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Abstract. Intramolecularly hydrogen-bonded, bichromophoric tetrapyrrole pigments, bilirubin-IXcr and mesobiliru- 
bin-XIIIe, adopt either of two enantiomeric conformations which are in dynamic equilibrium in solution. In pH 8 
aqueous sodium deoxychotate solutions, chiral micelles preferentially select one conformational enantiomer, and 
the solutions exhibit a bisignate circular dichroism Cotton effect in the vicinity of the bilirubin long wavelength 
electronic transition. Exciton coupling theory indicates a predominance of the left-handed (or negative) chirality 
bilirubin conformational enantiomer. 
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I. Introduction 

Nearly fifteen years ago Perrin and Wilsey [ 1 ] observed that solutions of the tetrapyrrole bile 
pigment bifirubin-IXe (1) in sodium deoxycholate solution exhibited circular dichroism (CD) 
in the vicinity of the long wavelength electronic transition of the pigment. Maximum values 
of the bisignate CD Cotton effects (CEs) were found at pH 8 and with sodium deoxycholate 
concentrations above the c.m.c. (4.5 x 10 - 2 M), but in the absence of sodium deoxycholate 
no CEs could be observed. This appears to be the first example in which bilirubin has been 
shown to exhibit circular dichroism induced by chiral micellization. And although the study 
included the varying of parameters such as sodium deoxycholate concentration (with bilirubin 
concentration held constant at 3.4 x 10-s M) and pH, the origin of the CD remained 
unexplained. In the present paper, we extend the CD studies to the symmetric bilirubins, 
mesobilirubin-XIII~ (2) and IVe (3) and to their pyrromethenone analog, xanthobilirubic acid 
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(4), and we provide an explanation for the induced CD spectra in terms of chiral micelle 
selection of bilirubin conformational enantiomers. 

2. Experimental 

Bilirubin-XIc~ (1) was obtained from Sigma and purified by crystallization as previously 
described [2]. Mesobilirubins-XIIIc~ (2), IVc~ (3) and xanthobilirubic acid (4) were prepared 
by total synthesis [3,4]. Sodium deoxycholate was obtained from Sigma. Buffer solutions, 
0.1 M Tris (Trizma, from Sigma), were prepared as described previously [5]. All circular 
dichroism (CD) spectra were recorded on a JASCO J-40 spectropolarimeter equipped with 
photo-elastic modulator, and all UV-visible spectra were measured on a Cary 219 spectro- 
photometer. 

3. Results and Discussion 

3.1. CONFORMATIONAL ENANTIOMERISM IN BILIRUBINS 

Although the constitutional structure of bichromophoric (4Z, 15Z)-bilirubin-IXc~ (1), the 
yellow-orange lipophilic and cytotoxic pigment of jaundice, was solved over forty years ago, 
its conformation al strucure was only recently characterized [6] by X-ray crystallography [7, 8] 
and nuclear magnetic resonance spectroscopy [3, 9]. Perhaps the most interesting aspect of 
the structure of 1, and one with important implications for its biological function, is its ability 
and marked tendency to form intramolecular hydrogen bonds and thereby control its 
conformation and polarity [10]. The key structural features which collectively govern the 
shape of 1 include: (i) syn-periplanar conformations of its two pyrromethenone chromophores 
with Z-configuration carbon--carbon double bonds at C 4 and C15, (ii) two propionic acid 
groups located at C 8 and C12 - each capable of forming intramolecular hydrogen bonds with 
the opposing pyrromethenone lactam C=O/NH and pyrrole NH groups, and (iii) an 

d H .N N "H 

"~o ~=~ 
0.... H ... . . . . .  0 

(]A) (]B) 

z "  N N O"'H 
0 ~," 
] ." Z 

15 ~b=c 
C = r NS H �9 

4 z 12 - 12 4Z 

l 
v . . . . . . . .  H ~  0 0--~ H . . . . . . . .  0 

(2A) (2B) 

Fig. 1. Interconverting, intramolecularly hydrogen-bonded enantiomeric conformers of bichromophoric (left) 
(4Z, 15Z)-bilirubin-IXc~ and (right) (4Z, 15Z)-mesobilirubin-XIIIcc The A enantiomers have left-handed ( - ) 
chirality of the twin pyrromethenone chromophores; the B enantiomers have right-handed ( + ) chirality. The lower 
part  show the relative orientations of the electric dipole transition moments (viewed at Clo ) of the pyrromethenone 
chromophores of (left) 1A and 2A and (right) 1B and 2B. 
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sp 3 carbon at Clo which keeps the two pyrromethenone chromophores, and hence their long 
wavelength transition electric dipole moments [11], 109 ~ apart. These structural elements 
allow and even direct 1 to adopt either of the two enantiomeric conformations IA and IB 
(shown in Figure 1), which are stabilized by six intramolecular hydrogen bonds. 

The enantiomeric conformations have been found in crystalline bilirubin [7, 8] and appear 
to be equally preferred in solutions of bilirubin in achiral organic solvents, where they 
interconvert rapidly at room temperature [9, 12]. Remarkably, even when ionization of the 
propionic acid reduces the number of hydrogen bonds, but probably increases the strength 
of the remainder, conformers like 1A and 1B persist in the crystal [ 13] and also apparently 
in solution [ 14]. This marked preference for (enantiomeric) conformers in which polar groups 
are intramolecularly hydrogen bonded explains the lipophific character of bilirubin, that 
property which prevents its ready excretion across the liver into bile [ 10]. It also explains why 
isomers of bilirubin with vinyl groups reduced to ethyl (mesobilirubins), e.g. mesobilirubins- 
XIIIc~ (2), or vinyl and methyl groups interchanged at C2/C 3 or Clv/C18, e.g. symmetrically 
substituted bilirubin-IIIe and XllIcz, all exhibit similar solubility properties. However, isomers 
which have an E-configuration carbon--carbon double bond at C4 or C1.~, or isomers that 
do not  have their propionic groups positioned at C s or Ca2, e.g. mesobilirubin-IVe (3), exhibit 
markedly different chemical and biolgical properties because they cannot fully achieve the 
intramolecular hydrogen bonding expressed in Figure 1. 

The enantiomeric conformers (IA and 1B) of bilirubin are in dynamic equilibrium [9,12], 
as are those (2A and 2B) of mesobilirubin-XIIIc~ (Figure 1). They interconvert (A ~ B) by 
breaking and remaking all six hydrogen bonds, an enantiomeric equilibration process which 
has potential importance in bioloNcal reactions ofbilirubin, e.g. enzymic glucuronidation, that 
probably involve stereoselective complexation [ 10]. In the absence of special effects, a 1 : 1 
mixture of enantiomers 1A and 1B (or 2A and 2B) is expected, with solutions of 1 and 2 being 
optically inactive. However, if enantiomers (A and B) can be perturbed to favor either A or 
B, solutions should exhibit optical activity. Such displacement from 1 : 1 conformational 
enantiomeric equilibrium (A ~ B) might be achieved in a chiral solvent or by selective 
interaction with a chiral solute. For example, aqueous solutions of bilirubin with albumin [ 15] 
or cyclodextrins [16] exhibit circular dichroism associated with the pigment chromophore, 
and induced circular dichroism has even been observed for bilirubin dimethyl ester in ethyl 
(S)-(-)-lactate and (R,R)-2,3-butanediol solutions [ 17]. The picture provided in Figure 1 may 
serve similarly to explain the circular dichroism of bilirubin in sodium deoxycholate [1]. 

3.2. BILIRUBIN INDUCED CIRCULAR DICHROISM 

In confirmation of the study of Perrin and Wilsey [ 1], we, too, observe a long-wavelength 
bisignate circular dichroism (CD) Cotton effect (CE) for bilirubin-XI~ (1) in pH 8 buffered 
solutions of sodium deoxycholate with A~4n]~6x = + 8 . 2 ,  A~4m6~ x = - 13.1 (Figure 2). Interest- 
ingly, the associated UV-vis spectrum shows two closely spaced maxima, ~4G~3 x = 48 300, 
G4n~ad "< :- 48  800 ,  which are not exactly coincident with the CD maxima. This behavior is not 
unique to 1, as is shown with the induced CD of symmetric mesobilirubin-XIIIe in pH 8.0 
sodium deoxycholate: A~3~ x = + 7.3 and a ~ 3  x = - 11.5, and its long wavelength UV-vis 
spectrum: max -~ 45 700 and ~428 e4o5 m a x  = 45 900 (Figure 3). Since pH 8.0 aqueous buffered solu-. 
tions of 1 or 2 alone do not exhibit CEs, (chiral) sodium deoxycholate is clearly the agent 
inducing the observed CD in Figures 2 and 3. Moreover, the moderately strong bisignate 
CEs,who se maxima flank, but do not coincide with, the UV-vis )~max are characteristic ofexciton 
coupling [18] (chromophore-chromophore interaction in the excited state). The twin 
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Fig. 2. Circular dichroism ) and UV-vis ( . . . . .  ) spectra of 3.52 x 10- 5 M bilirubin-IXe (1) in pH 8.02 
argon-saturated Tris buffer in the presence of 7.24 x 10 2 M sodium deoxycholate at 22 ~ The spectra were 
recorded within 15 minutes after preparation of the solution and remained essentially invariant for hours at 22 ~ C. 
A CD spectrum of the same concentration of 1 without added sodium deoxycholate falls on the As = 0 line; a 

UV-vis spectrum on the line ( e . . - o . . . o ) .  

pyrromethenone chromophores of 1, and even the identical pyrromethenone chromophores 
of 2, interact to give two electronic transitions, one higher in energy and one lower in energy. 
The two transitions are not widely separated and show considerable overlap in the UV-visible 
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Fig. 3. Circular dichroism ( - )  and UV-vis ( . . . . .  ) spectra of 3.14 x 10 5 M mesobilirubin-XIIIe (2) in 
pH 7.98 argon-saturated Tris buffer in the presence of 7.52 x 10 -2 M sodium deoxycholate at 22 ~ The spectra 
were recorded within 15 minutes after preparation of the solution and remained essentially invariant for hours at 
22 ~ C. A CD spectrum of the same concentration of 2 without added sodium deoxycholate falls on the As = 0 line; 
a UV-vis spectrum on the line ( o ' . - o . . ' o ) .  
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spectra, where the electronic transitions have the same sign. (Their separation energy depends 
on the nature of the chromophores and the relative orientation of their electric dipole transition 
moments.) In the CD spectra, however, where the close-lying transitions have oppositely signed 
CEs, the net observed CD spectra, with widely separated maxima flanking the UV-vis )~m~, 
result from considerable cancellation in the region of overlap [ 19]. This behavior parallels that 
observed for bilirubin complexed with proteins [15] and cyclodextrins [16], where charac- 
teristic bisignate induced CEs are seen. And the presence of the exciton coupling phenomenon 
in 1 and 2, depending as it does on the electronic interaction of two loosely coupled 
pyrromethenone chromophores, cannot be seen with sodium deoxycholate solutions of 
xanthobilirubic acid (4), which is the pyrromethenone chromophore of one-half of 2. In fact, 
no induced CD (Ae ~ + 0.1) is observed, although evidence for interaction of the pigment with 
the micelle can be seen in the UV-vis 2max shift of 3.3 X 10 - s M 4: 2m~x = 425 nm in pH 8 
sodium deoxycholate solution, 2m, • = 411 nm in pH 7.7-8.0 buffer alone. 

We suggest that sodium deoxycholate chiral micelles [20], in which hydrophobic bonding 
dominates [21], select preferentially, but probably not exclusively, one of the (fipophilic) 
enantiomeric, intramolecularly hydrogen bonded conformers (A or B) of 1 and 2. The net mole 
fraction of A or B enantiomers is thus no longer 0.5, and the pigment exhibits CD. In support 
of this rationale, solutions of mesobilirubin-IVe (3), which cannot assume the hydrogen 
bonded conformations of Figure 1, in sodium deoxycholate are only weakly dichroic and have 
bisignate CEs with signs opposite to those observed for 1 and 2 (Figure 4). These data are 
important because they reinforce the notion that exciton coupling is seen only when the 
pyrromethenone chromophores are covalently linked together (recall that 4 does not exhibit 
CD), and they show that only the pigments capable of intramolecular hydrogen bonding 
(Figure 1) give rise to induced CD with moderately intense bisignate CEs which have a ( - ) 
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Fig. 4. Circular dichroism (- ) and UV-vis (-  . . . .  ) spectra of 2.94 x 10- 5 M mesobilirubin-IVc~ (3) in 
pH 8.02 argon-saturated Tris buffer in the presence of 7.26 x 10 -2 M sodium deoxycholate at 22 ~ The spectra 
were recorded within 15 minutes after preparation of the solution, remained essentially invariant for hours at 22 ~ C, 
and are identical with those CD spectra at pH 7.4 and 10.0. A CD spectrum of the same concentration of 3 without 
added sodium deoxycholate falls on the Ae = 0 line; a UV-vis spectrum on the line (o--- o ' . .  o). When the sodium 
deoxycholate concentration falls well below 6.2 x 10-4 M (the c.m.c.), 3 shows A e ~  ~ = - 0.9, Ag44 o < + 0.1. The 
UV-vis spectra do not change shape over the pigment concentration range 8 • 10 - 4 to l x 10 - 6 M ;  however, 2 ~  x 
shifts from 381 nm (e . . . .  = 39 100) to 394 nm (e max = 39400), respectively. 
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component at long wavelengths. The behavior of 3 is very much akin to that of 1 and 2 in 
solutions where the sodium deoxycholate concentrations fall considerably below the c.m.c., 
e.g. where the weak ( + ) long wavelength, ( - ) short wavelength bisignate CD CEs are induced 
by univalent deoxycholate [ 1]. In this connection, it is important to note that the signed order 
of the induced bisignate CD of 3 remains invariant over the pH range 7.4-10.0 and also over 
a range of sodium deoxycholate concentrations from that well above the c.m.c, to that well 
below (Figure 4). The CE magnitudes are independent of pH in the cited range, but they 
decrease considerably at sodium deoxycholate concentrations below the c.m.c. Consequently, 
the selection ofa  chiral conformation in 3 appears in no way to depend on chiral micelles and 
is due, presumably, to an as yet undetermined interaction between the steroid and the pigment. 

Exciton coupling theory points the way for the assignment of absolute configuration of the 
chiral bilirubins. The handedness or screw sense that the electronic transition moments of the 
coupled pyrromethenone chromophores make with each other (Figure 1) correlates with 
signed order of the bisignate CD CEs [18]. A right-handed screw sense (positive chirality) 
of the transition moments leads to a ( + ) longer wavelength CE followed by a ( - ) shorter 
wavelength CE, and with a left-handed screw sense (negative chirality) the CE signs are 
inverted: ( - ) at the longer wavelength and ( + ) at the shorter wavelength component of the 
bisignate CE. Since the direction of the electric dipole transition moment in the pyrropethe- 
none chromophore has been determined from theoretical studies [ 11] to lie along the longitu- 
dinal axis of the planar conjugated n-system, the exciton model can predict the expected CEs 
of the enantiomers A and B in Figure 1. In the intramolecularly hydrogen bonded confor- 
mations of 1 and 2 (Figure 1), the relative orientations of the two pyrromethenone electric 
dipole moments constitute a left-handed ehirality for A and a right-handed chirality for B. 
Since the induced bisignate CDs of both 1 and 2 show ( - ) tong wavelength CEs followed 
by ( + ) short wavelength CEs, theory predicts a predominance of enantiomer A in sodium 
deoxycholate micelles for these substances. 

Similar conclusions favoring predominance of the left-handed chiral conformation (A, 
Figure 1) are in accord with: (1) the previously reported induced CD bisignate CEs 

m~ __ m~,, 3.4] and [Ae435 - 9 . 8 ,  A ~ 3 8 6  = +6.6]of3.4 x 1 0 - S M l a n d  [ A ~ 4 6 6  - 6.5, A~4o5 = + m a x  = m a x  

2, respectively, in pH 8 buffered solutions of 4.5 x 1 0  - 2  M/~-cyclodextrin [16], and (2) the 
CD data of Harmatz and Blauer [22] for selected albumin-bilirubin complexes, e.g. the 
powerful bisignate CE [Aean~ x = -80,  A~4n]~ x = +21] for 2.4 x 10 S M bilirubin-IXe in 
5.0 x 10-s M goat albumin at pH 9.8. However, a predominance of a right-handed chiral 
conformation appears to be indicated [bisignate ICD CE: Ae4~o x = + 53, A~4ml~) x - 3 3 ]  for 
bilimbin-IXe (2.5 x 10- 5 M) bound to human serum albumin (5.0 x 10 - 5 M) at pH 9.8. The 
order of magnitude larger bisignate CEs associated with the protein-bound bifirubin suggests 
a relatively larger enantiomeric excess of pigment in the aqueous albumin solutions than in 
sodium deoxycholate solutions. The stereochemical facets of the interaction of bilirubins and 
pyrromethenones with protein (chiral solute), and cyclodextrin solutions are currently under 
further study in our laboratory. 
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