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ABSTRACT: A water-soluble conjugatel) with intact carboxyl groups was prepared by addition of poly-
(ethylene glycol) thiol (MPEG-SH) regiospecifically to tkxo vinyl group of bilirubin. IH and 13C

NMR and absorbance spectroscopy in Cb@hd

DMSOds confirmed the assigned structure and

showed that pegylation did not disrupt the hydrogen-bonded ridge-tile conformation of the pigment moiety.
Aqueous solutions ol were optically clear, but NMR signals were seen only from the MPEG por-
tion and none from the tetrapyrrole, consistent with dissolved assemblies containing aggregated bilirubin
cores within mobile polyether chains. On alkalinization (pH2), signals from the pigment moiety
reappeared. Titrimetric measurementsloin water showed theky's of the two carboxyl groups to be
similar (average 6.42). Control studies with pegylated half-esters of succinic, suberic, brassylic, thapsic,
and 1,20-eicosanedioic acid showed that pegylation per se has little, if any, effect on carboxyl ionization.
However, aggregation increases the apparkpby ~1—2 units. The molecularity of bilirubin in solution

was further characterized by ultracentrifugation. Over the pH rangel®5n buffer, bilirubin formed
multimers with aggregation numbers ranging frerB—7. Bilirubin is monomeric in DMSO or CHGlat

~2 x 1075 M, but aggregation occurred when the CEl®@hs contaminated with trace adventitious (perhaps
lipoidal) impurities. These observations show that aggregation increasel thepaliphatic carboxylic

acids relative to their monomer values in water. They are consistent with é&@ibiMR-based estimates

of ~4.2 and~4.9 for the aqueousky’s of bilirubin and similar studies of bilirubin in micellar bile-salt
solutions. Together with earlier work, they confirm that tt’p of bilirubin are about normal for aliphatic
carboxyls and suggest that the high7(5) values occasionally reported, including those based on £HCI
partitioning, are artifacts of aggregation or technique.

Bilirubin, a tetrapyrrolic dicarboxylic acid (Figure 1), is
the cytotoxic yellow pigment of jaundicel); Produced in

healthy adults at about 300 mg/day by catabolism of heme,

it is eliminated by the following series of poorly understood
steps: delivery to the liver as a complex with serum albumin
(SA);* dissociation from SA and uptake by hepatocytes;
migration within hepatocytes to the endoplasmic reticulum
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where it is converted to mono- and diglucuronides by a
bilirubin-specific glucuronosyl transferase (UGT1A1); pas-
sage of the glucuronides to the apical (canalicular) mem-
brane; efflux of the glucuronides, but not the parent uncon-
jugated pigment, into bile by the organic anion ABC trans-
porter MRP2 B). Even less well understood than these
processes are the mechanisms of uptake of bilirubin into the
brain and its neurological toxicity. Nevertheless, bilirubin
has proved an informative model for the metabolism and
transport of many xenobiotic carboxylic cholephilic organic
anions, and considerable interest in the pigment has been
rekindled recently by the rediscovery of its potent antioxidant
properties and mounting evidence that it is a major physi-
ologic cytoprotectant3, 4).

The structure, state of aggregation, and degree of ionization
of bilirubin in vivo are clearly key determinants of its
biochemical properties. Although bilirubins’s chemical struc-
ture is frequently misrepresented or misinterpreted ifs
constitution and structure in the solid state and in solution
in organic solvents are well-established. Its aggregation,
which may be involved in its neurotoxicity and is a common,
often overlooked, source of difficulty and error in experi-
mental work 6), is less well characterized. And, although
the two acidic side chains in bilirubin are simple aliphatic
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BILIRUBIN: (Linear Representation)

(b)

BILIRUBIN:
(Ridge-tile
Structure)

Ficure 1: Bilirubin structure: (a) linear representation with con-
ventional numbering system; (b) energetically most stable intramo-
lecularly hydrogen-bonded structure shaped like a ridge-tile. Only
one of two non-superimposable mirror-image ridge-tile conforma-
tions is shown.

carboxyl groups, accurate determination of their acidity
constants K,s) in water has proved difficult because
bilirubin is so insoluble at physiologic pH. Whil&,'s of
~10"5 M (pKa ~ 5) would be expectedr] and have been
found in several experimental studie8—11), values as
low as 108—-10"1° M (pK, 8—10) have also been reported
(12—14) and used in efforts to explain bilirubin metabolism
(15). No chemically credible explanation for such unprec-
edented low values has yet been advanced.

In 1995, Nogales and Lightner reported that the nuclear

magnetic resonance (NMREC signal of the*COOH groups

in the tetran-butylammonium salt ot3C-enriched mesobi-
lirubin Xl o, a close bilirubin analogue, is essentially the
same in HO/10% DO at pH 8.0 or pH 11.04182.5 versus
182.4) in the absence of any cosent such as dimethyl
sulfoxide(DMSO) (16). Since'*C NMR signals of carboxylic
acids are highly sensitive to ionization (e.g.,181.5 for
acetate ion versus 176.8 for acetic acid) afl chemical
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technique {7—19) to measure the,'s of 99%'°C-labeled
mesobilirubin Xllla. and mesobiliverdin Xll& (11, 20),
synthetic pigments related very closely to natural bilirubin
and biliverdin. Consistent with observations on the tetra-
butylammonium salt and the conclusions of several earlier
investigators §—10, 21) we found values for their COOH
dissociation constants within the expected normal range. In
those studies, we used up to 31 mol % DMSO as cosolvent
to solubilize the pigments and validated the method using a
large variety of mono-, di-, and tetrapyrrolic carboxylic acids
as well as standards of knowkgs (11, 20, 22). However,
those studies, and those of earlier investigat8rd @), have
been pooh-poohed because of the use of DMSO or dimethyl
formamide (DMF) as (co)solvent28) and the results
attributed to artifacts of aggregatio®d). Meanwhile, values
of pK, = 8.2 and [K,, = 8.8 continue to be invoked in the
literature @4—26).

We now describe studies on the solution structure and acid
dissociation constants of a water-soluble derivative of bili-
rubin (1) bearing a poly(ethylene glycol) (PEG) side chain

N
H
NHuuunub

OllmlmmH/ O

0)
Il
*MPEG—0O—C—(CH,);—C—OH
2: (n = 2) succinic
3: (n = 6) suberic
4: (n=11) brassylic
5: (n = 14) thapsic
6: (n = 18) eicosanedioic
*MPEG-OH = Polyethyleneglycol
monomethyl ether
mol. wt ~ 1900

(27) and of a series of fatty-acid model compoungs-§)
solubilized in a similar way. These compounds dissolve
readily in water without the need for a cosolvent such as
DMSO, and their f,'s can be readily measured titrimetri-
cally. In complementary studies, we used ultracentrifugation

shifts can be measured with great accuracy and precisionto investigate the aggregation of bilirubin in organic solvents

(17), this observation provided strong evidence thit, p
values of>8 for one or both of the COOH groups of bilirubin
(12—14) could not be correct. This key finding led us to use
a straightforward, sensitive, and well-validaté€ NMR

and aqueous buffers. The results provide firm experimental
support for the validity of earlier NMR measuremengs (
11, 20, 21) and reveal the marked influence of aggregation
on the acid dissociation of bilirubin.



Bilirubin pK, and Aggregation
EXPERIMENTAL PROCEDURES

NMR measurements were done with a Varian Unity Plus
spectrometer (11.75 T magnetic field strengtht fre-
quency 500 MHz!3C frequency 125 MHz) on solutions in
CDCl; (referenced at 7.26 ppm féi and 77.0 ppm fot°C),
(CDs),SO (referenced at 2.49 ppm f&f and 39.5 ppm for
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mL), dried over anhydrous MgS(Xiltered, and evaporated
under vacuum. Unreacted bilirubin was effectively removed
by radial chromatography on silica gel, eluting with 1.5 vol
% CHzOH in CH,Cl,. A more polar yellow band was then
eluted with 6.6-8.5 vol % CHOH in CHCl,. This, after
evaporation to dryness, was taken up into dichloromethane
as a concentrated solution and precipitated by a large volume

13C), or D,O (referenced to external CD@l J-modulated  of dry diethyl ether (peroxide-free) to afford, as bright yellow
spin—echo (attached proton test) and gHMBC experiments globular solid particles, 291 mg (58%) of covalently bound
were used to assigiC NMR signals. The carbon NMR  mixed polymer MPEG-Shilirubin (1). This was immedi-
Spectra aCC]UiSitiOH t|me was 146 h. UV_V|S|b|e SpeCtra ate'y dried under vacuum Over2®5 and Stored under
were recorded on a Perkin-Elmer Lambda 12 spectropho-njtrogen in the dark!H NMR and*3C NMR spectra were
tometer. Analytical ultracentrifugation was performed on a ryn on completely transparent, mobile solutiond ¢88 mg
Beckman model E fitted with absorption scanning optics and samples,~1.5 x 1072 M) in CDClz and (CI2),SO, solvents
a home-built computer interface. Radial chromatography wasin which 1 is freely soluble. Similarly, a 38 mg sample
on a Chromatotron (Harrison Research, Inc., Palo Alto, CA) readily dissolved in distilled water (pH 7). The aqueous
with 1, 2, or 4 mm thick rotors coated with Merck silica gel  solution was somewhat viscous compared to the organic
PFs,with CaSQ binder, preparative layer grade. Chloroform  NMR solutions but still completely transparent. NMR studies
and DMSO used in Ultracentrifugation and YVisible were also run on agueous solutions Iofn DZO_NaOD
spectroscopic experiments were Fisher HPLC grade. Deu-(pp > 12), D,O followed by sonication for 75 min, £/
terated solvents for NMR experiments were from Cambridge (CD5),SO (9:1, volivol), and BO/(CDs),SO (1:1, vol/vol).
Isotope Labs; other spectral grade solvents were from Fisher-  as 5 control, a mechanical mixture of bilirubin MPEG-
Acros. Deuterated chloroform was passed through a shortsy was prepared from a clear, argon-purged solution of 58.5
column of Woelm alumina for chromatography (Super 1 mg (0.1 mmol) of bilirubin and 193 mg (0.1 mmol) of
activity) to remove acidic and polar impurities and used \MPEG-SH ¢- MPEG-S-S-MPEG) in 70 mL of CHG,
immediately. Bilirubin (Sigma) was purified, crystallized \hich was stirred for 15 min then evaporated to dryness.
(28), and dried under vacuum=(L mmHg) at~63°C and  The residue was redissolved in a minimum volume of dry
found to contain less than 3% of thedland Xllla isomers; CH,Cl, (~10 mL), and this solution was added to 100 mL
similar preparations reproducibly gave satisfactory C, H, N of dry diethyl ether at 0C. Precipitated solid was collected
elemental combustion analyses forssKseN4Os. Poly-  py filtration to afford a bright orange solid.
(ethylene glycol) monomethyl ether (MPEG-OH; average  Fatty Acid MPEG Monoester®icarboxylic acid MPEG-
molecular weight 1900;-42 monomeric units), 3-hydroxy- o4 monoesters 3-6) were prepared by conversion of
benzoic acid, succinic anhydride, suberic (1,8-octanedioic), syperic (), brassylic (Gs), thapsic (Gg), and eicosanedioic
brassylic (1,13-tridecanedioic), and thapsic (1,16-hexade-(c,) acid to their diacid chlorides, followed by reaction with
canedioic) acids were from Aldrich; 1,20-eicosanedioic acid 0.8 equiv of MPEG-OH and purification by repeated
was from TCI America Chemicals. precipitations from ChCl, with dry diethyl ether. Products
MPEG-S-Bilirubin (1). MPEG-S-bilirubin (1) was pre- were characterized b{*C and'H NMR (see below). For
pared according to Fontich et aR7), by synthesis and  example, for the preparation of suberic acid MPG monoester
addition of MPEG-SH to thexavinyl group of bilirubin. 3, a mixture of 436 mg (2.5 mmol) of suberic acid and 15
Thus, MPEG-OH was converted to ifstoluenesulfonate ~ mL of freshly distilled thionyl chloride (SOG) was heated
ester MPEG-0OTs29) in 89% yield by reaction with freshly  at reflux under Nfor 1.5 h. The mixture was cooled, excess
purified p-toluenesulfonyl chloride in dichloromethane in the of SOCL was removed under vacuum, and residual SOCI
presence of triethylamine. (The tosylate is moderately stablewas chased out by coevaporation with anhydrous benzene
upon storage if pyridine is not used as base.) MPEG-OTs (2 x 10 mL). The residue was dissolved in 10 mL of anhy-
was converted to MPEG-SH by treatment with aqueous drous CHCI,, and this solution was added to a precooled
thiourea followed by reflux with NaOH30). Precautions  (ice bath) solution of 3.80 g (2 mmol) of MPEG-OH in
were taken to keep the reaction mixture and workup under 20 mL of CH,CI, containing 1.4 mL (10 mmol) of triethyl-
a nitrogen blanket at all times to prevent disulfide formation. amine and 2 mg of 4-(dimethylamino)pyridine. The ice bath
An 85% vyield of MPEG-SH with some disulfide was was removed, and the mixture was stirred at ambient
obtained. (The mercaptan is prone to air oxidation to the temperature for 3 h, then filtered. Water (0.5 mL) was added
disulfide even in the solid state; thus, use of freshly preparedto the filtrate, and the mixture was evaporated under vacuum.
MPEG-SH is recommended.) According to Monti and The residue was redissolved in benzed®©XIC!), and
Manitto @1), MPEG-SH can be expected to undergo trifluoroacetic acid was added until a sample on wetted pH
Markovnikov addition to thexavinyl group of (a 1.2 mol paper showed a pH just7. Solvent was removed under
excess of) bilirubin to afford addudt. In a typical reac- vacuum, and the residue was precipitated three times by
tion, a mixture of 117 mg (0.2 mmol) of bilirubin, 340 mg adding its solution in 20 mL of CkCl, to 150 mL of cold
(0.127 mmol) of MPEG-SH (freshly prepared), and 50 mL anhydrous diethyl ether. The product was separated by
of dry CHCk was purged with M at 0 °C for 45 min. filtration and dried under vacuum (0.5 mmHg) for 24 h. The
p-Toluenesulfonic acid (3 mg) was added, and the mixture product (3.91 g) showed # NMR (CDCls) signal for a
was stirred in the dark for 24 h under,.Nt was diluted free acid proton at 11.9 ppm and t&%C carbonyl carbons
with CH,ClI, (100 mL), and the organic phase was washed at 173.3 and 175.1 ppm, respectively, for the ester and acid
with saturated aqueous NE@I (15 mL) and then KO (15 groups.
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The MPEG monoester2] of succinic acid (&) was pH
prepared by heating MPEG-OH with succinic anhydride at a
150 °C, according to Zalipsky et al3®). The product was 10 f&&
purified by triple reprecipitation from CHKTl, with dry 5

diethyl ether to remove excess succinic anhydride.
Titrations Potentiometric titrations of—6 were done in
glass-distilled water at 23C with pH measured by an Orion
model 811 pH/mV meter equipped with an Orion model
91-02 pH electrode with Ag/AgCl internal reference system
and Orion ATC probe and buret delivery of 0.066.01 M

sodium hydroxide solution that was standardized before each 0 10 20 30
titration using potassium acid phthalate primary standard. 10.%% b
The method was calibrated by titration of aqueous propionic TS

acid. Forl, four separate solutions-604 mg in 25 mL of sl

doubly distilled water) were titrated under dimmed light with e

magnetic stirring with 1.06x 102 M aqueous NaOH, 6%%""%

standardized thrice vs potassium acid phthalate (phenol- ] %
phthalein indicator) just before the titration. The pH elec- 41 %
trode was standardized just before titration with pH 4.00 and ] | Y
7.00 standard buffers (Meterpak pHydrion buffers, Micro- : :
essential Laboratory, NY). Four hours after the titration, the 0 5m| of tit1rglnt 15

electrode read 4.01 and 7.05, respectively, for the corre- Ficure 2: Panel a shows potentiometric titration of MPEG-S
sponding standard buffers, thus showing no unusual drift or piic /e %1y (504 mgi2s mi. of water) with standardized 1.66
instability of the glass membrane due to MPEG. (Hoyvever, 102 M aqueous NaOH at 23C plotted as pH (vertical axis) vs
after 2 months frequent use the electrode behavior wasmilliliters of titrant added (horizontal axis). The equivalence point

slightly less stable, possibly due to cumulative effects of lies near 28.8 mL (dotted line) from which the half-equivalence

contact with polymeric material.) Experimental data were POint (14.4 mL) and averagep (6.42) of the two carboxyl groups
lotted H d | L) of standardized are determined. Panel b shows acidimetric titration of ionized
plotted as pH measured vs volume (mL) of standardized \peG_s-ilirubin (1) from pH 10.5 with standardized 2.8810-2

NaOH titrant delivered (see Figure 2). Readings were taken M aqueous HCI plotted as pH (vertical axis) vs milliliters of titrant
following each addition after equilibration by stirring for at added (horizontal axis). The dotted lines give the equivalence point
least 2 min. at 12.2 mL and half-equivalence point at 6.1 mL, corresponding to

;1 IR : ; n aver f 6.15. Sigma PI nal r f Prof.
For acidmeti tiration! was tirated pastthe equivalence 1 SYerege B of 615, Sine Pl analyses (couresy of Frol
point, and the resulting solution (pk 10.5) was back-  ¢ame values.
titrated with 2.83x 102 M aqueous HCI (standardized vs
NaOH solution) to equivalence and plotted (see Figure 2). about —123 to —127 mV to plot values relative to an

Titrations of2-6 were run similarly. Thus, four samples arbitrary 0 mV.
of 2 (312—407 mg, (6-8) x 103 M) in distilled, deionized Beer's Law Plots Absorbance (max) values from UV
water (initial pH 3.3-3.4) were titrated in two separate dual visible spectra (for example, Figure 5), measured at@3
runs using two independently standardized aqueous solu-over a wide concentration range in CHGind DMSO
tions of NaOH ((5.76.2) x 102 M), and the data were  solvents, were plotted vs concentration for the intend&0
plotted as pH vs milliliters of NaOH (see Figure 3). Sim- nm long wavelength absorption (Figure 6) as described
ilarly, multiple samples (404546 mg) of 3—6 were dis- previously 84): (1) A UV—uvisible spectrum was measured
solved in 25 mL of distilled deionized water and titrated with at an appropriate sample concentration in a 10-mm path
freshly standardized (4-%6.1) x 103 M aqueous NaOH length cuvette to give an absorbanég.{) of 0.5-0.7, and

(see Figure 3). the molar extinction coefficientefay) at the maximum
Nonaqueous potentiometric titrations df and 5 vs absorbanceAnay) was calculated. (2) From then.x value

3-hydroxybenzoic acid standard were run in DMSO solvent thus obtained, the concentration required to give an absor-

as described by Hansen et aB).(Thus, 6.0x 102 M bance of 2 for a path length of 0.5 mm was calculated, and

solutions of 3-hydroxybenzoic acid (207.2 mg) in DMSO a solution at this concentration was prepared, and its spectrum
(25 mL) and 786.5 mg o (or 783.1 mg ob) in 25 mL of was measured. A series of dilutions (down to the lowest
anhydrous DMSO were titrated with a 0:39.40 M solution detection limit of the instrument) was then made from this
of KOH in methanol (under Y, delivered fran a 2 mLburet. concentrate, and spectra were measured using cells of
For “pH” in nonaqueous solutions, the pH electrode potential appropriate path length from 0.5 to 10 mm. @®).x data
(mV) was recorded (relative to an arbitrary initial point) to from these spectra were normalized to a path length of 1
construct the titration curves of Figure 4. The absolute cm and plotted vs concentration. (4) To obtain the straight
potential E) at other pH was calculated using the Nernst line according to Beer’s Law, the adjustéglax values (see
equation, pH= (E — 0.2802)/0.059, with an electrode step 3) were plotted vs concentration, assuming a constant
potential defined relative to a standard calomel electrd@e (  €max

Immediately before the nonaqueous titrations, the pH meter  Ultracentrifugation Sedimentation EquilibriurSolutions

was standardized (reproducibly) with aqueous buffers at pH of bilirubin in aqueous buffers (Tris or EPPS, both from
4.00 #-193.4 mV) and 7.415.5 mV). In graphs oE (mV) Sigma) were prepared by dissolving an accurately weighed
vs milliliters of titrant, we offset the pH meter readings by (microbalance) sample of pigment in-3 drops of 0.1 M
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Ficure 3: Potentiometric titrations (at 2%C), plotted as pH (vertical axis) vs milliliters of titrant added (horizontal axis) of (a) MPEG-
O-succinate2 (407 mg/25 mL of water) with standardized 6.2310-3 M aqueous NaOH (dotted lines give the equivalence point at 31.1
mL and half-equivalence point at 15.6 mL, corresponding taKa @ 4.56), (b) MPEGO-suberate3 (533 mg/25 mL of water) with
standardized 5.7& 10-3 M aqueous NaOH (dotted lines give the equivalence point at 19.9 mL and half-equivalence point at 9.95 mL,
corresponding to akfy, of 4.67), (c) MPEGO-brassylatet (429 mg/25 mL of water) with standardized 5.2510~% M aqueous NaOH
(dotted lines give the equivalence point at 11.9 mL and half-equivalence point at 5.95 mL, correspondirig, @f &.26), (d) MPEG-
O-thapsateb (460 mg/25 mL of water) with standardized 6.%¥010~2 M aqueous NaOH (dotted lines give the equivalence point at 19.0
mL and half-equivalence point at 9.5 mL, corresponding tiaqf 5.94), (e) MPEGO-eicosanedioaté (404 mg/25 mL of water) with
standardized 5.2% 103 M aqueous NaOH (dotted lines give the equivalence point at 14.6 mL and half-equivalence point at 7.3 mL,
corresponding to ak, of 6.60). Panel f shows a plot relating the increaseknith lengthening acid chain of fatty aci@s-6. The dotted

line at Ky = 6.42 represents thekg of bilirubin—MPEG conjugatel obtained from potentiometric aqueous titration.

mv £x10°
0 =
‘ 601 /™ —— MPEG-S-BR
-100-%, / \\ ——- BR-IXa
-200
-300{ |
-400
0
-100 %
‘ 0+— . ;
-2004 300 400 500 600
-3001 Wavelength (nm)
-400 FiIGURE 5: UV-visible spectrum of<) 1.38 x 107> M solution
of MPEG-S-BR (1) and (~ — —) 1.72 x 10> M bilirubin
-500 (BR—IXa) in CHCIl; solvent at 23°C. The wavelengths at
2 4 6 8 maximum absorptiom{,sy) for 1.38 x 10->M 1 (average molecular
ml of titrant weight 2520) are 446 nme(= 32 900) in CHC}, 441 nm € =

. . o 32 800) in DMSO, 435 nme(= 30 000) in pH 8.00 0.5 M aqueous
Ficure 4: Panel a shows the potentiometric titrationdafa, 787 phosphate buffer, and 437 nra € 27 800) in water; those for

mg/25 mL of anhydrous DMSO) and 3-hydroxybenzoic acid ( % 105 A 7 .
207 mg/25 mL of anhydrous DMSO) with 0.4 M KOH in GEH }15762nmlg:'\g3bg'6‘8§"{:1 X a are 454 ZTof(an(illsoso)sB%)ciﬂ%ﬁ
at 23°C. The dotted lines represent potential at equivalenesap 8.00 0.5 M phosphate buffer. Ttiemercaptoethanol adduct at the
and—345 mV for 3-hydroxybenzoic acid adirespectively. Panel - o, iny| of bilirubin 1X o hasimax 449 nm in CHC} [Manitto, P

b shows the potentiometric titration &f (A, 783 mg/25 mL of and Monti. D (1972ExperienTi§ 28379-380] P
anhydrous DMSO) and 3-hydroxybenzoic acitl 07 mg/25 mL T '

of anhydrous DMSO) with 0.4 M KOH in C¥DH at 23°C. The S . .
dotted lines represent potential at equivalence 322 and—335 bilirubin in CHCl; or DMSO were prepared by dissolving

mV for 3-hydroxybenzoic acid anf, respectively. accurately weighed samples in 10 mL of solvent to give
solutions of 1.6x 1075 to 4.5 x 104 M for CHCI; and
NaOH and diluting with argon-saturated Tris (or EPPS) (1.2-2.0) x 10> M for DMSO. A model E Beckman
buffer (0.1, 0.2, or 0.05 M) to give 50 mL of the desired analytical centrifuge with an AnD rotor was used for the
solution ((1.6-6.8) x 10°° M) at various pH. Solutions of  sedimentation equilibrium measurements: rotor speed 52 000
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FiGure 6: Beer's Law plots of absorbance vs concentration for o -15
bilirubin in (a) CHCE and (b) DMSO and for MPEG-SBR (1) in £
(c) CHCk and (d) DMSO. The dashed lines show the expected 495 500 505 51.0 515
Beer’'s Law plot.
0.05 c
rpm; temperature, 21C for aqueous solutions, 19-21.5 0 -"o'-.. .
°C for CHCE solutions, 24.5C for DMSO solutions. Cells * ‘.-,
were fitted with sapphire and quartz windows and either KelF -0.05 o, o
or aluminum centerpieces. Aluminum centerpieces with KelF »°
gaskets were used with organic solvents. High speeds in the "-‘v..
centrifuge can produce distortions in the optical properties -0.15 )
of the windows. Control experiments at the run speeds did
46 47 48 49 50

not reveal any measurable deviations in absorbance at the
wavelengths used for the experiments. The times required
to reach equilibrium were typically 1216 h for agueous
solutions and 56 h for CHCE and DMSO solutions. UV
visible detection of concentration in the cell was scanned
from top to bottom at 500 nm or in some runs at both 500
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(Distance from axis of rotation) 2

FIGURE 7: Representative plots of In(OD) (vertical axis) nfsof
data taken from the ultracentrifugation sedimentation equilibrium
studies of bilirubin: (a) pH 8.5 Tris buffer with data plotted along
the length of the scanning window (entry 3 of Table 6); (b) pH 8.5
Tris buffer showing data from another experiment (entry 1 of Table

and 390 nm. Data were not corrected for changes in molarg) plotted over the constant slope region from which a least-squares

absorptivity accompanying self-association.

A particle placed in an artificial gravitational field gener-
ated by ultracentrifugatiorBg) will move from one section
of the ultracentrifuge cell to another by the Lamm differential
equation 86), which is dependent only on sedimentation and
diffusion (35, 37):

ac_ 9

0 2
=—IrD — — sw‘c 1
3= | &
whereD is the diffusion coefficientr is distance measured
from the axis of rotation,w is angular velocity,c is
concentration, and is the sedimentation coefficient. After

a given period, equilibrium is established, whéoét = 0,

fit gave the aggregation number; (c) CH@$ee entry 3 of Table

7). Note that the slope of the plot is negative in panel ¢c and positive
in panels a and b, which indicates that the solute in panel c is less
dense than the CHgbolvent gp > 1).

of the solution. Integrating eq 4 over the length of the
ultracentrifuge cell yields the expression 5,

2RT Aln(c)

M=
0’1 —p) Ar?

()

whereM is the weight-average molecular weight. The partial
specific volume is defined3g, 39) as

—_ [0
thus giving v= (8_9 40 (6)
0= swic — D(g_(r?) @) and can be calculate®9) from eq 7.
p=1_[L=wdm "
Introducing the “Svedberg equation” (eq 3) into eq 2 gives P ( pm | dw

a formula (eq 4) that can be used to calculate molecular
weights (M) in solution.

_ SRT
M= D(1 — 7p) ®)
v = delor : RT @
C w1 — vp)

Here, p is the density, an@ is the partial specific volume

wherew is the weight fraction of solute and is the weight
of solvent and solute.

A plot of In(c) or In(OD) vsr2 (Figure 7) will give a slope
that when put into eq 5 gives only a reduced molecular
weight when the buoyancy term;17p, is not known. Given
the partial specific volume;, one can then obtain the weight-
average molecular weight®.

To determiney, we used a Paar microdensitometer. The
density, p, of bilirubin in the solvents of interest was
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measured on the microdensitometer, and the apparent volum&,,,1c 1: 13c NMR Chemical Shifts and Assignments for

(¢) was calculated40) at several bilirubin concentrations
for each solvent from the equation

1
100((”—0— )
B S IR V- |

»=
po cM

(8

wherep® is density of pure solvenp? is density of solvent
plus solutec is concentration, ant¥ is molecular weight

of bilirubin. The apparent volume when extrapolated to zero 8-

concentration gives the partial specific volume. For Tris
buffer, 2 = 0.720; for Tris-60% ethanoly = 0.669; for
Tris—80% ethanolpy = 0.651; for CHC}, v = 0.755; for

DMSO, v = 0.760. Using eq 5 and the reduced molecular 4-

weight of bilirubin in CHC} (63.5), one calculates= 0.747
for monomeric bilirubin in solution, a value in good agree-
ment with the experimentally derived number from micro-
densitometry. [The reduced molecular weight of bilirubin
varies with solvent densitypf and is given by the product
of the buoyancy term (- 7p) and the formula weight

(584.7) of the pigment.] The corrected weight-average molec- 13-Ch
ular weights were then calculated. The error associated with 8:

Vexp@nd the reduced molecular weights is approximately 3%.

RESULTS

Compoundsdl—6 are insoluble in diethyl ether but freely
soluble in HO, CHCE, CH,Cl,, CH;OH, and DMSO, giving
transparent solutions with no apparent Tyndall effect. The
solubility properties of the MPEG-SH conjugate of bilirubin
(2) differ considerably from those of unconjugated bilirubin,
which is very insoluble in KO and CHOH. The MPEG
monoester conjugateg<5) are also much more soluble in
H,0O than their dicarboxylic acid precursors, which, except
for succinic acid, are insoluble in ;&@. When a lower
molecular weight poly(ethylene glycol) monomethyl ether,

for example, average MW 750, was used for synthesis, the

thiol conjugate with bilirubin was insoluble in water. A

MPEG-S-BR (1) and Bilirubin

MPEG-S-BR (1) bilirubin
carbon (CR);SO CDCh (CDs),SO* CDCl
1-CO 171.28 17407 171.34  174.18
19-CO 170.13  173.07 170.41  173.49
2- 12336 12451 12324  124.45
18- 12320 12426 122.39  124.38
2-CHs 9.65  10.09 9.49 10.16
18-CH=CH, 127.10  125.87
18-CH=CH 117.11 11845
140.35  141.44 14040  141.57
- 141.93 14270 14197 14161
3-CH=CH, 127.36  126.66 127.38  126.77
3-CH=CH, 122.02 12229 122.09 12231
17-CH 9.47  10.09 9.26 10.13
127.43 12771 127.47  127.86
16- 127.96  128.03 128.22  128.88
5-CH= 99.06  101.75  99.15  102.03
15-CH= 99.11  102.04 100.04  102.11
6- 122.02 12348 122.07 12355
14- 122.04 12411 12225  123.64
- 119.50 11955 11958  119.66
13- 119.50 11958 119.80  119.80
7-CHs 9.10 9.17 9.14 9.20
9.12 9.93 9.16 9.65
12339 12454 12346 12457
- 12339 12459 12413  124.75
8L-CH, 19.44 1847  19.25 18.56
12-CH, 19.44 1847  19.25 18.56
82-CH, 3426 3250 3419 3259
12-CH, 3426 3250 3424 3259
83-COOH 173.90 17954 173.95 179.62
125-COOH 173.98 17954 173.96 179.64
9- 130.78 13347 130.73 13351
11- 128.36 13371 13148  133.95
- 2357 2218  23.65 22.29
18CH(CH;) SMPEG ~ 37.86  38.23
18-CHCHs) SMPEG ~ 19.22  19.32
18-CH(CH)-SCHo- 33.85  33.83
(CH,CH,O), 69.75  70.47
CH3-OCH,CH,-O- 58.01  58.98

a Assignments are according to'Ner, N. (1985)Magn. Res. Chem
23, 688-689.° Interchangeable.

mechanical mixture of bilirubin and MPEG-SH on contact for solutions containing 38 mg mt (~1.5 x 102 M

with water left orange flakes of bilirubin and a colorless

filtrate of MPEG-SH, indicating that a covalent bond between

polymer and pigment is required for water solubility.
Compoundd —6 gave satisfactor{?C NMR and'H NMR

assuming only one species present).

Comparisons of the chemical shifts of key pyrrole and
lactam NHs and CO®! *H NMR signals, as well as the
amide and acid carbon$iC atoms of MPEG-SBR (1) with

spectra, revealing all carbons and protons of both the MPEGthose reported in the literature for bilirubid2) are shown
and attached acid components (Tables 1 and 2). Evidencen Table 3. The striking similarity oll observed chemical

for the expected Markovnikov additior31) of MPEG-SH

to theexavinyl group of bilirubin was found in the presence
of one upfield doublet for the newly formed methyl of the
C(18y-CH(CH;)S—MPEG moiety of 1. There was no
indication of the bis-adduct of bilirubin-lé originating from
acid-catalyzed constitutional isomerization (scramblidg) (

or bilirubin-Ill o in the starting material. The olefinic region
was also very clean, showing three well-resolved proton
signals for the remainingndevinyl group, and two signals
for C(15)-CH= and for C(5)-CH=. The carbon spectrum

in CDCl; exhibited signals in accord with the structure, in
particular, the absence of the two olefinic signals and
appearance of two new aliphatic carbon signals. Similarly,
the DMSOds NMR spectra were also consistent with a
polymer-bound bilirubin. In altH or **C NMR spectra in
CDCl; and DMSO#, the signal-to-noise ratio was excellent

shifts to those of unconjugated bilirubin is a good indication
that in CDC} and DMSOsds solvents the conformations of
the polymer-bound tetrapyrrole and the free pigment are the
same. Thus the random coil polymer chain probably does
not interfere appreciably with the intramolecular conforma-
tion-determining forces in the pigment. Further, it appears
that the polymer chain is not involved in steric repulsions
with crucial points of conformational flexibility such as the
C(10-CH, and C(8), C(12)yCH,CH,— fragments. Most
importantly, the presence of the pendant polymer does not
disrupt the stabilizing network of six intramolecular hydrogen
bonds.

Surprisingly, NMR spectra of a 38 mg mbk aqueous
(distilled HO, pH~7) solution ofl (somewhat more viscous
than in DMSOds or CDCE, but still completely transparent)
did not show any of théH or 13C signals of the pigment.
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Table 2: *H NMR Chemical Shifts, Multiplicities, and Assignments
for MPEG-S-BR (1) and Bilirubin

MPEG-S-BR (1) bilirubin
proton (CR);SO CDCh (CDs),SO CDCl®
8%,128-COOH 11.89 13.61 11.89 13.69
21-NHCO 10.02 10.80 10.02 10.80
24-NHCO 9.84 10.71 9.90 10.69
22-NH 10.39 9.25 10.43 9.27
23-NH 10.43 9.25 10.47 9.30
2-CHs 1.91 1.98 1.91 1.98
3-CHy=CH; 6.8C 6.61 6.81 6.6Y
trans3-CH=CHaHg  0a 5.63' 04 5.60 0a5.62 0a5.6C
cis 3-CH=CHaHg 0 5.6 0g5.58 0g5.60 g 5.582
5-CH= 6.08 6.20 6.08 6.21
15-CH= 6.00 6.10 6.08 6.13
7-CHs 1.99 2.16 1.99 2.16
8!, 12-CHaHx 2.41 0x 2.58M 2.42 Ox 2.572
0,3.02 0p3.0F¢
82, 122-CHgHc 1.95 2.8%8 1.93 0p 2.902d
O0c2. 7%
10-CH 3.97 4.07 3.98 4.07
13-CH; 2.01 2.15 2.02 2.15
17-CH; 2.16 2.16 2.15 2.18
18-CH=CH, 6.56’ 6.49¢
trans:I.8-CH=CHAHB (SA 5.28" 6A 5.369
cis 18-CH=CHaHg g 6.1 Op 6.16"
18-CH(CH3)SCH—  4.03 4.02
18-CH((H3)SCH—  1.49" 1.54
18-CH(CH)SCH,—  2.56
(CH,CH,O), 3.50 3.64
cap GH;0— 3.23 3.37

@ The assignment follows that in Kaplan, D., and Navon, G. (1983)
Isr. J. Chem23, 177—186, and the constants of the methylene protons
in propionic acid chains are taken from spin simulation in Navon, G.,
Frank, S., and Kaplan, D. J. (1984) Chem. Soc., Perkin Trans, Il
1145-1149.° The assignment of protons ineSxdoand 18exovinyl
groups follows that in Kaplan, D., and Navon, G. (1981Lhem. Soc.,
Perkin Trans. 1) 1374-1383.¢dd, 3] = 11.8 Hz, 17.6 Hz% 2Jxg =
1.7 Hz,30ax = 11.8 Hz.® 2Jpg = 1.7 HZ,%Jsx = 17.6 Hz.Tt, J=7.6
Hz.9q9,J=7.1Hz."d,J=7.1Hz.'t,J= 6.4 Hz.idd,3] = 12.0
HZ, 17.3 HzX ZJAB =1.3 HZ,SJAX =12.0 Hz. 2JAB =13 HZ,3JB>(
= 17.3 Hz.M2.54-2.62 ppm, m"2.95-3.06 ppm, m?2.79-2.90
ppm, m.Pq,J=6.9 Hz.9d,J= 6.9 Hz."dd,%J = 11.8 Hz, 17.5 Hz.

s ZJAB =17 HZ,3JA)( =11.8 Hz.! ZJAB =17 HZ,3JB>( =17.5HzY t,
J= 7.8 Hz.”dd,3] = 11.6 Hz, 17.5 Hz" dd, 2Jas = 1.8 Hz,3J =
11.6 Hz.*dd, 2Jpg = 1.8 Hz,3) = 17.5 Hz.¥dd, 3] = 12.0 Hz, 17.5
Hz.? ZJAB =1.8 HZ,3JAX =12.0 Hz.& Z\JAB =1.8 HZ,3JBX =175
Hz.® ABCX, 2Jax = —14.9 Hz,3Jgx = 2.6 Hz,3Jcx = 4.7 Hz.
aCABCX, 2Jax = —14.9 Hz,2Jag = 12.9 Hz,3Jpc = 2.8 Hz. 24 ABCX,
ZJBC = —18.8 HZ,3JAB =12.9 HZ,3JB)( = 2.6 Hz.22 ABCX, ZJBC =
—18.8 Hz,3Jac = 2.8 Hz,3Jcx = 4.7 Hz. 2 dd,3) = 11.5 Hz, 17.7 Hz.
a9dd, 2] = 2.0 Hz,%J = 11.5 Hz.2"dd, 2 = 2.0 Hz,3) = 17.7 Hz.

The MPEG polymer signals were, however, within the
normal line-width and had the usual relaxation times. In-
creasing the relaxation delay betwéé@-pulses offered no
improvement with respect to the pigment component, nor
did warming the solution to 80C. Addition of CDC} to
the NMR tube, to effect partial pigment extraction into CRCI
from H,O, led to an almost solid emulsion in the upper
(aqgueous) layer but showed (31 NMR) that the pale
yellow CDCk lower layer contained the same MPEG-bound
bilirubin as if it had been dissolved directly into CRCIn

a separate experiment, thd NMR signals of the pigment
reappeared sharply when a fresh aqueou®jBample was
made strongly alkaline (pH 12) with NaOD/RO. For this
sample, the’*C NMR spectrum of the pigment was also
acquired without difficulty. However, solutions df in
D,0—(CD3),SO0, 9:1 and 1:1 by vol, did not yiefdH or 13C
NMR signals for the bilirubin moiety of, although signals

Table 3: Comparison of Pyrrole, Lactam, and Carboxylic Ai¢id
NMR Chemical Shifts and the Lactam and Carboxylic Atié
NMR Chemical Shifts of Poly(ethylene glycol)-Bound Bilirubith) (
in CDCl; and DMSOes with Those of Bilirubin

signal CDC} DMSO-ds
1H NMR 1 bilirubin 1 bilirubin
pyrrole 22-H 9.25 9.27 10.39 10.43
pyrrole 23-H 9.25 9.30 10.43 10.47
lactam 24-H 10.71 10.69 9.84 9.90
lactam 21-H 10.80 10.80 10.02 10.00
COOH 13.61 13.69 11.89 11.89
signal CDC} DMSO-ds
13C NMR 1 bilirubin 1 bilirubin
19-CONH 173.07 173.49 170.13 170.41
1-CONH 174.07 174.18 171.28 171.34
COOH 179.54  179.62 173.90,173.93 173.95,173.96

from the MPEG moiety were fully evident. Likewise, Hd

or ¥C NMR signals from the pigment moiety could be
detected from 15 mM samples @fdissolved in pH 8.60
phosphate buffer (even after sonication for 1 h) or from
samples ofl dissolved in RO (1 mL) in the presence of
surfactants above their critical micelle concentrations (cmc),
for example, 50 mM sodium dodecyl sulfate (SDS, 14.5
mg/mL) or 4.4 mM cetyltrimethylammonium bromide
(CTAB, 4.4 mg/mL). [The cmc of SDS is 8:48.4 mM @3);

that of CTAB is 0.9 mM 43)].

As with 1, MPEG monoester acids-6 gave satisfactory
C NMR spectra in CDGl and (CDR),SO that clearly
showed all of the carbon signals of both acid and MPEG
moieties. Although theitH NMR spectra are not as rich as
those ofl, they exhibited the same signals as those of the
acid and MPEG components. In contrast to the behavior of
1in water, the natural isotopic abundarié€ NMR signals
of all carbons of2—6 and their'H NMR resonances could
be detected. Unlike the sharp resonance lines seen in{DCI
and (CD}),SO, however, the proton signals4and6 were
very broad in RO, those o6 showing the broadest signals.
Similarly, the methylene group®C resonances ob were
very broad.

Triplicate potentiometric titrations df led to plots of pH
vs milliliters of NaOH titrant as represented by Figure 2a.
Acidimetric back-titration ofL from pH~ 10.5 is shown in
Figure 2b. Similarly, multiple potentiometric titrationsf 6
gave data from which representative titration curves are
shown in Figure 3. From such titration curves, the pH at
one-half the volume of titrant delivered to the equivalence
point (e.g., see Figure 3a) is equal to th&, |for for 1, the
average [, of the two carboxyl groups). Thus, we deter-
mined the K, values ofl—6 shown in Table 4. The upward
trend of <, with increasing chain length is plotted in Figure
3f for 2—6.

Hansen et al.g) have shown how to predict aqueous,s
from apparent K,'s determined in DMSO using an internal
standard. Similarly, by comparing the titration curves of
3-hydroxybenzoic acid standard to those of fatty acid half-
esters4 and5 in DMSO using alkaline methanol as titrant,
we obtained plots of millivolts (pH meter reading) vs milli-
liters of titrant as in Figure 4. From these, we obtained po-
tential difference AE, values of 31.5 and 21.0 mV, respec-
tively, in equivalence points, whereE = E(3-hydroxyben-
zoic acid)— E(4 or 5) mV. From the Nernst equation, pH
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Table 4: K, Values of MPEG-SBilirubin (1) and MPEG-Acids Table 6: Weight-Average Molecular Weights and Aggregation
2—6 from Potentiometric Titrations of Aqueous Solutions Numbers for Bilirubin in Argon-Saturated Aqueous Buffers at°Zl
compound Ka bilirubin  weight-avg
1 MPEG-S-Bilirubin 6.4 concn molec wt  aggregation
2 MPEG-O.C(CH,),COH 456 entry  buffer (M) pH (x1®M) (g mol?)? number
3 MPEG-Q,C(CH,)sCOH 4.67 1 Tris(0.1) 8.5 2.0 3252 565
4 MPEG-Q,C(CH,)1:COH 5.26 2 Tris (0.1¥ 8.5 2.0 2449 44
5 MPEG-G,C(CH,)14COH 5.94 3  Tris(0.1) 8.5 4.2 21893754 3.4—6.4
6 MPEG-Q,C(CH,)1sCOH 6.60 4 Tris (0.1F 8.5 4.2 15272733 2.6—4.7
@ Represents the average value for the two carboxylic acid groups. 2 R:: ggg gg 3% 1182—2646 225_4 5,
b The K, reported for succinic acid monomethyl ester is 4.49 [Kolthoff, ) p ) : ’
h 7 EPPS(0.1) 8.6 4.2 2205 3.7
I. M., and Chantooni, J. M. K. (1976). Am. Chem. Soc. 98 ;
50635068 8 Tris (0.1) 9.0 1.0 1132 19
1 9  Tris (0.05) 9.1 6.3 1390 23
10 Tris(0.1) 9.3 6.8 1480 25
Table 5: Measurediy, Values of 3-Hydroxybenzoic Acid in i% L”SC(O'Z)O 1 lg 03 536 %fgg 220(‘?
DMSO and Water and MPEG-0(CH,),.CO,H (n = 11,4, andn = 8C0:(0.1) : : 4

13 NaC0;(0.1) 10.0 2.3 1100

. . ; 18
14, 5) in DMSO with Extrapolatiohto Water 14  NaBO;(0.1) 10.0 23 11502350 1.9-4.0,

entry compound K((DMSO)  pK«(H:0) 2Single values reflect the average molecular weight across the
1 3-hydroxybenzoic acid 5.10 406 scanning window of the centrifuge cell; the ranges reported reflect the
2 MPEG-QC(CH,)11:.CO:H (4) 5.63 4.59 molecular weights (aggregation) as a function of radius across the same
3 MPEG-QC(CH,)14CO:H (5) 5.46 4.42 window. For the latter, we performed a more detailed analysis. The
aFrom correcting the I9(DMSO) of entries 2 and 3 b\pKa, = molecular weight was determined as a function of radial distance and

1.04 from entry 1° As reported in ref44. ©Note that the potentio- solute concentration (data not showhContains 60% ethanol (v/v)

metrically measured value oKg(H-O) for 4 is 5.26 and that o6 is admixed to pH 8.5 Tris buffer. Interestingly, increasing the ethar]ol
5.94 (Table 4). concentration to 80% only slightly further reduced the self-association

of bilirubin. ¢ Same solution as entry 3 after being aged for 4 days in

) the dark.? Solution sonicated for 5 min before commencing ultracen-
= (E — 0.2802)/0.0591, relating pH to the calomel electrode trifugation. ¢ Same solution as entry 5 after being aged for 4 days in
(33), it follows that the potentialK) slopes by 59.1 mV/pH  the dark. Scanned at 390 nm as well as 500 nm.

unit (or 59.1 mV/K, unit). The 31.5 and 21.0 mV values

thus translate intepK, values of 0.53 and 0.36 ferand5, bottom of the centrifuge cell with larger aggregates toward
respectively, relative to the apparei,(5.1) of the standard  the pottom of the cell. For such heterogeneous solutions, plots
in DMSO (8). Thus, the apparentq's of 4andSare 5.63  f |n(OD) vsr2 give curved lines, from which each segment
and 5.46 in DMSO. Since the actual agqueous.pof can be analyzed separately. In our first experiments on
3-hydroxybenzoic acid is 4.084), the ApK, between the — pjjirypin in organic solvents, solutions were prepared in pure
DMSO and aqueous values is 1.04. Applying this correction gjstilled CHCE in volumetric flasks, protected from evapora-
to the apparent i's of 4 and 5 in DMSO gave their  ion py Parafilm and glass stoppering or simply by stoppering
predicted [Ka's for water as 4.59 and 4.42, respectively \yith a plastic cap. A striking finding was noted: while those
(Tablg 5),_Just about right for water-soluble aliphatic car- gq|utions gave a varying slope (as in Figure 7a), a constant
boxylic acids 7). o slope (as in Figure 7c) was found when Parafilm or plastic
The UV-visible spectra ofl and bilirubin in CHCY  ¢ans were avoided or when glass stoppers were rigorously
(Figure 5) are essentially identical, except that the experi- cleansed of traces of grease or detergents. We infer that the
mentale value of1 (based on an average molecular weight resence of adventitious lipid contaminants can cause ag-
of _2520) is approximately one—half.that of bilirubin, from gregation of bilirubin in CHGL. Analysis of extensive
which we calculate a polymer loading factor of 55%. The jiracentrifugation data at variousdistances from top to
small hypsochromic shift with respect to bilirubin4Xis bottom of the cell, as in Figure 7a, provided estimates of
consistent with saturation of aexovinyl group. Similar  he \weight-average molecular weights of bilirubin species

coincident behavior was observed in DMSO. However, i, different solvents. Measured values are presented in Tables
Beer’s Law plots ofl and bilirubin in CHC}, but not DMSO, 6 and 7.

show the nonlinear behavior characteristic of aggregation
(Figure 6), while conformity to Beer’s Law is maintained in
DMSO solvent.

Information on the molecularity of bilirubin in solution
was obtained from ultracentrifugation sedimentation equi-
librium studies by plotting In(OD) vs the square of distance
from the axis of rotationrf). Representative examples are
shown in Figure 7. A straight line indicates that the solution
is homogeneous (monodisperse) throughout, that is, it doe
not contain species of different molecular weights, nor does p|scyssioN
the solute associate in a concentration-dependent manner.

Deviation from a straight line (as in Figure 7a) indicates  Although bilirubin is classified as a linear tetrapyrroféy,
either heterogeneity or an equilibrium between monomer andthe linear shape (Figure 1a), often depicted incorrectly in
oligomers. These possibilities are easily resolved. Different textbooks §), is one of the least likely three-dimensional
states of aggregation may be observed at the top and thestructures in solution. Rather, bilirubin adopts a folded

In agueous buffers at concentrations from 10 touR0
and pH values from 8.5 to 10.0 bilirubin formed dimers or
higher aggregates, which were dispersed to some degree by
ethanol addition (Table 6). In contrast, bilirubin is monomeric
in CHCl; at ~20 uM (Table 7, entries 44), but only if the
solvent is pure and free from lipid contamination (Table 7,
entries 5-7). DMSO solutions were monomeric at L&/
Swith a small amount of aggregation detected aR0
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Table 7: Weight-Average Molecular Weights and Aggregation Table 8: Previously Reported Bilirubin Acidity Constant&gp
Numbers for Bilirubin in Chloroform and Dimethyl Sulfoxide

Solutions Determined by Ultracentrifugation Sedimentation apparent solvent method ref
Equilibrium (44and5.09 HO emf® solubility 55
T - 7.1 H0O—CH;OH spectrophotometf 56
bilirubin weight-avg _ <7 HO—(C I—3|3)2CO eFr)nP p y o
concn  temp molec wt aggregation 755 HO emp 58
entry solvent (x1®M) (°C) (g mol™?) number 43and5.4 (Ck).NCHO emf> 10
1 CHCk 1.6 195 568 0.97 spectrophotometfy
22 CHCl; 1.6 19.5 584 1.00 450and5.90 KD spectrophotometfy 9
3 CHCk 2.1 19.5 645 1.10 5.1 (4.4% (CD3),SO! 13C NMR £ emfP 8
4b CHCl; 2.2 195 559 0.96 spectrophotometfy
5¢ CHCl; 1.1 21.0 5800 9.9 6.7and 7.5 HO spectrophotometry, 14
6° CHCls 1.8 21.0 6000 10.3 solubility
7 CHCl; 35.0 21.0 18650 31.9 7.2 HO—CHCl; solvent partitioh 60
8 CHClg 44.7 21.0 610624000 10.4-41.0 6.8 and 9.3 HO solubility 12
9 DMSO 1.2 24.5 540 0.92 8.12and 8.44 pKD—CHCl; solvent partitioh 13
10 DMSO 2.0 24.5 6151276 1.05-2.18 4.2and 4.9 HO—(CH3),SO  *3C NMR9 11
— 1.
@ Same solution as entry 1 after 4-day incubation (aging) in the dark. 6.3and6.7 b?_ T(ggs)zso “C NMR? 62

b Argon-saturated: Pure distilled chloroform contaminated with traces
of adventitious lipid material during handling (see Result§ingle aSuggested values, not measured experimentayptentiometric
values reflect the average molecular weight across the scanning window(emf = electromotive force) titration using a pH meteétJV —visible

of the centrifuge cell; the ranges reported reflect the molecular weights spectrophotometric titratiod.Cotitration with hydroxybenzoic acid
(aggregation) as a function of radius across the same window. For thestandards? Extrapolated to i§a = 4.4 in water from dimethyl sulfoxide
latter, we performed a more detailed analysis. The molecular weight using the Born equatiori Solvent partition between CHEphase and

was determined as a function of radial distance and solute concentrationaqueous buffer phase. Previous solvent partition studies using solvents
(data not shown). other than CHGlwere consistent withk, values of~4.4 and 5.0 (ref

59). 9 Using 90% enrichedCO,H in mesobilirubin-Xlllo.. " Solution

is 40 mM in sodium taurodeoxycholate (crec2—4 mM).

structure shaped like the ridge-tile of a house or a half-opened
book (Figure 1b) 46, 47). This conformation is stabilized
by intramolecular hydrogen bonding and occurs in crystals values (fKs, ~ 6.8-8.1; K, ~ 8.4-9.3) that matched or

of bilirubin (48, 49) and its bisisopropylammonium dicar- €xceeded those few exceptions reported in earlier y&drs (
boxylate salt §0). The latter, along with NMR datal6), 56, 58). These determination4?, 13, 60) gave inconsistent
invalidates the idea5(l) that the dianion may lack internal ~ results and were run only on bilirubin itself and not validated
hydrogen bonding. The ridge-tile secondary structure, with With other pyrrolic carboxylic acids, biliverdin, or standards.
carboxylic acid or carboxylate groups sequestered by in- The extraordinarily highlg. values were attributed to effects
tramolecular hydrogen bonds to the opposing dipyrrinones of intramolecular hydrogen bonding on COOH dissociation,
has been shown by extensive spectroscopic studi@si{, which generally has only weak effects on the dissociation
52, 53) to prevail in solutions of both the diacid and dianion 0f neutral aliphatic carboxylic acid$1). More recent sen-

in CHCl;, DMSO, and aqueous buffer at physiological pH, Sitive *C NMR studies ort*C-labeled mesobilirubin XIH,

and bilirubin also has the ridge-tile conformation in human Wwhich is likely to have ionization constants very similar to
serum where it is bound to human serum albumin. Although those of bilirubin, produced valueskp ~ 4.2, Kq, ~ 4.9)
intramolecular hydrogen bonding stabilizes ridge-tile con- (11, 20) that fall into the lower, more normal range for
formers of bilirubin, this should not be construed as implying Ppropionic acid groups, except in the presence of taurode-
that bilirubin or its component dipyrrinones are “rigid” as oxycholate micelles, where incorporation of the mesobiliru-
often suggestedlp, 24, 51). Rather, the pigment is present bin into or onto taurodeoxycholate micelles caused g p

in solution as a racemic mixture of rapidly interconverting Vvalues to rise into the-67 range 62). Values similar to those
enantiomeric ridge-tile conformers4). These interconvert  of mesobilirubin Xlllo. were found for mesobiliverdin Xl

via trajectories 47) that, contrary to earlier proposal$5, in which the COOH groups may hydrogen-bond to each other
do not require simultaneous rupture of all of the hydrogen but cannot engage in hydrogen bonding to lactam and pyrrole
bonds or formation of a planar conformation. The ability of NH groups as in bilirubin. As expectedX), intramolecular
bilirubin and its anions to form ridge-tile secondary structures hydrogen bonding of the COOH groups had little effect on
with carboxylic acid (carboxylate) groups sequestered by the dissociation constants of mesobilirubin Xland only
intramolecular hydrogen bonds to the opposing dipyrrinones a weak effect on those of mesobiliverdin XdllIn contrast
explains the considerable lipophilicity of the pigment com- to the solubility and CHGlpartition measurementd?, 13,
pared to its biogenetic precursor biliverdin and is a dominant 60), the3C NMR measurements were substantiated using a
factor in its metabolism, antioxidant behavior, and toxicity. large group of hydrogen-bonded and non-hydrogen-bonded
Until about 25 years ago, most estimates and determinationsmono-, di- and tetrapyrrof¥C-labeled carboxylic acids and
(8—10, 21, 55—58) of the acidity constant¥{'s) of bilirubin, standards of different degrees of water solubility, which
though hampered by the insolubility of the pigment, gave yielded self-consistent result$X, 20, 22). Subsequently, it
values from about 5.« 107° (pK, 4.3) to 1.3x 10 M was suggested that the conventional values are wrong be-
(pKa 5.9) (Table 8), within the range expected for aliphatic cause of aggregation and disruptive solvent effects on intra-
carboxylic acids 7). Solvent partitioning studies were molecular hydrogen bondind 2, 13, 15, 24, 63) during the
consistent with values in this rangB9j. However, subse-  measurements, andpvalues of 8.1 and 8.4 are becoming
guent determinationsl®, 13, 60), based on solubility and  uncritically accepted in the literaturdg, 24, 64, 65) and
CHCI; partition methods, showed markedly elevatd€, p  used to formulate new concepts of bilirubin metabolidis)
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Our 0“9'_”3' _goal in these studies Wa_s to make a water- Table 9: Low Molecular Weight Carboxylic and Fatty AcitKp
soluble bilirubin whose IKa could readlly be measured values Showing the Effect of Aggregation on Elevatiri,p
titrimetrically. We set out to obtain aqueous solubility oK(H20)
throughout the pH range-410 and to avoid anionic and "
cationic solubilizing groups to eliminate the possibility of  riicoH R=  (rom NMR) potentiometric lit. value it ref
resident electrostatic field effects on carboxylic acid depro-

— 4.7 46 475 1868
tonation. We were attracted to poly(ethylene glycol) (PEG) CHzCHZ_ 4.9 4.8 487 18,68
as a water-solubilizing group because it could be attached CH:CH,CH,— 4.8 4.8 482 1868
covalently in a position remote from the carboxylic acid
h . . apparent
groups of the pigment. Borrowing from earlier work7( pKa(H-0)
30), we converted molecular weight1900 poly(ethylene R-COH, R= (from NMR) form ref
glycol) monomethyl ether (MPEG-OH) into its terminal thiol  CHs(CH,)s— 4.8 monomers 68, 69
and regioselectively added (thiol addition) the reagent to C:3(C:z)e— g-g I\{eSIcleS gg ;g
bilirubin to producel, which is soluble in water. To compare ~ CH(CHJe— ' 19 cyst. '
the behavior of water-solublé to water-solubilized fatty CHs(CHg)s— 6.7 cryst oleic 68, 72
acids, we also converted a series of dicarboxylic acids (C Sccl)%?\??r?;wo
to Cy) to their monoesters2(-6) with MPEG-OH. All of CHs(CHz)7— CH=CH—(CH2)r— 70 cryst oleic 68, 72
these compounds were stable and soluble enough in water Scci%?\?ap;wo
- . - . |n

for accurate titrimetric K. measurements. CHs(CHz)7— CH=CH—(CHa)r— 29 lamellar 68,72

The titrimetrically measured apparent avera$g (6.42, 0.08 Min HO
Table 4) of water-soluble MPEG-Silirubin 1 is clearly CH3(CHz)7—CH=CH—(CHg)7— 7.5 vesicles, 68,72

ically greater than thekgs (4.2—4.9) measured b 5 mol %

numerically 9 : L €0 DY CHyCHp):~CH=CH-(CH)r— 7.6 vesicles, 68,72
the3C NMR method using DMSO cosolveritl) yet similar _ 21 mol %
to the Ky's (6.3—6.9) of mesobilirubin in TDC micellesQ) stearic CH(CHz)is— 8.9 monolayers 68

(Table 8). However, it is notably lower than the high values
reported 12, 13, 60) for supposedly monomeric bilirubin  papers 24, 63). This phenomenon is well-known. For ex-
based on partitioning and solubility measurements (Table 8).ample, aggregated alkanoic carboxylic acids are also known
The absence ofH and 3C NMR signals in HO or D.O to exhibit elevated i, values (decreased acidity) relative
from the pigment part ol (but not the MPEG part, whose to the monomersl(7, 67—71). In a detailed, comprehensive
NMR signals are seen) suggests that the pigment moiety is'3C NMR study of fatty acid apparentkg's (Table 9),
not tumbling rapidly on the NMR time scale. This contrasts Cistola, Small, and Hamilton and co-workefs7( 67—69,
with the NMR in aqueous solution at pH12 and in CDCJ 72) obtained strong evidence that aggregation leads to
or (CDs),SO solutions, where th&#C NMR signals of the elevated [, values. Thus, while aqueous solutions of low
pigment are observed. The data are consistent with aggregamolecular weight aliphatic carboxylic acids gave normal,
tion of the bilirubin component ol in aqueous solution.  ordinary [K;'s, as did octanoic acid (near the limit of aqueous
Such aggregates are probably micelles with a relatively solubility), the g, of octanoic acid vesicles jumped 1.Kp
immobile aggregated bilirubin core surrounded by mobile units to 6.5, a value nearly reproduced by decanoic acid
MPEG tails forming the micellar surface. Our NMR data liquid crystals and soaps. Even more elevatkg(to pKa
are consistent with those reported recendl§) for bilirubin ~ 10.0) were found with stearic acid monolayeé8,(70),
encapsulated in polymeric nanoparticles made from pely(  whereas stearic acid in phosphatidylcholine single-walled
benzylL-glutamate) (PBLG)/molecular weight 20 000 poly- vesicles showedk, = 7.2—7.4 (73) and comparably high
(ethylene oxide) (PEO) hexablock copolymer (called GEG). values, K, = 7.5-7.9, were found with oleic acid vesicles
The GEG nanoparticle has hydrophobic PBLG as the core (68). Similar trends were reported recently for porphyrin
and hydrophilic PEO as the shell. InO, encapsulated acids in liposomes74). While we do not believe that fatty
bilirubin showed no pigment or PBL&H NMR signals, acids are appropriate structural analogues for bilirubin, it is
which are even easier to detect than natural abund&ace clear that aggregation has a qualitatively similar effect on
NMR signals; only the signals from the PEO, more or less the [Kj's of bilirubin. The generic titration curve for a fatty
broadened, were seen. In contrast, in CPe characteristic  acid in water sketched by Kanicky and Shab)(is strikingly
pigment resonances, as well as those of PBLG and PEOQ,similar to the automatic titration curve for bilirubin in water
were observed. Such data are consonant with a hydrophobigublished by Krasner and Yaffes§), which yielded an
core of bilirubin and PBLG and a hydrophilic outer shell of apparent K, for bilirubin of 7.55. In that study solutions
PEO in aqueous solution. The parallel to our observations were bubbled with nitrogen during titrations, which would
of MPEG-S-hilirubin 1 in water could not be more evident.  accelerate aggregation, and precipitation of bilirubin occurred
Thus, the elevated averag&Kgpof 1 (Table 4) is most during the titration as it does with long-chain fatty acids.
probably associated with aggregated rather than monomericThe high apparenti, clearly stems from aggregation rather
bilirubin, as is the elevatedqa (~6—7) of mesobilirubin in than effects of intramolecular hydrogen bonding on dissocia-
taurodeoxycholate micelle§2) in which positioning of the  tion. We suspect that thiskp increase on aggregation or
carboxyl groups near the micelle surface may allow the “condensation” of bilirubin (for example, in membranes) is
surface potential to influence acid dissociation. of central importance for understanding the uptake of the
We conclude that aggregatiorcreaseshe apparentig,’'s pigment by cells and the mechanism of kernicterus.
of the carboxyl groups of bilirubin relative to the monomer  To further calibrate our g, data from1, we prepared
in water, rather than lowering them, as implied in recent MPEG derivatives of a series of acids from—€C,, and
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determined their I§;’'s by potentiometric titration in water  aqueous buffers will be highly aggregated but that added
(Table 4). As in thé3C NMR study of low molecular weight  organic cosolvents such as ethanol or DMSO might decrease
alkanoic acids (Table 9), the measuréq’p of 2 and3 were the state of aggregation as observed in other syst&)s (
normal (4.56 and 4.67). However, at the fatty acid level, the In vivo, endogenous solutes in tissue fluids may inhibit
pKa values rose from 5.26 to 6.6@ o 6 of Table 4); see  aggregation or facilitate disaggregation of the pigment.
Figure 3f for a plot of K, vs chain length. Again, the data We also studied the state of aggregation of bilirubin in
are consistent with a fatty acid core aggregate encapsulatedCHCIl; and DMSO, two common bilirubin solvents. Entries
by an MPEG vesicle-like nanostructure. 1—4 of Table 7 confirm that bilirubin is monomeric in CHCI

To determine what thely, of fatty acids4 and5 might at (1-2) x 10°% M, but entries 5-8 caution that serious
have been if their solutions were monomeric, we used a aggregation can be induced in CH®BY the presence of trace
method developed previous|§)(to determine the mearkp quantities of impurities that might be leached adventitiously
of monomeric bilirubin in water. In this method, the pigment from cap liners, stopcocks, stoppers, grease, Parafilm, or
is titrated together with a reference standard (3-hydroxyben- containers previously washed with detergent. In DMSO
zoic acid) in DMSO solution with alkaline methanol, and (entries 9, 10), the data show a mainly monomeric solution
values for pure water are obtained by extrapolation. The datawith possibly a small fraction of dimers. Bilirubin dimers
(Table 5) so obtained suggest a normig} palue (4.4-4.6) appear to be moderately stable species, as discussed by Carey
for monomeric4 and5 in water, which contrasts with the  and Spivak 79).
higher observedk,’s (5.26 and 5.94) determined by direct Thus, bilirubin is mainly aggregated in water and in
potentiometric titration in water. We take this as evidence alkaline buffers even at pH 10 and (caution!) can become
for aggregation of agueousand5, and by extension other  seriously aggregated in CHLIt confirms that aggregates
fatty acids, and also as validation for th&pof bilirubin of bilirubin tend to exhibit exalted K, values, as do
previously reported8). The clearly emerging picture is that aggregates of fatty acids, relative to monomeric species. The
the (K4's of aggregatable carboxylic acids, including biliru- observation that bilirubin aggregates predominate in aqueous
bin, are highly dependent on the state of aggregation of thesolution and occur relatively easily in CH&uggests caution
acid. Whereas monomeric bilirubin has a normal meldn p  and circumspection when using such systems, especially for
(~5 pK units), aggregated bilirubin exhibits elevateld,is pKa determinations.
(>5). 13C NMR-based estimates of th&s of bilirubin in water

These studies on pegylated fatty acids, along with earlier have been dismissed as inaccurate (too low) because of
13C NMR investigations, provide further compelling evidence supposed aggregatio@4, 63). The present studies do not
for the reliability of the>C NMR method used previously — support that view and show that aggregation would, if
to estimate the acid dissociation constants of bilirubin and anything,increasepK, rather than lower it as observed with
biliverdin. other carboxylic acids. Our observations suggest that the

Evidence for aggregation of bilirubin/bilirubinate in aque- anomalously high reported 2, 13) pK, values themselves
ous solution 21, 75—79) has been discussed in detail by may be artifacts of aggregation. Such aggregation phenomena
Carey and Spivak7@). Our studies, summarized in Table have also been detected and analyzed independently using a
6, show that the pigment is aggregated in gH8.5 buffers principal compound analysis from pH-dependent-tiNsible
and that the lower the pH, the more highly it is aggregated. spectra 1) and have long been recognized as potential
Entry 1 in Table 6 (from Figure 7b) indicates a weight- sources of error and spuriously high values in measurements
average molecular weight in pH 8.5 buffer that corresponds of the [Kj's of bilirubin. An advantage of solution-NMR
to a hexamer that is only partly dissociated upon admixture experiments@?7) is that'*C NMR signals are detected only
with ethanol (entry 2). Subsequent independent evaluationsfrom dissolved pigment. Monomers, or dissolved multimers
(entry 3 from Figure 7a) gave an average aggregation rangewhen present, give chemical shifts that are the population-
of 3.7—6.4 (distributed from top to bottom of the centrifuge weighted average of equilibrated entities in the fast exchange
cell). When the solution was aged, the values shifted to NMR regime, but undissolved or colloidal sample is reso-
2.6—-4.7, consistent with the fact that our initial hexamer nance-silentg6). Furthermore, aggregation has been shown
(entry 1) predominated in freshly prepared solutions with in alkanoic acid anions to exert only a minor influence on
ultracentrifugation started immediately. Even over time, **CO,” chemical shifts 2), contrary to suggestion23).
however (entry 4), bilirubinate solutions in pH 8.5 aqueous  Earlier (K, determinations have also been dismissed as
buffer are not monomeric. Entry 5 shows that after ultra- erroneous because they used DMSO or DMF to solubilize
sonication (to disperse aggregates), the pigment is still the pigments. This dismissal is based on the following two
dimeric at pH 8.5 and that aging (entry 6) leads to reasso- hypotheses12, 13, 15, 24, 51, 83—85): (1) that intramo-
ciation to nearly the aggregation levels seen in entry 4. A lecular hydrogen bonding in bilirubin retards dissociation of
change of pH 8.5 buffer from Tris to EPPS (entry 7) had protons from the carboxyl groups, resulting in higk,js
little effect on aggregation. At higher pH-0.0), however, and dissociation constants several orders of magnitude
as predicted by Broderse1, 75, 76) and Carey 18, 79) different from the usual values; (2) that solvents such as
and co-workers, buffered bilirubin solutions tend toward DMSO or DMF break the internal hydrogen bonding, thereby
dimeric (entries 811), irrespective of pigment or buffer facilitating dissociation and leading to lowKgs. Both of
concentration. At the highest pH studied (10.0), the ionized these notions seem to stem from the incorrect beli&f (
bilirubin was dimeric (entries 1214), although there is 24, 51) that the hydrogen bonds in bilirubin are fixed and
evidence here, too, for a range of aggregates (entry 14), thethat the molecule has a rigid structure in solution. They
main aggregation state being dimeric. One might reasonablyoverlook the dynamics of the molecule and the fact that it
expect that metastable solutions of bilirubin in pH-#80 exists in solution as a mixture of rapidly interconverting
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enantiomers 84) in which the network of weak intramo-  and show clearly that even in 100% DMSfan intramo-
lecular hydrogen bonds is constantly being broken and lecularly hydrogen-bonded ridge-tile conformation is present.
reformed, allowing for easy dissociation of acidic protons. Thus, the current picture is that dissolving bilirubin, meso-
To what extent are these hypotheses valid? bilirubin XIIl a, or the tetraa-butylammonium salt of me-

1. Hydrogen Bonding and Dissociatiofihe assertion that  sobilirubin Xllla in 200% DMSO doesotcompletely break
intramolecular hydrogen bonding retards dissociation of the the matrix of intramolecular hydrogen bonds. Of course, in
carboxyl groups may sound plausible, but there is abundantaqueous DMSO solutions such weak effects of DMSO are
evidence that intramolecular hydrogen bonding per se doeslikely to be greatly attenuated. That is why, in previol& p
not have large effects on carboxyl dissociation or lead to determinations using DMSO as cosolveritl,( 20), we
markedly elevated K,’s for neutral species6(, 86). ensured that water was always present in large molar excess.
Examples are ethyl maleate, where intramolecular hydrogenln addition, we ran controls with hydrogen-bonded standards
bonding actuallylowersthe K, relative to ethyl fumarate  of known K, to check that the presence of DMSO did not
(87), and simple benzoic acids in which intramolecular lead to aberrant values by disrupting hydrogen bondirig (
hydrogen bondindowerspK,'s and micellization increases  22). It is noteworthy that three groups of investigators using
them @6). Other examples where intramolecular hydrogen three different NMR techniques and solvent systems of
bonding lowers the firstlg, of a dicarboxylic acid are given  widely different hydrogen-bonding properties (DMSO, DMF,
in refs 11 and88. When intramolecular hydrogen bonding and HO/DMSQO) independently obtained very similar esti-
does increase theKp of a neutral carboxylic acidB@—91), mates for the K,'s of bilirubin (8, 10, 11, 20). If organic
increases are generally not more thah.5 K, units, much solvent interference with intramolecular hydrogen bonding
less than the 34 units suggested for bilirubirlg). This is played such a major role as has been frequently suggested,
not to say that Ka's of ~8 for simple dicarboxylic acids it is hardly likely that similar values would have been
are not to be found. One example is the dicarboxylic acid obtained with all three systems.
cis-caronic acid (3,3-dimethydis-1,2-cyclopropane dicar- Thus, the arguments used to question the NMR-based
boxylic acid), for which K, is 8.1 ©2). However, such estimates of the acidity constants of bilirubin and to ration-
examples invariably involve the dissociation of a carboxyl alize the high K, values obtained by chloroform partitioning
intramolecularly hydrogen-bonded to a negatively charged are insubstantial and fallacious. This, then, begs the ques-
entity such as a carboxylate group and are irrelevant to tion of why the latter method gave such high values. Our
bilirubin in which hydrogen bonding of the two propionic  current observations suggest that aggregation, caused by
acid groups to each other is energetically unfavorah®@. ( adventitious impurities, may have played some role. This
Therefore, the argument that intramolecular hydrogen bond-would be consistent with the problems with emulsion
ing in bilirubin retards dissociation sufficiently to increase formation that were experienced by the investigatds).(
the COOH [K,'s from the normal range of-45 to >8 (13, Yet, aggregation would not be expected to lead to such large
15) is both implausible and unprecedented. Since the mono-elevations of .. Chloroform partitioning is a valid method
and dianions of bilirubin are themselves stabilized by for measuring K,'s, and the experiments appear to have been
intramolecular hydrogen bonding@), it would be more carried out with care. However, as Irollo et ah9| have

likely that the K's of the acid forms would b&weredby pointed out, CHGlis a poor solvent for partitioning studies
hydrogen bonding, as in the case of the firkt pf malonic with bilirubin in the physiologic pH range because the
acid or maleic acid92). distribution coefficient so highly favors the organic phase

2. Influence of DMF and DMSO on Hydrogen Bonding that accurate measurement of the exceedingly low concentra-
and pk; DeterminationsBonnett et al. 46) first raised the tion of pigment in the aqueous phase becomes practically
theoretical possibility that the conformation and hydrogen impossible. It is noteworthy that the CHCpartitioning
bonding of bilirubin might be different in polar solvents, such measurements involved multiple extractions, back-extrac-
as DMF, than in less polar solvents such as chloroform. But tions, and transfers of pigment solutions, which are generally
the idea that DMF and DMSO facilitate COOH ionization to be avoided when working with a hydrophobic, surface-
by breaking internal hydrogen bonding and drastically lower active, somewhat labile pigment like bilirubin. In addition,
the K, of bilirubin seems to have originated with Ostrow bilirubin concentrations were measured by the nonspecific
and Coheng&4) and has been asserted frequently since then and notoriously unreliable diazo procedure, and calculation
(12—14, 51). There is, however, scant scientific evidence to of the final data required a number of corrections and
substantiate such assertions. The structure of bilirubin in assumptions about the molecularity of bilirubin in solution,
DMF is, in fact, not known, though absorption spec®8)( which, in the light of the current findings, are unlikely to be
suggest that it is similar to the structure in chloroform. true. An earlier chloroform partitioning studg@ from the
Similarly, absorption spectra indicate that the same ridge- same laboratories led to quite differenKjvalues for
tile structure is present in 100% DMSO. Early NMR and bilirubin than 8.1 and 8.4, and a later estimai®)(was
infrared investigations were equivocal on the effect of DMSO subsequently retracted because of methodologic problems
on hydrogen bonding, but later relaxation tinTle)(NMR (15, 85), just as initial measurements of bilirubin/albumin
studies in 100%ds-DMSO led Kaplan and Navorbg) to binding affinities by the same groups5, 85) were also later
suggest that the bilirubin propionic acids are linked to the reported to be erroneous because of technical fl&8&s (
dipyrrinones by bound solvent (DMSQO) molecules. More Therefore, we consider it not beyond the bounds of pos-
recent detailed investigations using improved NMR instru- sibility that deficiencies in methodology, in addition to
mentation and sophisticated heteronuclear Overhauser effecbverlooked aggregation, may have contributed to the aberrant
techniques, along with circular dichroism studies on synthetic pK, values reported for bilirubin on the basis of chloroform
optically active bilirubins 16, 52, 94—97), support this view partitioning experimentsl@, 60).
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CONCLUSION 15

For years, the aqueous dissociation constants of monomeric

bilirubin have been described as uncertain. While highly 16.

accurate values are still unavailable, a substantial body of
evidence now indicates that they are within the rand& (p

= 4-5) expected for aliphatic propionic acid groups, that
they are not greatly influenced by intramolecular hydrogen
bonding, as expected for this type of carboxylic acid, and
that aggregation of the pigment leads to elevated apparent
pKa's. Indeed, unusually highiy values in the absence of

any structure rationale should lead to a suspicion of some 19.

sort of aggregation phenomenon. Published values&0

are no longer credible, and biological modéel$)(based on
them may be misleading and erroneous. Estimates of the
water solubility of bilirubin based on the same partitioning
studies 13, 60) and frequently cited in recent bilirubin
literature @5, 99—102 may also be incorrect.

22.
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