.'%0

For analyses on the stereochemistry of the C5-C6 single
bond, new locked chromophores 5Zs and 5Za, in which
C4=CS5 double bond is fixed in the Z configuration and
the C5-C6 single bond is fixed in either the syn or anti con-
formation (Fig. 20), were recently synthesized in a similar

T
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g S S WonNNud
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130£20 191 18+2  380+30 30060
100 11047 130430 2043

Fig. 19. Autophosphorylation of Agpl apoprotein and
chromophore adducts.’® The BV and 18EtBV adducts
were used unirradiated (Pr) or after saturating red irradia-
tion (Pfr). Following incubation in the presence of [y-
2P]ATP for 5min, the samples were loaded onto SDS-
PAGE, blotted, and analyzed by using phosphor-imaging.
The area around the 85-kDa Agpl band is shown. The rel-
ative intensities (mean £ S.E. of four experiments) are
given below the blot.

manner described for the chromophores locked at the C15
position. They were also used for assembly with Agpl and
Agp2'%° and provided deeper insight into the similarities
and differences between a more conventional phytochrome
Agpl and a phytochrome Agp2, which converts to Pfr in the
dark, giving further clues for the understanding of chromo-
phore stereochemistry in the ground state and during photo-
conversion.

Results with the 5Zs and 5Za chromophores are summarized
as follows:'®* (1) Both chromophores form covalent bonds
with either Agpl or Agp2. (2) The spectra and the absorption
maxima of the 5Zs adducts are similar to those of the Pr form
of the 18EtBV control. (3) The absorption spectra of the 5Za
adducts are also similar to Pr, but their maxima are shifted
to shorter wavelengths. (4) Photoconversion shifted the ab-
sorption maxima of the 5Zs adducts to shorter wavelengths,
whereas the 5Za adducts were shifted to longer wavelengths.
Thus, the C5-C6 single bond of the Pfr chromophore is in
an anti conformation, supporting the previous suggestion that
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Fig. 20. New locked chromophores 5Zs and 5Za.
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Fig. 21. Proposed stereochemistry of the Agpl and Agp2 chromophores during conversion of Pr to Pfr.'% Step 1 is the rapid
C15=C16 Z to E isomerization, leading to the lumi-R photoproducts. During the conversion from lumi-R to Pfr (step 2), the
stereochemistry of the C5 methine bridge is changed. This can involve either a rotation around the C5-C6 single bond (from
syn to anti) and/or a Z to E isomerization of the C4=C5 double bond (a hula-twist mechanism).'%! Two different possibilities

are drawn here.

during photoconversion of phytochromes, a rotation around the
A- and B-rings connecting single bond occurs,?? though direc-
tion of the rotation was opposite, anti to syn conformation, and
the 5Za photoproducts are spectrally not exactly identical with
Pfr. All of the data that were obtained with these chromo-
phores lead to the conclusion that a flexibility around the A-
and B-rings connecting methine bridge is essential for proper
photoconversion from Pr to Pfr and for Pr to Pfr dark conver-
sion of Agp2, although the role of C15=C16 Z to E isomeriza-
tion as the initial step is beyond doubt from our results.

The spectral analogy between Pr and the 5Zs adducts is in
line with the data from the crystal structure of the chromo-
phore-binding domain of Deinococcus phytochrome.'*® Tn
the structure, the configuration/conformation of the BV chro-
mophore is 5Zs/10Zs/15Za, i.e., the single bond between the
A- and B-rings, is in the syn conformation.

To our knowledge, there is as yet no evidence of a C4=C5 E

configuration of the Pfr chromophore. However, such configu-
ration might have been overlooked for chemical or technical
reasons. In the next step, we intend to synthesize the locked
5Ea and 5Es chromophores and test these compounds for
assembly with apophytochrome. Consequently based on the
above results, we proposed that the stereochemistry of the
Agpl and Agp2 chromophores is 5Zs/10Zs/15Za in the Pr
and 5Za/10Zs/15Ea or 5Ea/10Zs/15Ea in the Pfr form.'®
A schematic presentation of the proposed stereochemistry of
Pr and Pfr is given in Fig. 21,' taking into account the most
recent data from the crystal structure of the chromophore-
binding domain of the two bacteriophytochromes.!43:162:163
3.4.2 Crystallization and Preliminary X-ray Crystallo-
graphic Analysis: As mention above, assembly of the steri-
cally locked chromophores with apophytochrome could afford
photostable Pr- and Pfr-like adducts. This fact prompted us to
use the adducts of the locked chromophores with Agpl for
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crystallization analysis carried out with German collabora-
tors.!64

Because of the difficulty to grow X-ray suitable crystals of
full-length Agp1, our studies were focused on the truncated N-
terminal photosensory chromophore module of Agpl, termed
Agpl-M15 for the first crystallization experiments and pre-
liminary X-ray analysis.'®* This 54 kDa-fragment consists of
the N-terminal 504 amino acids of Agp1 and contains the PAS-
like domain (PLD), GAF domain and PHY domain but lacks
the C-terminal histidine-kinase module (see Fig. 18).

The protein Agp1-M15 was either assembled with the natu-
ral chromophore biliverdin (BV) or a sterically locked synthet-
ic BV derivative 15Za. Both adducts could be crystallized, but
the resolution was largely improved by the use of 15Za. Crys-
tals of BV-Agp1-M15 diffract to 0.6 nm resolution and belong
to the tetragonal space group /422 with unit cell dimensions
a=b=17.1nm, c=8.1nm, ¢ ==y =90° at T = 100
K, crystals of 15Za-Agp1-M15 belong to the same space group
with similar unit cell dimensions ¢ =b = 17.4nm, ¢ = 8.0
nm, but diffract to 0.34 nm resolution. Assuming the asymmet-
ric unit to be occupied by one monomer of 55 kDa, the unit cell
contains 54-55% solvent with a crystal volume per protein
mass, Vi, of 2.7 x 1073 nm? Da~'.164

In general, for crystal inspection under the microscope, light
was passed through an interference filter with a maximum
transmission at 520 nm. To obtain information about the color
of the crystals and to test for stability against light, some crys-
tals were inspected under white light. The crystals of BV-
Agpl-M15, which were obtained by assembling natural BV
chromophore with Agp1-M15, appeared dark green, indicating
that they are not salts or artifacts. During irradiation with white
light at 293 K, the crystals cracked, and the green color grad-
ually disappeared over time, showing that the holoprotein in-
side the crystal still undergoes light-induced conformational
changes.

On the other hand, a locked chromophore 15Za adduct of
Agpl-M15 did not undergo light-induced conformational
changes, because the first step of the photocycle, the Z—E iso-
merization around the C15=C16 double bond, is not possible.
The sharper bands of the vis spectrum of 15Za-Agp1-M15 than
that of BV-Agpl-M15 suggested that 15Za is less flexible
within the chromophore pocket as compared to BV.

Thus, by using 15Za-Agpl-M15 for crystallization, we
could both improve the quality of the crystals and allow for
continuous work under laboratory light. The rigidity of the
chromophore pocket might be one reason for the improved
resolution that was obtained for these crystals. Interestingly,
crystals of both the BV adduct and the 15Za adduct were ob-
tained under similar conditions, belong to the same space
group, and have similar unit cell parameters, indicating similar
crystal packing and comparable overall conformations of the
different adducts. The structural similarities would facilitate
straightforward structure determination by molecular replace-
ment once the phase problem has been solved for only one
of the crystal forms.

After the review of our article, " the crystal structure of the
chromophore-binding domain of Deinococcus phytochrome
DrBphP consisting of the N-terminal 321 amino acids was
published.'*® Most information on the configuration and con-
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formation of the chromophore is now available for the Pr form
from this crystal structure; however, detailed knowledge of
configurational and conformational changes of the chromo-
phore that are reflected by spectral changes is lacking.

4. Concluding Remarks

As described above, we established an efficient, flexible,
and general method for the preparation of the linear tetrapyr-
role (bilin) chromophores to investigate the structure and func-
tion of phytochrome chromophores by developing several new
reactions: (1) efficient synthetic reactions for the synthesis of
each pyrrole ring including 2-tosylpyrroles, (2) rearrangement
of a tosyl group of the 2-tosylpyrroles to the 5-position under
acidic conditions, (3) efficient transformation of 2-bromo-5-
tosylpyrroles to the corresponding 5-tosylpyrrolinones under
anhydrous redox conditions, (4) Wittig-type coupling reaction
between 5-tosylpyrrolinone and 2-formylpyrrole for the con-
struction of the AB- and CD-ring components, (5) reductive
transformation of the AB-ring component of BV to that of
P®B and PCB, (6) protection and palladium-catalyzed depro-
tection of propanoic acid side chains at the C8 and C12 posi-
tions through allyl esters. Actually, the method is so efficient
that were able to synthesize P®B starting from only two pyr-
roles and to synthesize not only P®B and PCB as natural
chromophores used in plants and cyanobacteria, respectively,
but also BV used in other bacteria. Furthermore, various un-
natural types of bilin chromophores bearing modified side
chain(s) and sterically locked BV derivatives were prepared
in free acid forms by applying the present synthetic method.

Assembly experiments of the synthesized chromophores
with phytochrome apoproteins in vitro and in vivo provided
us insights into the structure and function of phytochromes:
(1) the different role of each substituents on four pyrrole rings
of the bilin chromophore in plant phytochrome, (2) structural
requirement of bilin chromophore for the photosensory speci-
ficity of phytochromes A and B, (3) BV chromophore in
Agrobacterium phytochrome Agpl covalently binds to the apo-
protein via its A-ring vinyl side chain, (4) the stereochemistry at
the C15 position of the chromophore in Pr- and Pfr-forms of
Agpl and Agp2 are 15Z-anti and 15E-anti, respectively. Fur-
thermore, (5) photoinsensitive single crystals of Pr with a
15Za-locked chromophore were obtained for X-ray crystallo-
graphic analysis of the N-terminal photosensory module of
phytochrome Agpl. From these results, it is obvious that an
approach based on the synthetic organic chemistry toward the
elucidation of the structure and function of phytochromes is
very effective and necessary. Especially, sterically locked chro-
mophores will open the new avenues for investigation of phy-
tochrome chromophores both in vitro and in vivo in near future.
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