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Abstract

The in vivo metabolism of a bilirubin analog substituted with a propionic acid chain in Cg (5) showed that it is excreted
in bile conjugated with glucuronic acid, while a positional isomer substituted with a propionate in C; (6) is excreted in
bile without conjugation. A conformational analysis employing an optimized Monte Carlo method and a mixed Monte
Carlo/stochastic dynamics reveals that isomer 5 adopts a ‘ridge tile’ conformation, stabilized by the presence of three
intramolecular hydrogen bonds. On the contrary, isomer 6 exhibits a more closed structure, where impairment in the
formation of at least one of the hydrogen bonds occurs. These theoretical predictions agree well with 'H NMR, UV-
vis, and TLC data. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Bilirubin IX« is a pigment sparingly soluble in water.
Its conjugation, mainly with glucuronic acid in the liver,
is the third step in the metabolic sequence of heme IX
degradation in mammals [1,2]. This biochemical mod-
ification confers greater polarity to the adduct, thus
facilitating the excretion of the aglycor: [3]. In fact, more
than 97% of bilirubin IXe is present as the conjugate in
the bile of human adults and rats.

Unconjugated bilirubin IX8 has also been detected in
normal bile [4,5]. This compound is excreted mainly
unconjugated, only 16% becomes an ester conjugate
when normal Wistar rats were injected with bilirubin
IXB [6]. By contrast, since bilirubin IXp is relatively
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more water soluble than the IXe isomer, it may not
require conjugation in order to become excretable.
Indeed, we have shown by perfusion of biliverdin IXA
through isolated rat liver that this pigment is exclusively
excreted in its unconjugated form {7]. This opposite
behavior between the positional isomers of bilirubin IX
could in principle be attributed either to differential
substrate recognition by the UDP-sugar transferases
and/or to the physicochemical properties (e.g. polarity)
of each isomer.

There is support for the notion that the physico-
chemical characteristics (e.g. solubility) of bilirubins
depend on the conformation of these molecules, which,
in turn, are mainly determined by the tendency to form
intramolecular hydrogen bonds [8]. In this regard, fol-
ded ‘ridge tile’ structures were proposed as minimum
energy conformers for analogs of bilirubin IXa on the
basis of experimental (X-ray diffraction; UV-vis, NMR,
and CD spectroscopies) and theoretical evidences
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(conformational analyses by energy minimization and
molecular dynamics). This folded conformation, stabi-
lized by the formation of intramolecular hydrogen
bonds between the propionic carboxyl and the lactamic
and pyrrolic NHs, seems to be important for bilirubin
glucuronidation [8,9].

On the other hand, it was demonstrated that the pre-
sence of two carboxyl groups in the molecule is not an
essential feature for bilirubin binding to the active site of
UDP-sugar transferases [10]. We introduce here analogs
of bilirubin endowed with single propionic acid chains
and, therefore, appropriate for probing structural fea-
tures relevant for glucuronidation. Further insight into
the preferred conformations of these analogs and the
importance of intramolecular hydrogen bonding was
obtained by molecular mechanics simulations. Results
from our theoretical calculations are discussed in the
context of experimental data from in vivo excretion of
these pigments, from their polarity, as measured by
TLC, and from 'H NMR and UV-vis spectroscopies.

2. Results and discussion

2.1 Design, synthesis and physicochemical properties of
analogs of bilirubin

We chose to study analogs of bilirubin substituted on
C; or Cg with a single propionic chain. We synthesized
and characterized compounds 5 and 6 (Scheme 1), and
measured their ability to form glucuronides in vivo.
According to a current hypothesis [8], substitution at Cg
would lead to the formation of three hydrogen bonds,
whereas the propionic acid chain attached to C; would
impair intramolecular hydrogen bonding.
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1 R7 = CHj; R8 = CH,CH,COLCH,CH3
2 R7 = CH,CH,CO,CH,CHg; R8 = CHg
3,5 R = CHQ; R8 = CHZCHZCOZH
4, 6 R7 = CH2CH2002H; R® = CH3

Scheme 1.

Bilirubins § and 6 were prepared by reduction of the
corresponding biliverdins 3 and 4. In turn, these com-
pounds were obtained by saponification of biliverdin
methy! (or ethyl) esters 1 and 2 (Scheme 1), which were
prepared by total synthesis as described elsewhere [11].

Compound 5 (R, 0.86) is less polar than compound 6
(Rr 0.77), and both are less polar than the natural bili-
rubin IXa (R/ 1).

Basically, we focused the analysis of the '"H NMR
spectra (taken in chloroform) of compounds 5 and 6 on
the chemical shifts of signals corresponding to the NHs
and the carboxyl OH, since the presence or absence of
hydrogen bonds can be monitored by the position of
these resonances. Compound 5§ exhibits the following
signals: 13.6 ppm for the acidic OH, 10.35 and 8.0 ppm
for the lactamic NHs, and 8.7 and 7.74 ppm for the
pyrrolic NHs. For compound 6, the corresponding data
are the following: 13.20, 10.25 and 9.57; 9.98 and 8.00
ppm. Our assignment of resonances agrees well with
values reported by others [12] for similar compounds,
where the identity of each proton was ascertained by H/
D exchange experiments.

The UV-visible spectrum in chloroform of compound
S shows a band with an absorption maximum at 410 nm,
which closely resembles that of mesobilirubin XIIle. By
contrast, the spectrum of isomer 6 is blue-shifted, with a
maximum at 392nm, close to the value observed for
mesobilirubin IVe [13].

2.2 Biological assays in vivo

Compounds S and 6 were injected in the bloodstream
of male Wistar rats in order to test their excretion in
bile. The analysis by TLC of bilirubin components pres-
ent in this fluid showed that 5 and 6 were indeed excre-
ted at a level which reaches 15 and 27%, respectively, of
the values observed for total endogenous bilirubin IXa
(Table 1). However, a qualitative difference is readily
apparent: compound 6 is almost exclusively excreted as
the unconjugated form (R; 0.77), whereas bilirubin §
appears in bile entirely as the monoglucuronide (R
0.58).

On the other hand, both bilirubin analogs are rapidly
cleared from rat bile, mostly before 30 min. No detect-
able levels of any of these compounds are seen after
60 min. At all time points tested, no observable differ-
ence was seen in the relative proportion of conjugated
versus unconjugated forms for endogenous bilirubin,
regardless of whether any of the exogenous compounds
were or were not injected. This result means that the
clearance system of bilirubins is not affected by the load
of the analogs.

The monoglucuronide of compound § is a novel bio-
synthetic product, which was characterized by its TLC
behavior and by FAB mass spectrometry. Bilirubin IXa
monoglucuronide (Ry 0.46) is more polar than the
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Table 1
In vivo excretion of analogs of bilirubin in rat bile

Concentration of bilirubin analog (nmol of bilirubin per ml of bile+S.E.)?

Time (min) 5 stucuronide of 5 6 glucuronide of 6
0 —b — — —
30 — 4.01+1.10 8.32+1.65 —
60 — 2.28+0.94 1.59+0.57 —
90 — — — —

#Data for each analog assayed are expressec. as the mean value + standard error of four independent experiments. Bile (0.35 +0.05ml)
was collected at each time point. Samples at time 0 min represent bile collected for 30 min previous to the injection of each analog.
®Non detectable levels of bilirubin are denoted with the symbol “—. The concentration (nmol/ml) of endogenous free bilirubin IXa, its
monoglucuronide and its diglucuronide for control rats (no analog injected) and experimental animals (compound § or 6 injected)
were the following: 0.99 £0.45, 24.66 +2.10. 11.39+1.90 for control rats; 0.94+0.07, 18.51 £ 1.67, 7.48 £ 0.50 for rats injected with §;
and 1.06+0.10, 20.29 +0.84, 9.82 4+ 0.60, for rats injected with 6. For details see the Experimental section.

monoglucuronide of compound 5 (see above), as expec-
ted by the absence of one propionic acid chain in the
latter. The FABMS of this compound (using thiogly-
cerol as matrix) exhibits a signal corresponding to the
base peak at m/z 543, whereas the molecular ion peak is
small (m/z 719, M* —H, 17%), due to cleavage of the
glycosidic bond. By comparison, bilirubin analog 6
(using 3-nitro-benzyl alcohol as matrix) showed the
molecular ion peak at m/z 544 (M ™, 130%).

2.3 Conformational analysis

2.3.1 Optimized Monte Carlo search, energy
minimization and relative stability of isomers

Molecular models for compounds 5 and 6 were
initially constructed using the model-building facility
implemented in MacroModel [14]. Cocrdinates for these
structures were used as input for BatchMin, the calcu-
lation module of this program.

In order to search the conformational space available
to these compounds, we ran an optimized Monte Carlo
protocol that allowed free rotation around all dihedral
angles (¢, through &g, Fig. 1) which constitute the
major determinants of the structure. A conformational
search of bilirubin analogs 5 and 6 was carried out with
BatchMin, starting from four planar structures, where
the @,,®; central pair of torsions adopted the following
values: 0,180; 180,0; 0,0 and 180,180°. All the other
dihedral angles were as shown in Fig. 1. Structures cor-
responding to the energy minima (as calculated with the
force field MM2*) within a 6 kcal/mol window above the
global minimum are shown in Table 2. In order to cal-
culate the heats of formation of 5 and 6, these structures
were used as input for the semiempirical method AMI,
as implemented in HyperChem [15]. After convergence
is reached, a single point calculation was run to yield
these values (Table 2).

In order to validate this approach on bilirubins, we
ran a test calculation (100,000 steps) on bilirubin IXa,
allowing free rotation around the central pair ®;, &3

and around all torsions along the two propionic acid
chains. The starting geometry was ‘porphyrin-like’ (i.e.
@,%> = 0,0°) and an all transoid conformation for the
propionic acid chains. As a result, we obtained a global
minimum structure which did not differ significantly
from that found by others [8] or the crystallographic
structure [16,17].

Regardless of the choice of the initial structure, the
conformational search of isomer 5§ yielded three distinct
nonenantiomeric conformers (Table 2). The global
minimum structure of this analog (5,) adopts a typical
‘ridge tile’ conformation (Fig. 2). Conformer 5, is very
close in shape to 5, except mainly for a difference at the
central &, torsion.

Structures 5, and S; show the presence of three
hydrogen bonds (Table 2). The nonbonded distances
COgB. . .H23N, COgB. . .H24N and OHgS. . .O]gC
fall within acceptable limits for hydrogen bonding.

/H85

430\ 3
q’S C=053

$a

N N N
N21 H22 10 H 23 24

Fig. 1. Structure of bilirubin analogs § and 6 showing the
torsion angles determining the conformation.
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Likewise, it can be seen that the dihedral angles deter-
mining the conformation of the propionic acid chain in
these conformers (i.e. ®3 and ®,) diverge from the ide-
ally expected values (i.e. =90 and 180°, respectively). In
fact, both angles orient the end of the propionic side
chain towards the opposite dipyrrinone, favoring the
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formation of the intramolecular hydrogen bonds,
despite the increased steric hindrance.

The higher energy conformer 55 (6.7 kcal/mol over the
global minimum) is more extended and flatter than 5§,
or 5,. In spite of this fact, this structure is still capable of
forming three intramolecular hydrogen bonds, albeit

Table 2

Conformations corresponding to energy minima for compounds 5§ and 6*

Conformer®

Dihedral angle (°)° 5, 5, 55 6, 6; 65

D, 55.7 (52.0) 58.0 (58.5) —118.0 (-114) —42.0 (-51.2) 79.9 (84.0) —90.0 (—82.5)
[ 75.2 (78.6) 47.4 (50.6) —112.5 (-112) —41.9 (-29.5) 68.2 (67.0) 40.6 (34.8)

[ 120.5 (121.5)  120.0 (112.8) 79.4 (81.2) 96.8 (112.8) —82.3 (-77.7) 99.2 (114.2)
b, —532(-62.5) ~59.0 (~74.9) —141 (—138) —504 (=57.0) —59.7 (-64.2) —43.0(-57.6)
[ -12.6 (-28 4) 4.1 (-8.6) 67.2 (77.4) 82.0 (99.0) 75.7 (105.7) 96.0 (109.4)
[ —-179.3 (~177.9) 179.0 (179.7) 169.0 (175.0) —179.0 (178.1) —176.0 (~177.0) 179.0 (177.3)
D, —36.6 (30.2) 35.1 (33.8) 36.7 (31.8) 32.1 (32.9) 334 (29.3) 43.4 (37.8)
by —28.4 (—26.8) 26.2 (24.8) 33.4 (33.3) 21.5(13.2) -31.2(=279) -334(-3349)
Distance (A)

CO.. HxN 1.906 (2.161)  1.870 (2.231) 1.939 (2.182) 2.816 (2.979) 3.633 (3.887)  3.145 (4.002)
CO.. HyuN 1.890 (2.192)  1.882 (2.181) 1.917 (2.174) 1.994 (2.152) 1.898 (2.191)  1.971 (2.192)
OH...0,sC 1715 (2.113)  1.720 (2.122) 1.740 (2.148) 1.696 (2.082) 1.702 (2.086)  1.689 (2.127)

Energy (H¢) (kcal/mol) 12.08 (—82.70) 13.22 (-83.53)

18.70 (—79.33)

13.30 (=79.57)

15.75 (—80.19)

16.94 (=79.17)

2All minima within a 6 kcal/mol window above the global minimum are recorded. After visual inspection of each structure, only non-
superimposable and non-enantiomeric conformers are described.

bConformer 53 appears when the energy barrier above the global minimum is increased to 7 kcal/mol.

“The definition of dihedral angles follows the convention: ®: N»CoCioC11; ®2: N2aCyCioCy; ®3: CoCqCs'Cg? (8) or C4C,C,'C42
(6); D4 Cscslcsch (§) or C7C71C72C73 (6); ®s: C81C82C83083 S or C,'C2C5707? (6); s: C82C83084H85 (8) or C72Cv3074H75 6);
®7: NpaCeCsCa; Pg: N23Ci4CisCrs. Hydrogen bond distances correspond to the following: CO...HasN: COg*.. HasN
(5) or C073...H23N (6), CO.. .H24Ni COgs. . .H24N (5) or CO73.. .H24N (6), OH...O]gCZ OHSS. . .O]gC (5) or OH7S. . .019C
(6). Values represent dihedral angles and bond distances obtained after the MC optimized method [32] employing the MM2" force
field. The corresponding values after energy minimization by the semi-empirical method AM1 are reported between parentheses.
dEnergy values calculated after molecular mechanics (MM2") are reported as differences with respect to the global minimum. Heats of
formation (Hy) calculated with AM1 are shown between parentheses.

5 6

Fig. 2. Ball and stick conformational representation of minimum energy conformers of compounds § and 6 obtained after the
optimized MC search. Dotted lines represent hydrogen bonds.
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at the expense of an increment in torsional energy and a
decrease in the electrostatic attraction (data not shown).
Correspondingly, the heat of formation of this con-
former, calculated by AMI, is more than 3kcal/mol
higher than for conformer 5;.

On the other hand, the conformational search of iso-
mer 6 gave three nonenantiomeric conformers, whose
torsion angles are shown in Table 2. The global mini-
mum conformer 6; shows a somewhat more closed
structure, as depicted in Fig. 2. The interatomic distance
between the lactamic oxygens is 8.2 A in conformer 5,
and 4.6 A in 6,. All conformers of 6 exhibit folded
structures, with less tendency to form intramolecular
hydrogen bonds. In fact, none of these conformers allow
the formation of the CO->...H,;N hydrogen bond. In
correspondence with this observation, 6, is ca. 3kcal/
mol less stable than 54, as evidenced by the difference in
their heats of formation.

The conformers corresponding to the global minima
of both bilirubin analogs (5; and 6() were compared
with bilirubin IXa (Table 3). As expected, 5; shows a
conformation which more closely resembles bilirubin
IX« than the positional isomer 6.

A similar set of conformers for each bilirubin analog
were obtained when we restricted the rotational degrees
of freedom to angles &, through ®¢, implying that per-
ipheral torsions ®; and $s do not impose restrictions
on the overall shape of the energy minimum conforma-
tions.

In many cases, a simulated annealing protocol [18]
run for 50ps on each local energy minima, where the
initial and final temperatures were set at 300 and 50K,
respectively, yielded the global minimum as the sole
output structure. An independent conformational
search employing the AMBER™* force field instead of
MM2* produced the same set of conformers for both
isomers. Rigid body superimpositions of the corre-
sponding global energy minima calculated with each
force field resulted in RMS values of 0.226 A for com-
pound 5 and 0.333 A for compound 6. After the AMI
method was applied to these structures, we noticed the

Table 3
Comparison of energy minima conformers of compounds 5§, 6,
and bilirubin IXe

RMS deviation after a ri:gid body
superimposition {A)

Compound Bilirubin IXa?

5 Conformer 5, 5, 53
0.427 0.937 1.898

6 Conformer 6, 6, 63
1.667 1.281 1.240

20nly the coordinates of the tetrapyrrole skeleton (i.e. the tet-
rapyrrole system without substituents) are compared.

following points: (i) the central pyrrol rings are closer to
perfect planarity, as compared to the outer rings, in
agreement with observations made by others [19] for
bilirubin IXa; (ii) the calculated distances for the intra-
molecular hydrogen bonds are uniformly greater than
those estimated by MM2*; (iii) CsCg and C4C;5 bonds
exhibit essentially single bond character, whereas bond
distances C,Cs and C;sC;¢ are consistent with pure
double bond character (results not shown).

Our calculated hydrogen bond distances and angles
agree well with those reported by others [19] for bili-
rubin IXa employing AM1 and PM3. It is noteworthy
that these semiempirical methods consistently predict
larger bond distances and smaller bond angles than
those observed experimentally by crystallography.

2.3.2 Mixed Monte Carlo/stochastic dynamics

The aim of this study was to evaluate the extent of
intramolecular hydrogen bonding in the conformational
ensemble corresponding to each bilirubin analog. We
believe that this characteristic is a key factor determin-
ing both structure and properties of each compound.
Towards this end, we applied a recently developed MC/
SD method [20].

In order to run each simulation (3 ns) using a reason-
able computer time and still be able to meet the con-
vergence criteria discussed below, the application of this
method on our bilirubin analogs required a reduction in
the number of allowed torsions. Thus, free rotation was
allowed only around &, through &4 (Fig. 1), since these
angles are the key determinants of the final overall
conformation (see above). Several runs following the

Table 4
Most frequent dihedral angles for compounds 5 and 6
encountered along the MC/SD simulation 2

Conformer

Dihedral angle (°)® Compound 5§ Compound 6
P, 60 (50, 70) —80 (~55, —100)
@, 75 (50, 90) —5 (~40, 40)
o 115 (105, 130) 95 (70, 115)
by ~55(—40, —70)  —45 (=35, —60)
& 0 (-20, 20) 75 (50, 100)
273 180 {—160, 165) 100 (70, 130)

aMC/SD simulations at 300K in chloroform employing the
AMBER" force field were run for 3ns. This time allows the
calculation to converge according to the criteria mentioned in
the Experimental section. Two hundred thousand conformers
were sampled for each isomer.

bThe definition of dihedral angles follows the conversion
described in the legend to Table 2. The values represent bond
angles for the most populated states (mode), the limits for the
width of the distribution bell at half height are reported
between parentheses. For all angles, no other value was
observed to be significantly populated.
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protocol described below were carried out starting from:
(1) the two enantiomers of the glebal energy minimum
conformers S; and 6;, (i) ‘sxtended’ structures
(@, P> = 180,180°), or (iii) ‘porphyrin-like’ structures
(&), 2 =0,0°). In all cases, average values for hydro-
gen bond distances and angles calculated on the final
conformational ensemble were the same (results not
shown).

After an initial equilibration period of 50ps, each
simulation was allowed to proceed for 3,000 ps at 300 K
and produced as output a populetion of 200,000 con-
formers. This protocol ensures that the following con-
vergence criteria are met: (i) the final average values for
bond distances and bond angles are the same, regardless
of the choice of starting structure; (ii) mean temperature
and mean enthalpy reach numerical stability; and (iii) a
symmetrical distribution for all freely rotating dihedral
angles is observed.

Table 5
Relative tendency to form hydrogen bonds for compounds 5
and 6

Hydrogen bond Compound 5§  Compound 6
CO.. HxiN
Distance (A)? 1.85 (0 20) 2.80 (0.40)
N-H...O angle (°)* 152 (17.5) 162 (25)
H...O=C angle (°)® 162 (15) 147 (27.5)
Yoav. (Yo—, % + )P 91 (77, 94) 123, 12)
CO.. HyN
Distance (A)* 1.85(0.15) 2.05 (0.30)
N-H...O angle (°)2 147.5 (15) 132.5(15)
H...0=C angle (°)° 132.5 (15) 142.4 (17.5)
%av. (%—, % +)° 93 (81, 95) 60 (33, 70)
OH...0,,C
Distance (A)* 1.85 (0.15) 1.75 (0.20)
O-H...O angle (°)* 167.5 (12.5) 162.5 (15)
H...O=C angle (°)* 122.5 (10) 132.5(19)
%av. (Yo—,% + P 91 (84, 92) 94 (90, 94)

MC/SD simulations at 300K in chloroform employing the
AMBER’ force field were run for 3ns. This time allows the
calculation to converge according to the criteria mentioned in
the Experimental section. Two hundred thousand conformers
were sampled for each isomer.

aThe convention for bond distances and angles was stated in
the legend to Table 2. These values correspond to the most
populated states {(mode), the half-width of the distribution bell
at half height is reported between parentheses.

bPopulation of H-bonded conformations, as estimated on each
conformer found along the run. By definition, the H-bond
X-H...Y~Z should meet the following criteria: average values
(%eav) were calculated for a H...Y distance <2.5 A, X-H...Y
angle >120° and H...Y-Z angle >90°; % + values result from
a less stringent definition of the H-bond, namely, an H...Y
distance <2.75 A, X-H...Y angle >108° and H...Y-Z angle
>81°; %—values result from a more stringent definition,
namely, an H...Y distance <2.25 A, X-H...Y angle >132°
and H...Y-Z angle >99°.

The most frequent values of & — &4 found along the
MC/SD run are reported in Table 4. For compound 5, a
close agreement is observed between these values and
those characteristic of the global minimum 5, (Table 2).
For compound 6, the correspondence is less strict.
Taken together, these facts reveal that the conforma-
tional ensemble for § is well represented by the structure
of the global minimum 5;. By contrast, for compound 6,
larger excursions are permitted, as evidenced by the lar-
ger width of the distributions, in particular for the crit-
ical torsions ®; and &,.

The evidence presented in Table 5 indicates that while
compound 5 is able to form all three intramolecular
hydrogen bonds in chloroform at 300K, an impairment
in the formation of the CO53.. .H,3N and CO->.. . HuN
bonds is found for compound 6. The biggest effect is seen
for the former bond. Depending on the stringency of the
criterion used for the definition of the hydrogen bond,
the actual calculated percentages vary within narrow
limits. As expected, average bond distances obtained after
MC/SD are slightly larger than those observed in the
global minima. Qualitatively, these results are consistent
with the extra strain observed for the energy minimized
structures corresponding to isomer 6 (see Table 2).

2.4 The position of the propionic acid chain in bilirubins
determines both its biological and physicochemical
properties

The structure of bilirubins determines their ioniza-
tion, solubility, bonding to serum proteins and bile salts,
their interaction with biological membranes, and their
conjugation and biliary excretion [21]. In particular,
bilirubins adopt conformations which favor their glu-
curonidation, thus making them excretable through the
liver into the bile [8]. Modification of the carboxylic
group position across the tetrapyrrole system influences
molecular lipophilicity, a property which is generally
attributed to the presence of intramolecular hydrogen
bonding [6,7]. (See also references cited in Ref. 6).

In agreement with these notions, we observed a clear-
cut difference in the conjugation behavior of two
monopropionic bilirubin analogs which differ in the
position of the substituent (Fig. 1 and Table 1). It
appears that compound § requires glucuronidation in
order to be excreted. Conversely, compound 6 appears
in bile without modification. These facts are consistent
with the more lipophilic character observed for 5, as
evidenced by its TLC behavior. These data suggest that
the physicochemical properties of bilirubins might play
a critical role in the recognition by the UDP-sugar
transferase. However, the overall conformation of the
molecules as well as the position of the carboxyl group
in bilirubins could also be important factors. Definite
evidence in this regard should await results from in vitro
studies, which are currently in progress.
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In bilirubins, the 'H NMR chemical shifts of pyrrolic
and lactamic NHs provide a useful way to determine
whether the dipyrrinone moieties participate in intra-
molecular hydrogen bonding. The pattern of these sig-
nals observed for compound 5 dissolved in chloroform,
i.e. the lactamic and pyrrolic NHs at § 10.35 and 8.7
ppm, respectively, agrees well with that found for a
similarly substituted analog described recently [12] and
closely resembles that observed for mesobilirubin XTI«
and bilirubin IXe« [22-24]. Likewise, the pattern of sig-
nals of isomer 6 occurs at similar chemical shifts to
those found for a previously reported monopropionic
analog at C; [12]. Taken together, these evidences indi-
cate that § is capable of forming both hydrogen bonds
involving the NHs, whereas in 6, at lzast the hydrogen
bond involving the pyrrolic NH canrnot be present. In
addition, both § and 6 show signals at § 13.6 and 13.2
ppm, respectively, which were assigned to the OH par-
ticipating in the CO...HO hydrogen bond. We believe
that the different environment around this bond in iso-
mer 6 may explain the lower chemical shift. By com-
parison, a value of 12 ppm was observed for compounds
where this OH does not participate in intramolecular H-
bond [24].

In order to explain these data, a conformational dif-
ference between 5 and 6 should account for the different
tendency to establish an intramolecular hydrogen bond
network. Results from molecular modeling presented in
this paper support this notion.

Moreover, the UV-visible spectrum of § (Apax at
410nm) closely resembles that of mesobilirubin XIIla
(substituted at Cg), suggesting a similarity in the con-
formation of these compounds. By contrast, isomer 6
exhibits a maximum at 392 nm, similarly to mesobilir-
ubin I'Vea (substituted at C;). It may be argued that the
red shift observed in 5 could be taken as an indicator of
a less folded conformation [24]. Conversely, the more
folded conformation of 6 determines that the dipyrri-
none chromophores be oriented with nearly parallel
transition dipoles.

2.5 Molecular modeling reveals a key role for
intramolecular hydrogen bonds in stabilizing the
conformation of bilirubins

After a Monte Carlo conformational search and
energy minimization, the most likely structures (global
minima) for compounds 5 and 6 were found. While both
isomers adopt folded structures, differences are evident
as regards overall shape and intramolecular hydrogen
bonding, which bring about a difference in stability.

Isomer 5 adopts a ‘ridge tile’ conformation stabilized
by the presence of three intramolecular hydrogen bonds,
namely, a bifurcated bond between the propionic car-
bonyl and the pyrrolic and lactamic NHs and a single
bond between the propionic hydroxyl and the lactamic

carbonyl. On the contrary, isomer 6 presents a some-
what more closed structure (i.e. where the interplanar
angle between the two dipyrrinone moieties is smaller,
Fig. 2). Here an impairment in the formation of at least
one of the three hydrogen bonds occurs (i.e. the distance
between the propionic carbonyl and the pyrrolic NH is
inconsistent with the formation of a hydrogen bond,
Table 2). In these structures, a ring closed across the
pyrrolic NH and the propionic carbonyl can be defined
to illustrate the feasibility of ring closure by a hydrogen
bond. In the case of isomer 5, this macrocycle has ten
atoms, four of which should be almost coplanar, namely
Cy!, Cg, Cy and Cyq. By contrast, the more distal pos-
ition of the propionic acid substituent in isomer 6 would
require an 11 atom ring with five coplanar members in
trans configuration. This additional ring strain may
impair the formation of the pyrrolic hydrogen bond.
This reason can explain the relative difference in the
heats of formation (i.e. §; is 3.3 kcal/mol more stable
than 6;). Suggestively, this value falls within the range
of energy usually attributed to a single hydrogen bond
in this class of compounds [25]. Nevertheless, the strain
that prevents the existence of the innermost pyrrolic
hydrogen bond would not preclude the formation of the
peripheral hydroxyl/lactamic carbonyl hydrogen bond.

The resemblance between compound 5, and bilirubin
IXa (Table 3) indicates that the position of the pro-
pionic acid substituent at Cg in the tetrapyrrole system
constitutes a critical stabilizing factor for the overall
‘ridge tile’ conformation of the molecule.

For each isomer, an attempt to predict the relative
proportions of hydrogen-bonded versus nonhydrogen
bonded conformations based on their relative molecular
mechanics energy according to a Boltzmann distribution
will fail, because this neglects the entropy difference. In
our case, where ring closure is an issue, this term can be
quite substantial. A calculation based on molecular
mechanics energies alone would tend to overestimate the
proportion of hydrogen bonded populations. By con-
trast, molecular dynamics could provide a better
description of the conformational ensemble.

We adopted an MC/SD method [20], which success-
fully predicted the hydrogen bonding pattern of a series
of Gellman’s diamides [26]. This method, as applied to
compounds 5 and 6 (Table 5), showed that compound 5
is indeed able to form all three intramolecular hydrogen
bonds, whereas an impairment in the formation of the
CO-%.. Hy;N bond and a lesser impediment in the
CO;*.. .HyN bond exist for compound 6. The hydroxyl/
lactamic carbonyl hydrogen bond is present in all cases.
Perhaps due to its peripheral location in both molecules,
this bond appears to be permissive, i.e. by itself, it does
not determine any particular conformation.

In agreement with this prediction, the '"H NMR evi-
dence indicates that compound 5 does form all three
hydrogen bonds, whereas in 6, at least the pyrrolic NH
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does not appear to be involved in hydrogen bonding.
This feature would confer isomer 6 a more polar
character than 5.

Our theoretical calculations substantiate earlier pre-
dictions [12] on the possibility that one hydrogen bond
may not be formed in the case of monopropionic bilir-
ubins substituted at C,;. More generally, results pre-
sented here indicate that folded structures indeed exist,
even when an incomplete hydrogen bonding network
occurs. '

A conformational search based on Monte Carlo,
complemented by a combined stochastic/molecular
dynamics method, provides a powerful tool to predict
the molecular behavior of bilirubins.

3. Experimental

Electronic absorption spectra were determined using
a Hitachi U-2000 spectrophotometer. '"H NMR spectra
were recorded in deuterated chloroform on a Bruker
MSL 300 spectrometer. FABMS spectra of bilirubins
were taken with a ZAB SEQ (VG@, Fisons) spectrometer.
Infrared spectra were performed with a FT-IR Bruker
IFS 235 spectrometer. Melting points were determined on
a Kofler melting point apparatus and were not cor-
rected. Microanalyses were performed using a Carlo
Erba EA 1108 elemental analyzer.

Bovine albumin (98-99%, w/w) was purchased from
Sigma Chemical Co. All other chemicals used were of
reagent grade. Solvents were distilled before use.

3.1 Synthesis of biliverdins

3.1.1 3,13,17-Triethyl-1,19,21,24-1etrahydro-2,7,12,18-
tetramethyl-1,19-dioxobilin -8-propanoic acid (3);
3,13,17-triethyl-1,19,21,24-tetrahydro-2,8,12,18-
tetramethyl-1,19-dioxobilin -7-propanoic acid (4)

A common procedure was used for the synthesis of
the above mentioned compounds (Scheme 1). Biliverdin
(1 or 2) (10 mg) was dissolved in tetrahydrofuran (10 ml)
followed by the addition of methanol (10ml) and of a
2 M sodium hydroxide solution (4 ml). The solution was
kept in the dark under nitrogen at 37°C during 4h for
biliverdin 1, and during 3 h for biliverdin 2. The reaction
mixture was then cooled, neutralized with glacial acetic
acid and the products were extracted with dichloro-
methane (20ml). The extracts were washed with water
(2x10ml), dried (Na,SO,), filtered, and evaporated to
dryness in vacuo. Biliverdins 3 and 4 were obtained in
quantitative yields and used as such for the following
synthetic step, after checking their purity by TLC on
silica gel plates (20x20cm, silica gel Fyss, 0.25mm
thick, Riedel de Haén) developed with chloro-
form:acetone (90:10, v/v) or chloroform:methanol:water
(48:28:6, v/v).

3.2 Synthesis of bilirubins

3.2.1 3,13,17-Triethyl-1,10,19,21,23,24-hexahydro-2,7,
12,18-tetramethyl-1,19-dioxo bilin-8-propanoic acid (5);
3,13,17-triethyl-1,10,19,21,23,24-hexahydro-2,8,12,18-
tetramethyl-1,19-dioxobilin-7-propanoic acid (6)

A common procedure was used for the synthesis of
the above mentioned compounds (Scheme 1). Sodium
borohydride (10mg) was added to a solution of bili-
verdin in tetrahydrofuran (10 ml) and methanol (5ml)
and the mixture was stirred in the dark at room tem-
perature under a stream of nitrogen. After 2h, an
additional 10mg of sodium borohydride was added
and the reaction was continued for 1 h. After cooling, the
solution was acidified to pH 4-5 with 1 M hydrochloric
acid and extracted with dichloromethane (20 ml). The
extracts were then washed with water (2x10ml), dried
(Na,S0,), filtered and evaporated to dryness in vacuo.
The residue was then dissolved in 0.1 M sodium hydrox-
ide and a 0.1 M hydrochloric acid solution was later
added to precipitate the bilirubin. This suspension was
centrifuged and the precipitate was washed twice with
cold water. This procedure for crystallization was repea-
ted once more. The overall yield of bilirubins § and 6
was 85-90%, starting from the methyl (or ethyl) esters 1
and 2, respectively.

Compound S5: Ry 0.86 (silica, CHCl;:CH3;0H:H-0,
48:28:6, v/v); mp 280°C (dec., from NaOH-HC1 0.1 M);
IR (film) 3389, 2917, 1733, 1667cm~!; 'H NMR
(CDCl3) 6 0.9 (m, 9H), 1.7 (s, 6H), 1.92 (s, 3H), 1.94 (s,
3H), 2.13 (m, 6H), 2.3 (m, 2H), 2.6 (m, 2H), 3.8 (s, 2H),
5.75 (s, 1H), 5.85 (s, 1H), 7.74 (s, NH, pyrrole), 8.7 (s,
NH, pyrrole), 8.0 (s, NH, lactam), 10.35 (s, NH, lac-
tam), 13.6 (s, 1H, CO,H); UV-vis (nm) 410 (¢ 41,744) in
CHCl;, 423.5 (¢ 42,507) in CH,OH; FABMS m/z (3-
nitro-benzyl alcohol) 544 (M*, 100%). Anal. caled for
C3,H4oN4O, requires C, 70.56; H, 7.40; N, 10.29. Found
C, 70.15; H, 7.10; N, 9.92.

Compound 6: Ry 0.77 (silica, CHCl5:CH;OH:H,0,
48:28:6, v/v); amorphous solid; TR (film) 3350, 2970,
1712, 1689cm~}; TH NMR (CDCls) 8 0.9 (m, 9H), 2.27
(s, 6H), 2.3 (s, 3H), 2.4 (s, 3H), 2.45 (m, 6H), 2.56 (m, 2H),
2.85 (m, 2H), 3.65 (s, 2H), 6.0 (s, 1H), 6.1 (s, 1H), 8.00
(s, NH, pyrrole), 9.98 (s, NH, pyrrole), 9.57 (s, NH,
lactam), 10.25 (s, NH, lactam), 13.2 (s, tH, CO,H); UV-
vis (nm) 392.5 (¢ 45,027) in CHCls, 392 (¢ 44,863) in
CH,OH; FABMS m/z (3-nitro-benzyl alcohol) 544 (M *,
100%). Anal. caled for C33H4N4O4 requires C, 70.56;
H, 7.40; N, 10.29. Found: C, 70.80; H, 7.27; N, 10.50.

3.3 Biological experiments

3.3.1 Animals

Male Wistar rats weighing 300-350 g were obtained
from the Animal House of Facultad de Farmacia y
Bioquimica, Universidad de Buenos Aires.
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3.3.2 Solution of pigments for infusion

Compounds 5 or 6 (0.04 mg, 73.5nmol) were dis-
solved in 0.05ml of 0.1 M sodium hydroxide and 1 ml of
albumin solution (10%, w/v, of bovine albumin dis-
solved in 0.15M NaCl solution) was added [6].

3.3.3 Studies on biliary excretion

The rats were kept under anesthesia with diethyl ether
and the common bile duct was cannulated with 12 cm of
PE-10 tubing and protected from light with an alumi-
num foil. The left femoral vein was also cannulated (PE-
10 tubing, 12cm) and bilirubin solution was injected
into the animal via the catheter for about 1 min with a
1 ml syringe [27].

Throughout the experimental period, room tempera-
ture was 20°C and the body temperature of rats was
maintained with infrared lamps. The bile was collected
in tubes placed on ice, protected from light and the
volume was measured during the common duct cannu-
lation (¢ = Omin) and at 30, 60 and 90min after the
bilirubin had been injected into the femoral vein. No
significant variation in the bile flow was observed. The
volume of bile fluid measured at each time point was
0.35+0.05ml. Approximately 10% of the injected bilir-
ubins were excreted in the bile fluid.

3.4 Extraction from bile and separation of free and
conjugated bilirubins

Biliary excretion of each pigment was studied on four
Wistar rats. Bile samples were acidified by the addition
of 8 vol. of glycine-HCI buffer (pH 1.8) followed by the
addition of 2 vol. of ascorbic acid solation (100 mg/ml)
saturated with sodium chloride [2&]). An excess of
sodium chloride was added to keep the solution satu-
rated. The solution was then extracted several times at
0-4°C with chloroform:ethanol (1:1, v/v) [7,27,29]. The
concentrated extract of each infused rat was then
applied to silica gel plates (20x20crn, silica gel Fjsa,
0.25 mm thick, Riedel de Haén), developed with chloro-
form:methanol:water (48:28:6, v/v). The plates were
dried and the yellow bands of bilirubins and their con-
jugates were scraped off and eluted from the silica with
methanol:water (1:1, v/v). The amount of bilirubins
present in the eluates was estimated by measuring the
absorbance in the range 385-430nm for the conjugate
of bilirubin 5 and for bilirubin 6. Free bilirubin X« and
its conjugates were estimated by measuring the absor-
bance in the range 444453 nm (g 60,000) [2].

3.5 Identification of bilirubins

Solutions of free and conjugated bilirubins were evap-
orated under vacuum at room temperature. Bilirubin §
monoglucuronide and bilirubin 6 were compared with
reference compounds 5 and 6 by TLC on silica gel plates

using chloroform:methanol:water (48:28:6, v/v) as
developing solvent. After rechromatography on TLC
plates, as described above, the compounds were eluted
with methanol:water (1:1, v/v) and these samples were
submitted to FABMS.

The structures of bilirubin [Xe, its monoglucuronide
and diglucuronide were confirmed by their transforma-
tion into their corresponding azopigments. Methanol-
ysis of these azopigments was followed by analysis of
their methyl esters and conjugated sugar by established
procedures {4,7,28,29].

3.6 Conformational search

Molecular mechanics calculations were carried out
with MacroModel 4.5 and BatchMin 4.5 [14] running
on a Silicon Graphics Indigo XS24Z (R4000, 128 MB
RAM, 1GB hard disk) under the Irix 5.2 operating
system. The semiempirical method AMI1 was imple-
mented in HyperChem 3.0 [15] running on a PC
(Inte] 486, 20 MB RAM, 1 GB hard disk) under Win-
dows "95.

3.7 Optimized Monte Carlo search, energy minimization
and relative stability of isomers

In this paper we used MM2* and AMBER* force
fields (the versions of MM2 and AMBER, respectively,
implemented in MacroModel [18]). By default, atomic
partial charges are calculated from data in the molecular
mechanics force field chosen. Both force fields use dis-
tance dependent dielectric electrostatics. The electro-
static equation used by MM2* uses partial charges and
Coulomb’s law, instead of the standard dipole-dipole
electrostatics. MM2¥* includes approximate parameters
for hydrogen bonds which were adjusted to mimic
AMBER hydrogen bonding potentials. AMBER* is
identical to authentic AMBER [30], with additions. A
number of generalized parameters have been added to
the field to allow qualitative modeling on many types of
molecules. The field is supplied with the united-atom
AMBER charge set, and Kollman’s 6,12-Lennard Jones
hydrogen bonding treatment [31]. The conformational
search of bilirubins was carried out with an optimized
Monte Carlo method [32] which employed the MM2*
and AMBER* force fields, as implemented in Macro-
Model 4.5. Energy minimization used a conjugated gra-
dient method, with a final gradient of 0.01 kcal/A mol as
the criterion for convergence. After the Monte Carlo
steps, initial conformers were partially minimized (250
iterations), and the subset of resulting structures was
further minimized until convergence. In this process,
duplicate and high-energy structures were discarded. In
the end, all nonenatiomeric conformers within a 6 kcal/
mol window above the global minimum were tabulated.
Atoms belonging to the tetrapyrrole backbone and the
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propionic acid substituent were taken into account
for comparisons.

In order to validate the application of this method on
bilirubins, we ran a test calculation on bilirubin IXe.
One hundred thousand Monte Carlo steps were carried
out, starting from three different structures, namely,
those which had the following values for the central pair
of dihedral angles (®,®;): 0,0; 180,180 and 180,0°. Ten
independent degrees of freedom were considered for the
Monte Carlo search, namely, the above-mentioned cen-
tral pair of dihedral angles and all torsions along the
propionic acid substituents.

We employed a similar protocol for the conforma-
tional search of compounds 5 and 6, starting from
structures showing (®,,P,): 0,0; 180,180; 0,180 and
180,0°. Eight degrees of freedom, namely, &, through
dg (see Fig. 1) were considered here. Each run included
50,000 Monte Carlo steps. However, in most cases,
10,000 steps sufficed to sample the conformational
ensemble.

The output conformers from the previous analysis
were later optimized by the semiempirical method AMI.
The protocol included a conjugated gradient method to
approach the minimum and a final gradient threshold of
0.1 kcal/;\ mol. A single point energy calculation on the
optimized structures provided the values for the heats of
formation.

The simulated annealing protocol used a time step of
1.5fs. The temperature for the first 10ps was set at
300K, the next 20ps were run at 150K, and, finally,
20 ps were run at S0K. In the end, the resulting struc-
ture was minimized until convergence (at 0 K) [18].

3.8 Mixed Monte Carlo/stochastic dynamics

In order to simulate the conformational ensemble of
bilirubins we adopted a mixed Monte Carlo/stochastic
dynamics (MC/SD) method {20]. In the course of the
simulation, every SD time step is followed by an MC
step. The total time in all cases was 3 ns after an initial
equilibration time of 50ps. A time step of 1.5fs was
used for the SD part. In all cases, the MC acceptance
ratio was never lower than 0.3% or higher than 5%.

Two hundred thousand conformers were sampled for
each compound, resulting from an MC/SD simulation
run at 300K in chloroform, employing the semi-
analytical solvation treatment (GB/SA [33] and the
AMBER* force field parameters. The default cut-off
distance of 12A was increased to 50 A in the electro-
statics term. Six degrees of freedom, namely, &,
through &, (see Fig. 1) were considered here. No con-
straint was put to torsions, and not more than two
dihedral angles were allowed to change at each Monte
Carlo step.

A hydrogen bond is formed whenever (i) the distance
between acceptor and donor is smaller than 2.5 A, (ii)

the angles N-H.. .O(=C) and (CO)O-H...O(=C) are
greater than 120°, and (iit) the angles (N—)H...0=C
and CO(O—)H...0O=C are greater than 90°.
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