
cysts from human feces rapidly (>90% in 7 
hours) lose the abilitv to excvst at 37°C and 
require 2 to 7 days at low temperature (4" to 
8°C) to excyst efficiently. We have not yet 
determined whether cysts induced in vitro 
are capable of excystation and are infective 
for animals. However, the ability to induce 
encystation in vitro will make it possible to 
obtain cysts without fecal contamination for 
studies of their basic biochemistry, of im- 
proved methods for disinfection of water, 
and of possible means of interrupting the 
life cycle of this parasite. 

REFERENCES AND NOTES 

1. G. F. Craun, in Giardia and Giardiasis, S. L. Erland- 
sen and E. A. Meyer, Eds. (Plenum, New York, 
1984), pp. 243-261; R. J. Barnard and G. J. 
Jackson, in ibid., pp. 365-378. 

2. A. K. Bingham and E. A. Meyer, Nature (London) 
227, 301 (1979); A. K. Bingham et al., Exp. 
Parasitol. 47, 284 (1979). 

3. R. E. Raizman, Am. J. Dig. Dk. 21, 2070 (1976). 

4. E. A. Meyer, Exp. Parmitol. 39, 101 (1976). 
5. D. R. Hill, R. L. Guerrant, R. D. Pearson, E. L. 

Hewlett, J. Infect. Dis. 147, 217 (1983). 
6. D. B. Keister, Trans. R.  Soc. Trop. Med. Hy& 77, 

487 (1983). 
7. L. S. Diamond, D. R. Harlow, C. C. Cunnick, ibid. 

72,431 (1978). 
8. F. D. Gillin, D. S. Reiner, M. J. Gault, Infect. 

Immun. 47,619 (1985). 
9. D. S. Reiner, H. Douglas, F. D. Gillin, unpublished 

data. 
10. J. Gillon, D. A1 Thamery, A. Ferguson, Gut 23,498 

(1982); R. K. Olveda, J. S. Andrews, Jr., E. L. 
Hewlett,Am. J. Trop. Med. Hyg. 31,60 (1982); M. 
Belosevic and G. M. Faubert, Exp. Parasitol. 56, 93 
(1983). 
\ - -  

11. H. Douglas, D. S. Reiner, F. D. Gillin, Trans. R .  
Soc. Trop. Med. Hyg., in ress. Before being injected 
into rabbits, the purifieBcysts were incubated with 
pperacillin (500 p I d )  and Amikacin (125 pgld)  
or 3 davs at 408 and then washed to remove 

bacterial &tigens. 
12. J. D. Rosoff and H. H .  Stibbs, J. Clin. Mimobwl. 23, 

905 (1986). 
13. H.  D. Ward, J. Atroy, B. I. Lev, G. T. Keusch, M. E. 

A. Pereira, Infect. Immun. 49, 629 (1985). We 
diluted four cyst antisera 1: 1000 and adsorbed them 
( ~ 4 1  with 1/10 volume of chitin in the cold. 

14. L, G. Vazquezdelara-Cisneros and A. Arroyo-Bego- 
vich, J. Parmitol. 70, 629 (1984). 

A. F. Hofmann, Hepatology 4, 4s (1984). 
A. Roda, A. F. Hofmann, K. J. Mysels, J. Bwl. 
Chem. 258, 6362 (1983); A. F. Hofmann and A. 
Roda, J. Lipid Res. 25, 1477 (1984). 
L, Blackberg and 0. Hernell, Eur. J. Bwchem. 116, 
221 (1981). 
E. W. Moore, J. D. Ostrow, A. F. Hofmann, 
Gastroenterology 88, 1679 (1985). 
U. K. Laemmli, Nature (London) 227,680 (1970). 
H. Towbin, T. Staehelin, J. Gordon, Proc. Natl. 
Acad. Sci. U S A .  76, 4350 (1975). 
M. S. Kang et al., J. Bwl. Chem. 259,14966 (1984). 
B. Bowers, G. Levin, E. Cabib, J. Bmteriol. 119, 564 
(1974); G. W. Gooday, J. Woodman, E. A. Casson, 
C. A. Browne. FEMS Mimobiol. Lett. 28. 335 
(1985). 
R. L. Roberts and E. Cabib. Anal. Bwchem. 127, 

- - -  -.--- ~ ~~~ --- - -  

G, lamblia tro~hozoites. E. Cabib for advice on the 
chitin synthetise assay A d  purified chitinase, Ba er 
Inc, for Nikkomycin, and A. Hofmann, E. ZiegLr, 
P. Hagblom, C. Davis for comments, and S. McFar- 
lin for typing the manuscript. 

2 June 1986; accepted 11 December 1986 

Bilirubin Is an Antioxidant of Possible 
Physiological Importance 

Bilirubin, the end product of heme catabolism in mammals, is generally regarded as a 
potentially cytotoxic, lipid-soluble waste product that needs to be excreted. However, 
it is shown here that bilirubin, at micromolar concentrations in vitro, efficiently 
scavenges peroxyl radicals generated chemically in either homogeneous solution or 
multilarnellar liposomes. The antioxidant activity of bilirubin increases as the experi- 
mental concentration of oxygen is decreased from 20% (that of normal air) to 2% 
(physiologically relevant concentration). Furthermore, under 2% oxygen, in lipo- 
somes, bilirubin suppresses the oxidation more than a-tocopherol, which is regarded 
as the best antioxidant of lipid peroxidation. The data support the idea of a "beneficial" 
role for bilirubin as a physiological, chain-breaking antioxidant. 

A LTHOUGH MOST OF THE MOLECU- 
lar oxygen in aerobic eukaryotic cells 
and organisms is sequentially re- 

duced to water via the respiratory chain, 
both the univalent and bivalent reduction of 
oxygen occur during normal intermediary 
metabolism to give rise to superoxide anion 
(0;) and hydrogen peroxide (H202) (1). 
These oxygen reduction products have the 
potential to generate other reactive oxygen 
species (ROS) such as the hydroxyl radical, 
which then may initiate a radical chain reac- 
tion leading to extensive formation of lipid 
hydroperoxides. Lipid peroxides and their 
breakdown products alter the physicochemi- 
cal properties of biomembranes and can 
cause damage to membrane-bound enzymes 
as well as to other macromolecules (2, 3). 
ROS have been implicated in the cause or 
pathology of cancer, aging, tumor promo- 
tion, heart disease, chronic inflammation, 
and parasitic infections ( 2 4 ) .  To prevent 

the formation of oxidants as well as to repair 
oxidative damage to tissues and macromol- 
ecules, all aerobic living organisms possess a 
complex armory of enzymatic and nonenzy- 
matic antioxidant defenses. This includes the 
enzymes superoxide dismutase and catalase, 
the glutathione cycle, vitamins E and C, and 
@-carotene (1-9). 

Work from this laboratory (10) has sug- 
gested that uric acid, the end product of 
purine metabolism, which is a powerful 
antioxidant (1 0, 11 ), may serve as a protec- 
tive agent in human plasma. Recently, the 
antioxidant and membrane-protective prop- 
erties of taurine, the end product of oxida- 
tive metabolism of cysteine, were reviewed 
(12). Another major metabolic pathway in 
mammalian systems is the degradation of 
protoheme derived from hemoproteins such 
as hemoglobin and cytochrome P-450 to 
bilirubin. As a result of this, approximately 
300 mg of bilirubin per day are produced by 

Reiner, F. D. Gillin, Trans. R .  Soc. 

normal adult humans (13). Bilirubin is gen- 
erally regarded as a toxic compound when 
accumulated at abnormally high concentra- 
tions in biological tissues and is responsible 
for the clinical symptoms of kernicterus (13, 
14). However, it has also been suggested 
that the bile pigments bilirubin and biliver- 
din may protect vitamin A and linoleic acid 
from oxidative destruction in the intestinal 
tract (15). Indeed, bilirubin contains an 
extended system of conjugated double 
bonds and a reactive hydrogen atom and 
thus could possess antioxidant properties. 
Therefore. we examined the antioxidant ac- 
tivity of bilirubin in an in vitro system where 
lipid was oxidized by a free radical chain 
mechanism. 

The free radical chain oxidation of linoleic 
acid (LH) gives linoleic acid hydroperoxide 
(LOOH) quantitatively at the initial stage 
(16). This enabled us to follow the oxidation 
\ ,  

of linoleic acid simply by measuring the 
formation of LOOH. To get a constant rate 
of initiation (reaction 1) and, subsequently, 
of oxidation (reactions 2 and 3), we used the 
radical initiator 2,2'-azobis(2,4-dimethylva- 
leronitrile) (AMVN) (1 6). 

mVN A,Oz . LH 
> L- (1) 

L- + 0, -+ LOO- (2) 
LOO. + LH + LOOH + L. (3) 

The effects of bilirubin and its metabolic 
precursor biliverdin on the rate of peroxyl 
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Flg. 1. AMVN-initiated oxidation of purified linoleic acid (29) in the 
presence and absence of heme degradation products under air at 37°C. The 

600 1500 formation of linoleic acid hydroperoxide (18 :2 -00H)  was analyzed by 
high-pressure liquid chromatography (HPLC) equipped with an LC-18 

z column (Supelco, Bellefonte, PA). Methanol (1 nllimin) was used as the - eluant and monitoring was at 234 nm (29). Under these conditions, 18:2- 1 400 
0 

Ioo0 5 OOH eluted close to the solvent front. However, the contribution of the 
? 0 latter to the overall absorbance of 18 :2 -00H at 234 nm was small and 
r! rj eliminated by subtraction. AMVN (Polysciences, Warrington, PA) was z 

200 500 recrystallized from hot methanol. Effect of (A) recrystallized bilirubin (30) 
and (B) biliverdin IX dihydrochloride (Porphyrin Products, Logan, UT) at 0 
p l4  (O), 10 fl (A), 20 fl (U), and 50 f l ( O )  on the AMVN- (1.25 
mM) initiated oxidation of linoleic acid (158 mM). The reaction solvent was 

o o chloroform in (A) and methanol in (B). (C) AMVN- (1.25 mM) induced 
disappearance of bilirltbin (20 fl) ( 0 )  in the presence of linoleic acid (158 

20 mM) under the conditions described for (A). Bilirubin was quantitated at '0° 
460 nm by HPLC (LC-18 column) with O.lM di-n-octylamine acetate in - methanol (pH 7.7) as the eluant (19). (D) Effect of bilirubin (I3) and its 

5 4Z,15E and 4E,15Z configurational photoisomers (B) (19) on the AMVN- - 400 z (1.25 mM) initiated oxidation of linoleic acid (158 mM) in chloroform and 
C 
'Z 

O methanol (111, viv). Recrystallized bilirubin was dissolved in chloroform and 
a 10 .- - 8 triethylamine (111, r i i )  and portions were removed before and aker .- CO 
m ,- exposure to blue light for 10 minutes (19). The solvents were dried under a 

200 stream of nitrogen (31) before the reaction solution was added. The final 
5 concentration of bilirubin was 20 fl. The data shown represent typical 

results obtained for each of the experiments, with a variance of less than 5% 

0 
(n = 3 or 4).  

0 
0 20 40 60 0 20 40 60 

Time (min) 

radical-induced oxidation of linoleic acid in 
homogeneous solution are summarized in 
Fig. 1. In the absence of heme metabolites 
the oxidation proceeded smoothly and at a 
constant rate. Both bilirubin and biliverdin 
at micromolar concentrations inhibited the 
formation of LOOH significantly and in a 
concentration-dependent way (Fig. 1, A and 
B). When one compares the relative antioxi- 
dant activity of bilirubin in chloroform (Fig. 
1A) with that of biliverdin in methanol (Fig. 
1B) it appears that the latter is a more 
efficient peroxyl radical trap than the former 
(17). Under identical conditions, 20 pA4 
bilirubin decreased the formation of LOOH 
by about 200 (JJM within the first 60 min- 
utes (Fig. 1A) while within the same time 
only 6 (JJM bilirubin was consumed (Fig. 
1C). This suggests that under these condi- 
tions bilirubin competed with linoleic acid 
for the linoleic acid peroqrl radical (LOO.) 
in reaction 3, resulting in partial inhibition 
of the chain reaction. 

These data indicate that bilirubin at mi- 
cromolar concentrations can scavenge the 
chain-carrying peroxyl radical either by do- 
nating a hydrogen atom attached to the C- 
10 bridge of the tetrapyrrole molecule to 
form a carbon-centered radical (BR.) with 
resonance stabilization extending over the 
entire bilirubin molecule (reaction 4) or by 
some other path (2). 

LOO. + BR + LOOH + BR. (4) 

The former mechanism is supported indi- 
rectly by the finding that concomitant with 
the decrease in absorbance at 450 nm, as a 
result of bilirubin oxidation, a new peak 

appeared at wavelengths >550 nm. BR. 
may then react with either another peroqrl 
radical to give rise to a nonradical product 
(reaction 5), or oxygen (reaction 6):  

BR. + LOO. + BR-OOL (5) 

By analogy to model compounds with 
conjugated polyunsaturation (9, 18), the 
antioxidant activity of biliverdin (BV) is 
probably due to the resonance-stabilized, 
carbon-centered radical (or radicals) formed 
by the addition of an LOO. to the pigment 
(reaction 7) : 

LOO. + BV + LOO-BV- (7)  

The relatively higher radical-trapping activi- 
ty of biliverdin compared to bilirubin (Fig. 
1, A and B) suggests that the rate constant 
for the addition of LOO- to biliverdin (reac- 
tion 7) is faster than the rate constant of 
reaction 4. 

Bilirubin photochemistry has attracted 
wide attention in the context of the treat- 
ment of jaundiced neonates by prolonged 
irradiation with visible light (19, 20). Such 
irradiation results in configurational and 
structural isomerization of the bilirubin 
molecule with disruption of the usual hy- 
drogen-bonded system and formation of 
isomers sufficiently polar to be excreted 
readily (19, 20). Phototherapy thereby re- 
duces the concentration of circulating biliru- 
bin and the concomitant risk of encephalop- 
athp associated with high concentrations of 
the pigment, particularly in the brain (20). 
Recently, a photoisomer of bilirubin was 

detected in the plasma of healthy adults after 
exposure to sunlight (21), indicating that 
photoreactions of bilirubin mav be of more 
general importance. Therefore, we exam- 
ined whether the observed inhibitory effect 
of bilirubin on linoleic acid oxidatibn was 
altered upon irradiation of the pigment with 
blue light to a photoequilibrium mixture of 
configurational isomers. Clearly, this was 
not the case, as shown in Fig. lD ,  indicating 
that photoisomerization of bilirubin did not 
affect its antioxidant properties in homoge- 
neous solution. 

To assess the relative importance of biliru- 
bin as a possible physiological antioxidant, 
we compared its peroxyl radical trapping 
activitv with that of B-carotene and a-to- 
cophe;ol (Fig. 2). In hbmogeneous solution 
and under oxygen concentration of air, bili- 
rubin at 10 pT4 reduced the rate of oxida- 
tion of linoleic acid by about 16%, com- 
pared to 10% by 10 pJ4 P-carotene (Fig. 
2A). a-Tocopherol at the same concentra- 
tion was much more efficient than p-caro- 
tene and bilirubin, inhibiting the initial rate 
by 97% (Fig. 2A). It has been shown previ- 
ously (22) that in homogeneous solution a -  
tocopherol reacts with the chain-carrying 
radical so efficiently that the chain of oxida- 
tion is interrupted almost completely, there- 
by producing a clear induction period. Once 
a-tocopherol is consumed (the breakpoint 
in Fig. 2A), the rate of oxidation is the same 
as that observed in the absence of any 
antioxidant. 

When used at the same concentration but 
under 2% oxygen, comparable to what is 
actually found in tissues, the antioxidant 
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activity of bilirubin increased, as shown by 
the 35% inhibition of the rate of oxidation 
of linoleic acid (Fig. 2B). This may be 
explained by an equilibrium of reaction 6 
favoring the bilirubin radical under low 
oxygen-concentration. Such an oxygen-de- 
pendent alteration in peroxyl radical trap- 
ping activity was also observed with P- 
carotene (Fig. 2B), as has been reported 
previously (9) .  In contrast to bilirubin and 
p-carotene, the inhibition of the initial rate 
of oxidation of linoleic acid in homogeneous 
solution by a-tocopherol was similar under 
the different oxygen concentrations (Fig. 2, 
A and B'I. 

The oxidations of polyunsaturated fatty 
acids and phosphatidylcholine (PC) proceed 
by similar mechanisms, irrespective of 
Ghether the reaction is carried o i t  in homo- 
geneous solution or in water dispersion (16, 
23). However, little is known about possible 
medium-dependent changes in the efficiency 
of a particular antioxidant. We therefore 
tested the same three compounds in a bio- 
logically more relevant system represented 
by an aqueous dispersion of multilamellar 
liposomes. In such a system p-carotene, 
bilirubin, and a-tocopherol at 10 @I4 inhib- 
ited the initial rate 01 oxidation of soybean 
PC in air by 22, 87, and 99%, respectively 
(Fig. 2C). Similar to the homogeneous solu- 
tion the peroxyl radical trapping activity of 
bilirubin and p-carotene further increased 
when the reaction was performed under 2% 
oxygen. Most important, under these condi- 
tions the antioxidant activity of bilirubin 
surpassed that of a-tocopherol (Fig. 2D). 

The reasons for the much higher antioxi- 
dant activity of bilirubin in the liposome 
svstem in com~arison to that observed in 
homogeneous solution are not known at 
present. A number of factors have to be 
considered. Because of the high viscosity of 
the bilayer, the efficiency of radical produc- 
tion by the lipid-soluble AMVN in lipo- 
somes is low (23). We therefore raised the 
temperature from 37" to 50°C (24) for the 
liposome experiments. The concomitant, 
temperature-dependent, 20% decrease in 
solubility of oxygen is, however, more than 
compensated by the higher solubility of 
oxygen in the bilayer when compared to that 
in chloroform (25). Therefore, differences in 
the overall concentration of oxygen as a 
result of the different experimental condi- 
tions used in Fig. 2, A and C, are unlikely to 
explain the much higher peroxyl radical 
trapping activity of bilirubin in the liposome 
system. The ability of bilirubin to interrupt 
the radical chain reaction may be influenced 
significantly by the probability of interac- 
tion between a peroxyl radical and bilirubin. 
The high lipophilicity of the bilirubin mole- 
cule is expected to make the reactive hydro- 

Fig. 2. Comparison of 
the rate of oxidation of 
(A and B) purified lin- 600 
oleic acid (158 mM) in 
homogeneous solution 
and (C and D) purified G 
soybean phosphatidyl- 5 400 
choline (PC; 10 mM) 
(29) in aqueous duper- 8 
son under (A and C) ' 
air and (B and D)  2% 
O2 and 98% N2 (v/v); 
in the absence (0) or 
presence of 10 pJ4  of o 
iach, trans-p-carotene 
(Sigma, type ,I) (P-C; 
A), recrystallzed blh- 
rubin (BR; 0) and 
dl- a -tocopherol (Su- 
pelco) (a-T; 0). The 
experimental details 
for (A) and (B) were as 
described in the legend 
of Fig. 1. (C and 
D)  Multilanlellar lipo- 
somes in water were 
prepared as described 
by Niki et al. (6) with 
the use of purified soy- 
bean PC (10 mM) and 
AMVN (0.25 mM). The 

Control 

d 

i c  Control \ I D Control 

300 

Time (min) 

reaction mixture was agitated in a water bath set at 50°C and at various time 
points aliquots were removed and analyzed for PC hydroperoxides (PC-OOH) at 234 nm by HPLC on 
an LC-NH2 column (Supelco) with methanol and 40 mM NaH2P04 (911, vlv) (1.5 mllmin) as the 
mobile phase (29). The results shown represent the averages of two to four independent experiments, 
with a variance of less than 7%. 

gen atom at C-10 readily accessible to jwta- 
posed lipid peroxyl radcals formed during 
lipid oxidation. In contrast, formation of a 
hydrogen bond between the a-tocopherol 
chromanol nucleus hydroxyl and the phos- 
phate oxygen of phospholipids (26) may 
partly reduce the accessibility of the antioxi- 
dative functional hydroxyl group of the vita- 
min to the fat@ acid acvl chains of a mem- 
brane bilayer. Therefore, different relative 
antioxidant activities under low oxygen con- 
centration. together with differences in the , " 
location and mobility of bilirubin and a- 
tocopherol within membrane bilayers, may 
explain why bilirubin at 2% oxygen inhibits 
lipid oxidation in the liposome system at 
least as efficiently as a-tocopherol. 

In birds, amphibians, and reptiles the bili- 
verdin produced in the first step of heme 
degradation is excreted directly and not h r -  
ther reduced to bilirubin (13, 27). Biliverdin 
could thus play a role as a hydrophilic antioxi- 
dant in these creatures. In mammals the polar, 
and thus presumably nontoxic, biliverdin is 
reduced in a highly specific NADPH-requir- 
ing reaction to form the potentially toxic, 
nonpolar bilirubin (NADPH, reduced nico- 
tinamide adenine dinucleotide phosphate). 

1 ,  

Bilirubin then has to undergo h&er energet- 
ically expensive conjugation reactions before it 
is secreted into bile (13, 27). The purpose of 
biliverdin reduction in mammals has been 
obscure. Bilirubin associates strongly with 

albumin and therefore is distributed through- 
out the entire blood circulation and extravas- 
cular space (13). Furthermore, free bilirubin 
has been shown to interact with purified 
plasma membranes and microsomes with a 
partition coefficient of about lo4 (13, 28). In 
view of these observations and the results 
presented in this report we suggest that one 
"beneficial" role of bilirubin may be to act as a 
powerful biological chain-breaking antioxi- 
dant. Further studies on the physiological 
importance of bilirubin are clearly indicated. 

REFERENCES AND NOTES 

1. B. Chance, H .  Sies, A. Boveris, Pbyjwl.Ren. 59,527 
11979) \ - - .  ' / '  

2. W. A. Pryor, Ed., FreeRadicals in Biology (Academic 
Press, New York, 1976-1984), vol. 1-6. 

3. B. Halliwell and J. M. C. Gutteridge, Free Radicds 
in Bwlagy and Medicine (Clarendon, Oxford, 1985 ). 

4. I. Fridovich. Science 201. 875 11978): D. Harman. 
PYOC. N L Z ~ ~ .  A~ad.  S C ~ .  USA. 78: 7124 ji98ij; ~l N: 
Ames, Science 221, 1256 (1983); J. M. McCord, N. 
Engl. J. Med. 312, 159 (1985); P. A. Cerutti, Science 
227, 375 (1985); R. Stoker, "Oxidative Stress in 
Murine Malarial Infection," Ph.D. thesis, Australian 
National University, Canberra (1985). 

5. A. L. Tappel, Geriatrr'cj 23, 97 (1968); A. L. 
Tappel, B. Fletscher, D. Deamer, J .  Gerontol. 28, 
415 (1973). 

6. E. Niki, A. Kawakami, Y. Yamamoto, Y. Kamiya, 
Bull. Chem. Soc. Jpn. 58, 1971 (1985). 

7. G. W. Burton, A. Joyce, K. U. Ingold, Arch. 
Biochem. Bqhys. 221, 281 (1983). 

8. E. W. Kello I11 and I. Fridovich, J .  Biol. Chem. 
250, 8812 (F975i. 

9. G. W. Burton and K. U. Ingold, Science 224, 569 
(1984). 

10. B. N. Ames, R. Cathcart, E. Schwiers, P. Hochstein, 
Proc. Natl. Acad. Sci. U S A .  78, 6858 (1981). 

27 FEBRUARY 1987 REPORTS 1045 



11. S. Matsushita, F. Ibuki, A. Aoki, Avch. Biochem. 
Biophys. 102, 446 (1963). 

12. C. E. Wri ht, H. H.  Tallan, Y. Y. Lin, Annu. Rev. 
Biochem. &, 427 (1986). 

13. K. P. M. Heirwenh and S. B. Brown. Eds.. Bilirubin 
(CRC Press, BOG Raton, FL, 1982), vols: 1 and 2; 
R. Schmid and A. F. McDonagh, in The Metabolic 
Basis o f  Inherited Disease, J. B. Stanbury, J. B. 
Wyngaarden, D. S. Fredrickson, Eds. (McGraw- 
HIU, New York, 1978), pp. 1221-1257. 

14. M. Sarnat, in Topics in Neonatal Neuvology, H .  B. 
Sarnat, Ed. (Grune & Stratton, New York, 1984), 
p 109-136; G. B. Odell and H. S. Schutta, in 
&kcbra1 Energy Metaboliw and Metabolic Enctpha- 
&at@, D. W. McCandless, Ed. (Plenum, New 
York, 1985), p 229-261. 

15. K. Bernhard, C!'Ritzel, K. U. Steiner, Helv. Chim. 
Acta 37, 306 (1954); H.  Beer and K. Bernhard, 
Chimia 13, 291 (1959). 

16. Y. Yamamoto, E. Niki, Y. Kamiya,Bull. Chem. Soc. 
Jpn. 55, 1548 (1982). 

17. Different solvents were used since biliverdin is not 
soluble in chloroform and bilirubin is insoluble in 
methanol. The solubility of oxygen in chloroform is 
only 20% greater than that in methanol (25). 

18. F. R.   ma yo, Acc. Chem. Res. 1, 193 (1968). 
19. A. F. ~McDonagh, L. A. Palma, F. R. Trull, D. A. 

Lightner, J .  Am. Chem. Soc. 104, 6865 (1982); A. 

F. McDonagh, L. A. Palma, D. A. Lighuler, ibid., p. 
6867. 

20. 5 . ~ .  Lightner and A. F. McDonagh, Acc. Chem. 
Res. 17, 417 (1984); A. F. McDonagh and D. A. 
Lightner, Pediatrics 75, 443 (1985). 

21. A. F. McDonagh,N. Engl. J.Med. 314,121 (1986). 
22. G. W. Burton and K. U. Ingold, J.  Am. Chem. Soc. 

103, 6472 (1981). 
23. N. A. Potter et al., J.  Am. Chem. Soc. 102, 5597 

(1980); L. R. C. Barclay and K. U. Ingold, ibid. 
103, 6478 (1981); Y. Yamamoto et al., Bwchim. 
Biophys. Acta 795, 332 (1984). 

24. The phase transition temperature of soybean PC 
bilayer is below O°C [J. De Gier, J. G. Mandersloot, 
L. L. M. Van Deenen, Bwchim. Biophys. Acta 150, 
666 (1968)l. Therefore. we believe that there is no 
signilicant difference in the liposome structure be- 
tween 37" and 50°C. 

25. Chemical Society of Japan, Ed., K m k u  Binvan 
(Maruzen, Tokyo, 1975), p. 769. 

26. S. Srivastava, R. S. Phadke, G. Govil, C. N. R. Rao, 
Biochim. Biophvs. Acta 734. 353 11983): A. N. Erin 
et al., ibid.'f74, 96 (1984); A. N . ' ~ r i n ,  V. K. 
Skrypin, V. E. Kagan, ibid. 815, 209 (1985). 

27. E. Colleran and P. O'Carra, in Chemist?y andP@swl- 
ogy $Bile Pigments, P. D. Berk and N. I. Berlin, Eds. 
(Government Printing Office, Washington, DC, 
1977), pp. 69-80. 

28. J. A. T. P. Meuwissen and K. P. M. Heinvegh, in 
Trans ort by Proteins, G. Blauer and H.  Sund, Eds. 
(de druyter, Berlin, 1978), pp. 387-401. 

29. Y. Yamamoto, M. H.  Brodsky, J. C. Baker, B. N. 
Ames, Anal. Biochem., in press. 

30. A. F. McDonagh and F. Assisi, Biochem. J.  129, 797 
11977) , - I I - , I 

31. The observed lag in Fig. 1D is thought to reflect the 
gradual equilibration of the nitrogen atmosphere in 
the reaction tubes with air over the course of the 
experiment. 

32. The impetus for this study was to rovide a test of a 
general hvpothesis put fonvark' by one of us 
(A.N.G.) that end roducts of degradative metabol- 
ic pathways may $av important roles as protective 
agents, and, that In his  context, bilirubin is a likely 
candidate for such a role. This work was supported 
by National Cancer Institute Outstanding Investiga- 
tor grant CA 39910 (B.N.A.), NIEHS (National 
Institute of Environmental Health Sciences) Center 
grant ES 01896 (B.N.A.), NIH grants AM 26307, 
IMD 20551 (A.F.M.), and GM 28994 (A.N.G.), 
NSFpant  DM? 85-1.8066 (A.N.G.), and Universi- 
ty o California Toxlc Substances Research and 
Teaching Program (Y.Y.). We also thank H. Hurd 
for help on earlier aspects of this study. 

22 September 1986; accepted 6 Januav 1987 

Construction of a General Human Chromosome 
Jumping Library, with Application to Cystic Fibrosis 

In many genetic disorders, the responsible gene and its protein product are unknown. 
The technique known as "reverse genetics," in which chromosomal map positions and 
genetically linked DNA markers are used to identify and clone such genes, is 
complicated by the fact that the molecular distances from the closest DNA markers to 
the gene itself are often too large to traverse by standard cloning techniques. To 
address this situation, a general human chromosome jumping library was constructed 
that allows the cloning of DNA sequences approximately 100 kilobases away from any 
starting point in genomic DNA. As an illustration of its usefulness, this library was 
searched for a jumping clone, starting at the met oncogene, which is a marker tightly 
linked to the cystic fibrosis gene that is located on human chromosome 7 .  Mapping of 
the new genomic fragment by pulsed field gel electrophoresis confirmed that it resides 
on chromosome 7 within 240 kilobases downstream of the met gene. The use of 
chromosome jumping should now be applicable to any genetic locus for which a closely 
linked DNA marker is available. 

T HE USE OF LINKAGE ANALYSIS ( I )  
and high-resolution cytogenetics has 
allowed chromosomal mapping in an 

increasing number of disorders of single 
human genes, even in situations where gene 
function is unknown. Recent examples in- 
clude Huntington disease (2 ) ,  adult polycys- 
tic kidney disease (3), cystic fibrosis ( 4 4 ,  
chronic granulomatous disease (8),  Du- 
chenne muscular dystrophy (9 ) ,  and familial 
retinoblastoma (10). In the last three of 
these disorders mapping has led directly to 
the cloning of a candidate gene, raising 
hopes that this "reverse genetics" (11) ap- 
proach may be widely successful for cloning 
disease-associated genes for which no pro- 
tein product is known. In general, however, 
the closest DNA markers to a disease gene 

are often hundreds of kilobases away. In 
cystic fibrosis (CF), for example, the gene 
has been localized to the long arm of chro- 
mosome 7 by the finding that it is closely 
linked to two molecular probes, the met 
oncogene (6) and the DNA fragment 
pJ3.11 (7), both of which are placed at less 
than 0.5 centimorgan from the CF gene by 
current linkage estimates (12). Because, on 
the average, 1 centimorgan is represented by 
about 1000 kilobases (13), cloning the CF 
locus or any other disease locus by reverse 
genetics is likely to require crossing hun- 
dreds of kilobases. T o  address the general 
problem of cloning over such large dis- 
tances, we have recently described a method 
of "chromosome jumping" (13, 14). In a 
model system we showed that this technique 

could be used to cross a distance of 45 kb 
(14). Lehrach and co-workers have indepen- 
dently described a similar scheme (1.5). To 
demonstrate the practical application of our 
technique, we have constructed a general 
jumping library and derived from it a cloned 
sequence of DNA that lies approximately 
100 kb downstream from the met oncogene. 

A human chromosome jumping library 
was constructed (16) from human lympho- 
blastoid cell DNA (see Fig. 1). In this 
instance, the distance of the jumps repre- 
sented in the library (the "hopsize") was 
chosen to be approximately 100 kb by size 
selection of genomic DNA molecules in the 
size range of 80 to 130 kb. The principle of 
the technique, as previously outlined (13- 
15), depends on the formation of large 
genomic circles from size-selected DNA, 
bringing together the genomic fragments 
that were originally 100 kb apart. Note that 
a light partial digestion with the restriction 
enzyme Mbo I, which cuts frequently in 
genomic DNA, is performed prior to size 
selection, so that there is no significant bias 
for a particular sequence to occur at the 
junction of the circles. In each clone, the 
position of the joining of the two genomic 
fragments is marked by a suppressor transfer 
FWA or supF gene (17), which allows selec- 
tion for these fragments after the circles are 
digested with Eco RI and ligated into a 
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