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The Conformation of Bilin Chromophores in Biliproteins: 
Ramachandran-Type Caiculations 
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B i l i n Conformat ion. Phycocyanin, Phycoerythrin, Phytochrome 

Ramachandran-type caiculations are performed for conformations of b i l in chromophores pres-
ent in the biliproteins phycocyanin, phycoerythrin and phytochrome. The atomic coordinates are 
taken from x-ray data of crystalline model Compounds, namely b i l ive rd in for pyrrole rings B , C , D 
and substituted succinimides for the hydrogenated r ing A including a thioether containing ß - sub -
stituent. M a x i m a and m i n i m a for steric hindrance are calculated for rotation of the thioether side 
chain, the rotation of pyrrole rings at single bonds (.sv«-an'/-forrns) and at double bonds (Z-E- iso-
mers) of the methine bridges. Whereas quasi-planar structures are possible for all syn, Z-forms, 
only twisted structures are possible i f c m l i , E-forms are considered. The relevance for the b i l in con
formations of native bil iproteins and of the P r ^ P f r phototransformation is discussed. 

Bilins (contrary to most porphyrins) are flexible 
molecules. A great number of conformations can 
theoretically be drawn which arise from rotation 
around single bonds of methene bridges (Fig. 1). 
The shape of the molecule ranges from cyclic por-
phyrin-like to maximally opened (stretched) forms. 
Similar forms can be indueed by Z - E isomerization 
of double bonds of methine bridges. 

Porphyrin like forms (i. e. all-Z configuration, all-
syn conformation) have been advanced for crystalli
ne biliverdins [1, 2] and for biliverdins in Solution [3, 
4]. The only other bilindiones so far investigated are 
E, Z, Z bilindiones [5, 6] for which the s y n , s y n , syn 
conformation has been postulated on the basis of 
UV-visible spectral data [7]. 

The particular spectral properties of the bilindi-
one chromophores of native biliproteins have been 
explained by extended chromophore conformations 
(viz. Formula I) indueed by the protein. In the case 
of phytochrome, experimental spectral data were 
compared with calculated spectral data [8]. In the 

Formula I. C O O " 

Reprint requests to D r . H . Scheer. 

0341-0382/79/1200-1085 $ 01.00/0 

case of phycocyanin, unfolding and refolding of the 
biliprotein proved the reversibility of the spectral 
changes which again were compared with spectral 
data from the literature calculated for various chro
mophore conformations [9]. Such caiculations exist 
for a great number of assumed bilin conformations 
[10— 13]. However, a great deal if not most of the 
assumed conformations are impossible in bilipro
teins because of steric hindrance of the /y-pyrrolic 
side chains. This is especially true for planar structures 
[8, 12] but even where non-planar-structures were 
considered [7. 13] arbitrary torsional angles have 
been introduced for the purpose of fitting of spectral 
data without a systematic consideration of steric hin
drance. 

The elucidation of the stereochemistry ofthe side 
chain of ring A including the thioether linkagc to the 
protein (Formula I) in phytochrome [14] and phyco
cyanin [15] together with .v-ray crystallographic data 
of the model Compounds II and III ([16], Lotter, 
Klein, Rüdiger in preparation) prompted us to cal-
culate atomic distances and energy levels for confor
mations produced by rotations around the single and 
double bonds connecting the individual pyrrolic rings. 

Formula II. Fo rmula III. 



1086 H . Scheer et al. • The Conformat ion o f B i l i n Chromophores in Bil iproteins 

F i g . 1. Schematic representation of different arrangements of the chromophores o f I accessible by rotations around the 
C-10,11 and C-14,15 single bonds (from ref. [25]). 

4^,5 (9.10) 

-180 

syn, 2 
• 180 -

syn, E 
—6— 

a n t i , Z 

anti, E 

• 180 <$> 5,6(10,11) 

- 180 

F i g . 2. Def in i t ion o f the four basic forms o f partial struc
tures IV and V. Only the central part of each quadrant al-
lows 7i-overlap sufficient for conjugation of the two rings. 
The planar structures for each form are shown in Figs 3 
and 4. 

Methods 
The atomic coordinates for the saturated ring A of 

biliprotein chromophores have been taken from the 
succinimide II [16] and for the unsaturated rings 
from biliverdin-dimethylester [1]. They have been 
transformed into a rectangular coordinate System in 
such a way, that the N-atoms occupy the zero Posi
tion, one C-atom lies in the X-axis and another C-
atom in the X , Y-plane (Table I). 

The atomic coordinates corresponding to confor
mations of different torsion angles have been calcu

lated with a Computer program using rotation matri-
ces. The zero position of the (9-angles of partial 
structures IV and V are shown in Figs 3 and 4. The 
rotations have been performed counter clockwise 
viewing from C 5 or C 1 0 to the rings. In the zero posi
tion of the angle r (Fig. 5) of the thio-substituted 
side chain (Formula I — III), the atoms C 2 , C 3 , C31 
and S are in one plane and the S-atom has a ^'«-po
sition to C 2 . The rotations have been performed 
counter clockwise viewing from C 3 to C 3 1. 

The energies corresponding to the different con
formations have been calculated with the Kitaigo-
rodskii function [17], where the interaction energy E 
between two non-bonded atoms is expressed as a 
function of a single variable z. 

E = 3.5 ( - 0.04/z6 + 8.6 x 103 exp ( - 13 z)) 
z =rij/r 0 

r„ = distance between two non-bonded atoms 
r 0 = van der Waals distance between non-bonded 

atoms. 

The van der Waals distances are shown in Table II. 

F o r m u l a IV. F o r m u l a V . 
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Table 1. A t o m i c coordinates for the Succinimide II and the four five-membered rings of b i l ive rd in dimethylester. The 
data from refs. [16] and [1], respectively, are transformed as described in "methods". 

Succinimide II Bil iverdin-dimethylester 

N „ 0.00 N 2 1 0.00 N 2 2 0.00 N 2 3 
0.00 N 2 4 

0.00 N „ 
0.00 

N 2 1 

0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 

c 4 
1.37 Q 1.40 c 9 

1.37 C u 1.43 C 16 1.35 
0.00 

Q 
0.00 

c 9 

0.00 0.00 
C 16 

0.00 
0.00 0.00 0.00 0.00 0.00 

C 3 
1.85 1.83 Ca 1.77 c 1.89 c 1 7 

1.79 
1.45 1.43 1.35 

c 
1.35 

c 1 7 

1.44 
0.00 0.00 0.00 0.00 0.00 

Q 0.60 c 2 0.69 c 7 
0.64 c 

^13 
— r 

1 s 
0.66 

2.31 2.17 2.16 
c 
^13 -

r 
1 s 2.20 

0.06 0.04 0.04 - 0.00 

c , - 0 .53 c , - 0 .45 C e 
- 0 . 4 5 C . - 0 . 3 4 c -0 .51 

1.26 1.29 1.24 
C . 

1.28 
c 

1.28 
0.06 -0 .03 0.03 0.04 0.00 

c 3 i 2.91 C 3 1 3.24 c 8 i 3.23 C 1 2 l 3.08 C „ I 3.22 
1.57 1.83 1.86 

C 1 2 l 
2.03 1.83 

1.14 -0 .01 0.00 - 0 . 1 4 - 0 . 0 4 

C l 0.45 C 2 1 0.59 C 7 1 0.59 c „ i 0.76 c 1 8 i 0.46 
3.31 3.66 

C 7 1 
3.56 

c „ i 
3.60 

c 1 8 i 
3.66 

-1 .07 0.14 0.04 0.10 0.00 

2.08 c 5 
2.21 c 1 0 

2.15 c 2.17 c „ 2.14 
-0 .98 - 1 . 0 9 -1 .13 -1 .17 -1 .09 

0.03 0.10 -0 .01 0.08 - 0 . 0 7 

0 0 n C l 
-1 .73 Oond -1 .65 c 5 

-1 .85 c 1 5 
- 1 . 6 9 C o n C l 9 

-1 .68 0 0 n C l 

1.55 1.59 1.68 1.72 
C o n C l 9 

1.60 
0.06 - 0 . 1 0 0.19 0.09 0.07 

Table II. V a n der Waals distances used in the caiculations. 

C N O S 

c 3.2 2.9 2.8 3.4 
N 2.7 2.7 3.2 
() 2.7 3.2 

Results and Discussion 
Biliproteins are characterized by a hydrogenated 

ring A linked via a thioester bond to the protein 
(Formula I) [18, 19]. The steric factors involved in 
the topology control of biliproteins involve, there-
fore, interactions between a hydrogenated and an un-
saturated ring (partial structure IV) as well as inter
actions between unsaturated rings (partial struc
ture V). The bond angles and lengths for the partial 
structure V have been taken from the central methi
ne bridge of biliverdin dimethylester (rings B and C) 
as determined by the x-ray analysis of Sheldrick [1]. 
The bond lengths of the partial structure IV are de-
rived from a composite of two structures: ring B is 

again derived from biliverdin dimethylester [1], whi-
le r ingA has been replaced by a dihydro-structure 
taken from the x-ray study of 2-(2'-sulfonylethyl) 
ethyl succinimide (II) [16]. The C 21-S distance of 
1.83 A in this sulfone is comparable to the C-S dis
tance of 1.80 A in the thioether, methionine [20]. 

To take into account the inverted stereochemistry 
at C , l in biliproteins, two substituents have been 
interchanged at (the corresponding) C21 in the suc
cinimide II. The x-ray structure of the corresponding 
epimer III has been solved after completion of this 
work (Lotter, Klein, Rüdiger in preparation). There 
is a good agreement of the conformation of III in the 
crystal and the one predicted from these caicula
tions. 

We consider here only the sterical interaction of 
vicinal pyrrole rings because there is no interaction 
of rings A and C or B and D. Furthermore, interac
tion of rings A and D occurs only if the tetrapyrrole 
System is in a planar or nearly planar cyclic form. A 
small deviation from planarity (all (»'s = 10 — 20 °) 
allows the System to avoid this sterical hindrance 
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F i g . 3. Energy profiles (in kcal /mol) for the four basic forms o f partial structure V representing the ring B , C junct ion in 
biliproteins. Only the central part of each quadrant with deviations from planarity < 40 ° is shown, corresponding to con-
jugation between the two rings. 

without a major loss of 7t-overlap. This gives the well-
known helical geometry of biliverdins [1 — 4]. 

Ramachandran-type caiculations take into ac-
count only steric interactions. They thus define steri-
cally forbidden areas and are complementary to con-
siderations regarding H-bonds and 7r-system inter
actions, which define allowed or favorable confor
mations or configurations. In the case of bile pig-
ments, steric hindrance is also complementary in its 
effects to H-bonding and 7:-interactions, as the co-

planar structures favored by the latter are sterically 
unfavorable. 

In the formalism used throughout, the two dimen-
sional Space defined by rotations about the bridging 
bonds C 4 , C 5 and C 5 , C 6 in IV, and C 9 , C [ 0 and 
C 1 0 , C n in V, respectively, is divided into four qua-
drants as defined in Fig. 2. The planar structures of 
the four forms are shown in Figs 3 and 4. Whereas 
coplanarity is possible for partial structure V in the 
Z configuration (Fig. 3, upper part), steric hindrance 
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F i g . 4. Coplanar structures o f the four basic forms o f partial 

is observed in the E configurated System (Fig. 3, low-
er part). No planar structure is allowed in this case. 
If the C-9,10 double bond is taken to be planar (/. e. 
(»9,10= 180 °) the torsion angle <?io,n must be + 40 ° 
or - 40 ° (anti conformation) or > 200 ° or < 160 ° 
(syn conformation). The angles could be somewhat 
reduced if the double bond is also twisted (see 
Fig. 3, lower part). 

structure IV. 

Such a strongly twisted structure has been found 
in the as yet only crystal structure of an anti, Z-syn-
Z, syn-Z bilin [21] and is also proposed for the £-iso-
mers of bilindiones [7], 

Steric interactions are rather pronounced in the 
partial structure IV as a model for rings A and B in 
biliprotein chromophores (Fig. 5). In addition to ro
tations around the two bridging bonds (C 4 , C 5 and 
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F i g . 5. Energy profiles ( in kca l /mol ) and interatomic distances d [A] for the 
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shown at the left. F o r the r-values corresponding to each o f the three energy 
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C 5 , C 6 ) , rotations around the C 3 , C31 bond strongly 
influence the stability of IV. The latter rotation has 
three minima, defined by interactions of the C 3 

substituents with C 2 , C„ and C 5 , which are essen-
tially independent of the conformations at the me
thine bridge (Fig. 5). These minima are separated by 
maxima, of which at least one (T « 225 °) is above 
the thermal energy at ambient temperature. E-confi-
gurations of the z)4,5-double bond are restricted to 
only one of the minima (x « 300 °), which is, inci-
dentally, the r-value observed in the recent x-ray anal
ysis of the C 2l-epimer III of the sulfone II (Lotter, 
Klein, Rüdiger in preparation). Only an extremely 
twisted a n t i , E form is sterically allowed in this case 
((P 5 > 6 ~ 220 °), and the energy minimum for the 
s y n , E form is at a twisted conformation, too 
l>5, 6 « 3 0 •). 

For the Z-configuration at the z!4,5-double bond. 
the restrictions imposed by x are less stringent, but 
still pronounced. Coplanar conformations of the 
a n t i , Z form are forbidden for each r-minimum, and 
the absolute minima are highly twisted a n t i , Z con
formations in each case. These minima are close to 
out-of-plane angles of ± 40 ° (corresponding to 
180 ± 40 0 in Fig. 5), the limiting angle for 7r-inter-
actions. A balance between 7i-interactions and steric 
hindrance can, therfore, be expected. 

The asymmetric C-atoms at ring A induce a pro
nounced asymmetry of the steric interactions. Not 
only are out-of-plane angles with minimum interac
tions different for the two different orientations, but 
the minima have also different energy. As an exam-
ple, the minima for the a n t i , E form (x = 300 °) are 
at ^5,6= 90 and 240 °, respectively, with an energy 
difference AH = 0.2 kcal/mol and for the a n t i , Z 
form at p 5 j 6 = 140 ° and 235 ° (zfH = 0.1 kcal/mol). 
These population differences may even be enhanced 
by electronic factors, e. g . only the minimum at 
<P5fi = 140 0 would be sufficient for a conjugation of 
the J4,5 bond with the remaining 7i-system. Even 
disregarding the latter, these energy differences lead 
to preferential populations of one chiral conformer 
by a factor of 1.38 and 1.18, respectively, and similar 
population differences can be expected for other ba-
sic forms. In the helical topologies typical for bilin
diones, all methine bridges are twisted in the same 
absolute sense, and hence the preference of one heli-
city should be in the same ränge. From the known 
2R, 3R, 31 R-configuration of phycocyanin (I a), al-
lophycocyanin (I b), and P r (I c), an M-helix is expect

ed *. It should be noted, however, that in the phyco-
erythrin-chromophore the effect of the 16 R configu-
ration [22, 23] would counteract the former effect. 
The cooperative twisting applies to the cyclic all-
s y n , Z forms of the chromophore only, but not to 
open forms. Here, the twist as the C 5 methine bridge 
does not necessarily propagate to the other two 
bridges. The CD-signals of the chromophores of na
tive biliproteins containing extended chromophores 
is indicative, however, of a similar twist at all three 
methine bridges. 

The stability of planar conformations of partial 
structure V decreases in the Order a n t i , Z > s y n , Z > 
s y n , E > a n t i , E . This difference in stability can be 
diminished however if the methine bridge is strongly 
twisted. The predominance of aU-syn, Z conforma
tions of bilindiones observed up to now is, therefore, 
due to the combined action of steric hindrance be
tween neighborning rings and forces which drive the 
System towards coplanarity like 7i-interactions and 
H-bonds. 

A noteworthy detail in V are the steric effects in-
troduced into this partial structure by the alternating 
bonds in biliverdin. In the crystal, the distinction 
between single and double bonds decreases when 
going from the "outer" methine bridges (C 5 and 
Ci 5 ) , to the inner one (C 1 0) [1]. Although this x -
ray result is partly due to a disorder effect [2], the 
difference between rings B and C is still enough that 
rotation around C 9 , C 1 0 gives results different from 
the rotation around C 1 0 , C„ . Thus, the s y n , E form is 
sterically more hindered than the a n t i - Z form, its 
formal mirror image (Fig. 3). The latter is free of 
steric hindrance for all rotations, while no coplanar 
conformations are possible for the former. 

If the atoms of the two pyrrole rings of V would 
have identical coordinates in Table I, both the a n t i , 
Z and the s y n , E forms could be made identical by 
a rotation of 180 0 in the plane of the paper. It can, 
however, be taken from Table I, that a difference of 
0.27 A exists between the coordinates of C 81 and 
C 1 2 l . A further difference is between the angles 
C 1 0 C 9 N 2 2 (124.7 °) and C 1 0 C u N 2 3 (122.3 °). These 
differences cause different distances of C81 . . . N 2 3 

(2.20A) and C 1 2 1 . . . N 2 2 (2.64 A) and, therefore, 
different energy contents of the planar conforma
tions of the s y n , E and a n t i , Z forms, respectively. 

* See note added in proof. 
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The bond lengths C 9 —C, 0 (1.37 A) and C,„ — C„ 
(1.39 A) are nearly identical in biliverdin dimethyl
ester, whereas C 1 5 — C 1 6 (1.36 A) has more double 
bond character than C 1 4 — C 1 5 (1.48 A). Provided a 
similar geometry at the C l s methine bridge of di-
hydrobilindiones, this increased asymmetry would 
destabilize the f-forms more strongly. The a n t i , E 
form proposed recently for the A A - E isomers of bi
lindiones [6] indicates, however, that even this most 
hindered form is still accessible in a highly twisted 
conformation. 

Steric interactions may play important roles dur
ing the P r P f r interconversions of phytochrome 
via intermediates [24] and for the conformational 
changes of chromophores associated with the dena-
turation and naturation of biliproteins [9, 25]. 

The chromophores of denatured (I) and probably 
as well of other biliproteins are predominantly in the 
cyclic-helical all-.vy«, Z form, while they have an ex-
tended configuration in the native State [19]. The driv-
ing forces for this conformational change are non-
covalent interactions between the chromophores and 
the protein. The results presented allow an estimate 
of the energetics for rotations around the different 
methine bridges. Changes at the central methine 
bridge require only little energy. The steric interac
tions of the Z, as compared to the £-forms are small, 
but distinct, because the latter require a pronounced 
twist of the methine bridge (Fig. 3). Only the N , 2 — 
H . . . N 2 : , hydrogen bond is broken when going from 
the s y n , Z to any other form. At the C 5 methine 
bridge, steric interactions impose restrictions on all 
forms, but only the E form is hindered al the C 1 5 

methine bridge. The energy difference between the 
Z and E isomers is, therefore, higher in the latter 
case, and the A G ° ~ 5 kcal/mol determined recent
ly [26] for the Z, E-isomerization of bilindione can 
then be taken as an upper limit for transformations 
at any methine bridge. This energy would have to be 
provided by the protein, which may be a reason for 
the comparably low folding energy of phycocyanins 
([27], for a discussion, see [25]). 

With regard to the phytochrome interconversion, 
two transformations are currently known for bile 
pigments which qualify for model reactions. One is 
the photochemical attack of nucleophiles at C 5 [28], 
the other is a Z, £'-isomerization similar to the one 
observed by Falk et al. [5, 6] in bilindiones. For the 
latter reaction, the caiculations presented here allow 
an estimate on which of the methine bridges is ex

pected to be involved in the isomerization, as far as 
steric hindrance is concerned. No stable Z, E iso
mers are expected for the B, C methine bridge, due 
to the low degree of double bond character and the 
absence of steric barriers. The defined double bonds 
at the outer bridges (z) 4,5 and A 15,16, respectively), 
make stable isomers possible [5, 6], The considerable 
energy difference A G ° « 5 kcal/mol [26] for zl 15,16 
isomers is at least partly due to the pronounced twist 
imposed on the £-isomer by steric interactions. This 
energy difference is lowered at the A , B methine 
bridge, because the Z-forms are already strained in 
partial structure IV, which would at the same time 
decrease the activation barrier. This levelling effect 
may well be a reason for the well known increased 
reactivity of this position in 2,3-dihydrobilindiones 
(cf. [19]). The structural changes can further be re-
stricted by the high rotational barriers between the 
three r-minima. As only one r-minimum is allowed 
for the £-configuration, this can be reached easily 
only from the corresponding Z-configuration. A 
cogwheel type rotation around C 3 , C.,l and C 4 , C 5 

simultaneously, cannot decrease the barrier between 
the three i-minima considerably, because the latter 
arise from interactions between C 5 or C21 with the 
C 3 substituent. The strong twist expected for £-iso-
mers would agree, too, with the short-wavelength 
shift of the Pfr chromophore in the denatured State 
[29]. 

In first order, the blue-shift of the long-wave-
length band can be taken as a measure for the de
crease in conjugation between Z and E isomers. For a 
fully unsaturated bilindione, A «7= 1000 c m - 1 has 
been reported [5, 6]. Compared to the shift of 
1580 cm" 1 for denaturd P r v.v. denatured P f r [29], this 
would indicate a rather strong distortion if the latter 
reaction were to correspond to a Z, E isomerization. 
Such a strong distortion for P f r has also been con-
cluded in a recent M O study [13]. 

The results are difficult to compare, however, be
cause the data for phytochrome have been derived 
for the cationic forms, the ones for the Z, E isomers 
for the free bases. The chromophore of denatured 
P f r is stable only as a cation, but reverts to the P r 

chromophore above pH 5.25, the pK for the proto-
nation of denatured P r [29]. Unfortunately, data for 
the cations of £-isomers of bilindiones have not 
been published as yet, but they would be desirable 
for direct spectroscopic comparison between denatur
ed P f r and the £-isomer of bilindiones. 
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