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significant that an antibody which was unde- 
tectable in maternal rat blood following in- 
travenous administration, has proven to be 
so potent a teratogenic agent. From both 
theoretical and practical standpoints, i t  
would be most im'portant to understand the 
qualitative and quantitative mechanisms by 
which this biologically prepared and altered 
protein induces ma1 f ormations. 

Summary. Rabbit anti-rat kidney sera, in 
a prescribed dosage, injected intravenously 
into pregnant rats on the 8th day of gestation. 
resulted in severe congenital malformations 
in 100% of the fetuses. Larger doses caused 
complete fetal resorption. These antisera 
may produce teratogenesis by interfering 
with placental function. 
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Although glu ta thione mercaptides have 
long been suggested as intermediates in mer- 
capturic acid synthesis ( 1-4) , isolation and 
identification of a glutathione mercaptide 
from biological fuids has proved dificul t. 

The dye sulfobromophthalein (BSP) is 
rapidly taken up by the liver and secreted 
into the bile as pigmented metabolites( 5-8). 
The main metabolite appearing in human bile 
has been identified as an unacetylated mer- 
captide formed through the -SH group of 
cysteine( 9) .  The consistent demonstration 
of both glycine and glutamic acid in acid hy- 
drolysates of this metabolite( 5,7-9) has sug- 
gested that it may be a BSP-glutathione mer- 
captide( 9,lO). Positive identification of the 
glutathione mercaptide was difficult since 
both glycine and glutamic acid were found 
in acid hydrolysates of identically prepared 
BSP-free fractions from normal bile ( 5.9 ) . 

The present report describes the successful 
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incorporation of isotopic glycine, glutamic 
acid and cysteine into the major BSP me- 
tabolite synthesized by the isolated perfused 
liver of the rat. The results indicate that 
BSI' is excreted into bile primarily as a mer- 
captide with glutathione. 

Methods. Intact livers were taken from 
LongEvans male rats, weighing 400-450 g, 
and perfused(l1). At 1 hr 50-125 pc of 
either glycine-U-C14, glutamic acid-U-C14, 
glu tarnine-U-Cl4, c y ~ t i n e - S ~ ~  or glutathione- 
S::.; (Schwartz Laboratories) was added to 
the perfusate. After 30 min equilibration, 
bile to be used in the controls was collected 
for 30 min and immediately frozen. BSP, 20 
mg, was then introduced into the perfusate 
and equilibrated for 30 min. Experimental 
bile was collected during the subsequent 30 
min interval. R S P  levels were determined 
by the technic of Gaebler( 1 2 ) .  Samples of 
bile or bile fractions, 10-50 pl, were plated 
and counted with itii end-window Geiger- 



SULFOBROMOPHTHALEIN CON JUGATTON WITH GT~UTATHTONE 527  

Muller counter. Duplicate samples varied 
less than 8% and corrections for self-absorp- 
tion proved to be minimal. 

Fractions of equal radioactivity from both 
experimental and control bile were purified 
identically. Samples were initially extracted 
with 3 volumes of acetone, and the extracts 
were column chromatographed as described 
previously (9). The first fraction obtained 
by employing acetone/water/concentrated 
NH,OH (12 .5:  11.5: 1 v/v) as solvent con- 
tained the bile pigments, free BSP not me- 
tabolized by the liver, some of the minor, less 
polar metabolites found in rat bile, and free 
amino acids and peptides. About 88-96% 
of labeled cystine, glutathione, glutamic acid, 
glutamine and glycine could be recovered in 
this fraction. The BSP metabolites were 
then eluted from the column, using acetone/ 
water ( 1 :9 v/v) as solvent. This second 
fraction was concentrated by rotary evapora- 
tion under reduced pressure at 40°, dried in 
vacuo, redissolved in a minimal quantity of 
water and chromatographed on washed What- 
man 3 MM paper(9) in an ascending system 
employing n-butanol/water ( 1.48 : 1 v/v) 
made into a single phase solution with 0 .27  
volume of acetic acid. The metabolite frac- 
tion located by exposure to ammonia fumes 
was eluted with water and rechromato- 
graphed in tert butanol/water ( 1.73 : 1 v/v) . 
Serial segments of each chromatogram from 
origin to solvent front were cut out and 
counted. The incorporation of label into the 
metabolized fraction was compared to that 
in the remaining portion of the chrmato- 
gram. 

Both the purified metabolites and compar- 
able control fractions were hydrolyzed in 6 
N HCl at  120”  for 15 hr. HC1 was removed 
by repeated evaporation to dryness of water 
solutions. The labeled products were sepa- 
rated and their mobilities compared to those 
of reference amino acids on Whatman No. 1 
paper employing the tert butanol system. 

In 4 nonisotopic experiments the metabo- 
lite was isolated from the bile and serially 
purified as described above. Total BSP and 
free amino nitrogen content( 1 3 )  were deter- 

acid hydrolysis. The hydrolysate was chro- 
matographed in the tert butanol/water sys- 
tem. The fractions corresponding in mobility 
to glycine, glutamic acid and cysteine were 
eluted with water and their molar relation- 
ship was determined with ninhydrin. 

Results. Acetone extracts of experimental 
bile contained 3 chromatographically distinct 
forms of the secreted BSP(5). Both free 
BSP and a fast-moving metabolic product 
were removed in the initial eluate on the alu- 
mina column. Thus, the slow-moving prod- 
uct, which in the isolated perfused liver sys- 
tem represented 8590% of the secreted 
BSP, was the only fraction investigated. 

When either cyst ine-S:3;’, gluta t h i ~ n e - S ~ ~  , 
glutamic acid-C14, glutarnine-Cl4, or glycine- 

was perfused through the isolated liver 
preparation (Table I ) ,  approximately 25-50% 
of the label appearing in the experimental bile 
was associated with the BSP metabolite frac- 
tion from the alumina column. Subsequent 
purification of the metabolite by 2 paper- 
chromatographic systems removed only small 
amounts of the individual label. Fractions 
of control bile after similar purification 
showed no significant isotopic activity. 

The hydrolyzed BSP metabolite obtained 
after glycine perfusion yielded a single ma- 
jor radioactive spot representing 90% of the 
total label and corresponding in mobility to 
reference glycine. Similarly, hydrolysis of 
glutamic acid-CI4 and g1~tamine-C~~ meta- 
bolites resulted in the appearance of radio- 
activity in the glutamic acid position in the 
chromatogram. Hydrolysis and chromato- 
graphy of S3”containing metabolites from 
liver perfused with cystine or glutathione 
produced ill-defined S”-active fractions at  
the origin, at the Rf of cysteine (0 .15 )  and 
the degraded pigmented moiety ( 0 . 9 2 )  , and 
at  the solvent front. 

The BSP and free amino nitrogen content 
of the purified unlabeled metabolite before 
and after acid hydrolysis is shown in Table 
11. Control bile fractions, although ninhy- 
drin-negative before hydrolysis, contributed 
some ninhydrin-positive material after treat- 
ment with HC1 (probably arising from im- 

mined on aliquots taken before and after purities in the chromatographic paper). After 
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TABLE I. TJevels of Isotopic Amino Acids :nid Glutathione i n  BSP Metabolites and  Control 
Fractions : i t  Successive Stages of Piirific:~ tioii. S:imples of control and  experimental bile eon- 
taining q i a l  radioactivity (taken :is 100% I w r v  seri:illy purified hy column and paper chro- 
iirfitography. Riwilts :in' rq)ortwl :is I I ~ ~ I T ( w ~ ; I ~ ~ ~  of r;~dio:ictivity i n  the mcataholite fractioiis. 

Pi1.1 )cbr ( 4 1 1  roin n tography 
.~c.c.tollc./\\':ltt~l~ 0 l l l : I i  ( '  

from ; i I i i i i i i ~ i : i  v o 1 i i 1 1 1 1 1  11~i11it:iiio1 \v;itcir/HAc" l w t  hutanol/.cvat,crt 
Cali t i.01 J':u 11. ('011trol Exp. Control Exp. 

.' h2cta ld i tc  fr:ic.tioii : H f  = 4.(t-.5.0. 

correction for these impurities, approxi- 
mately 3 of amim nitrogen were found 
for each p M  of the HSP present before hy- 
drolysis. + 

The mean molar ratio of glycine. glutamic 
acid and cystine. determined after chromato- 
graphic separation of the hydrolysates, was 
1:0.?1:0.18 (Table 111). In agreement with 
other reports(5,7,8) no other amino acids 
were detected, except alanine in small 
amounts. 

Eflect of cysteitie concentration on syn- 
thesis of glutafhione nzercaptide. To deter- 
T A B L E  I T .  Appear:incc of A4iiiiiio Sitroge11 : I ~ T O L .  

Acid Hyllolysis of Purifiivl BSP 3lct;1l)olit(~. 1'11-  
1:heled R 8 P  1net:ibolite purified by the 3 chromato- 
graphic procedures described in  text was hydro- 
lyzed in 6 N HC1 for 20 hr  a t  120'. After remov:ll 
of HC1 froni tlic l i~drolysatv,  tot;il : ~ n i i i i o  ni t rogw 
W R S  ileterniined I)? iiictlioil of Jloorr and St(4l1(1:3 ) .  

Y 4 
I 

- w *  

fusion p M N  P M N  @ M N  &M crM/PM' 

1 1.5 2.6 1.1 .4 2.8 
2 1.1 2.4 1.3 .-I 3.3 
3 1.1 5.5 4.4 1.3 3.4 
4 1.2 2.2 1.0 .3 3 . 3 

t This cal.culation assumes that free and conju- 
gated BSP have the same molecular extinction co- 
efficient. Accurate determination of the constant 
for the conjugate must await its availability in crys- 
talline, pure form. 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

19 
22 
18 
20 
23 
47 
28 
30 
17 
25 

t 1Mctilldite fr:iction: Rf = 4.0-4.5. 

mine whether cysteine may compete with 
glutathione for the synthesis of BSP mercap- 
tides, 250 mg of cysteine hydrochloride was 
dissolved in minimal water. After being ad- 
justed to pH 7.4, the solution was added to 
the perfusate of a glycine-C14 experiment. 
( Higher concentrations of cysteine proved 
toxic to the perfused liver.) Neither the per- 
centage of secreted BSP appearing as the ma- 
jor slow-moving fraction (91%) nor the up- 
take of glycine-C14 into the purified metabo- 
lite ( 2 3 F ) )  was affected by the added cys- 
teine. 

Discussion. Incorporation of glycine-CI4, 
glutamic acid-C14 and cysteine-Ss5 into the 
major BSP metabolite appearing in bile from 
isolated perfused rat liver and their absence 
from comparable control fractions strongly 
support the previous suggestions that the 
pigment is conjugated, a t  least in part, by 
the liver with glutathione(9). 

Since both Cf4--glycine and C14-glutamic 
acid were isolated intact after hydrolytic 
degradation of the respective metabolites re- 
sulting from perfusion of the two amino 
xids ,  the isotopes present in the metabolite 
could not have resulted from degradation of 
the Cl4-1abeled amino acids and the ultimate 
entrance of their C*4 fragments into the car- 
bon pool and thence into the carbon skeleton 
of cysteine itself ( 14). 

That the mercaptide conjugate of BSP 



SULFOBROMOPHTHALEIN CONJUGATION WITH GLUTATHIONE 529 

TABTJE JTJ. Recovery of Glycine, Glutamie Acid and Cysteine after Acid Hydrolysis of BSP 
Metabolite. Hydrolyzed metabolite (see Talk  I1 for details), after removal of HC1, W M  sub- 
jected to paper chromatography in the tert butanol/water system. Fractions corresponding in 
mobility to glycine, glutamic acid and cysteine were eluted with water and their amino nitrogen 

was determined. Results are given as fig N in sample chromatographed. 

Glyciiic Glutamic acid Cysteinc Ratio after subtraet- 
jng control values 

Perf usion Control Exp. Control Exp. Control Exp. (gly : glu : cyst) 

1 4.7 14.9 5.3 13.6 0 2.5 1 : .81 : .25 
2 4.1 12.0 4.G 11.8 1.8 1.8 1 : .91 : .o 
3 3.4 30.8 3.5 29.4 0 4.8 1 : .94 : .l$ 
4 5.3 12.0 5.2 11.8 0 2.0 1 : .98 : .30 

contains glutathione is further suggested by 
the observatioiis that a) 3 M of ninhydrin- 
positive amino groups per M of BSP were 
liberated after acid hydrolysis, b) except for 
small amounts of alanine (presumably aris- 
ing as a hydrolytic product of cysteine), only 
glycine, glutamic acid and cysteine were de- 
tectable, and c) glycine and glutamic acid 
were present in equal molar relation. (Since 
cysteine is extensively degraded during hy- 
drolysis with mineral acids(9), the low re- 
covery of this amino acid was not surprising.) 
Incorporation of glutamine into the glutamic 
acid moiety of the conjugate was expected 
since glutamine is rapidly transferred into 
liver cells where i t  can be hydrolyzed to glu- 
tamic acid by glut.aminase( 15). Glutathi- 
one-S35 also acted as a precursor for gluta- 
thione conjugation, although from these ex- 
periments alone i t  was not possible to con- 
clude whether the glutathione was incorpor- 
ated intact into the glutathione mercaptide or 
whether it acted solely as a source of cysteine 
which was then incorporated into some acti- 
vated glutathione precursor. 

During this investigation, Booth, Boyland 
and Sims( 16) reported successful synthesis of 
a naphthalene glutathione conjugate in rat 
liver slices. The results of their work and 
our isotopic studies leave little doubt that 
the liver synthesizes mercaptide conjugates 
containing glutathione. The following 
scheme ( 1 7 )  for mercapturic acid synthesis 
has been suggested: 

R + glutathione + R-glutathione -+ R- 
cysteine + glycine + glutamic acid -+ R- 
acetylcysteine (mercapturic acid). 

Studies in vivo have demonstrated that 
enzymes are available for hydrolysis of a 

glutathione mercaptide to a cysteine mercap- 
tide(4,17). The primary site of this enzy- 
matic activity may be the kidney( 16). Al- 
though small amounts of BSP metabolites 
have been found in urine from hepatecto- 
mized dogs( 18), BSP is normally excreted 
directly from the liver into the bile, which 
may explain why it is found primarily as a 
glutathione conjugate. 

The observation that high levels of cys- 
teine added to the perfusate did not signifi- 
cantly affect the synthesis of BSP glutathione 
supports the concept that cysteine and gluta- 
thione do not compete directly for molecules 
to be conjugated but instead that mercaptide 
conjugation with glutathione is a specific, en- 
zymatically controlled step preceding mer- 
capturic acid synthesis. 

Summary. The incorporation of glycine- 
U-Cl-', glutamic acid-U-C1*, g1utamine-U- 
C14, cystine-S35 and glutathione-S35 into the 
major mercaptide conjugate of sulfobro- 
mophthalein (BSP) was studied in bile from 
isolated perfused rat liver. Incorporation of 
label from each of the amino acids was dem- 
onstrable in the purified metabolite obtained 
after 3 serial chromatographic steps, where- 
as control fractions were negative. Acid hy- 
drolysis of the metabolite and subsequent pa- 
per chromatography revealed that the amino 
acids had been incorporated intact, that 3 M 
of amino nitrogen were released for each M 
of BSP, and that glycine and glutamic acid 
were in equimolar ratio (cysteine was de- 
graded during hydrolysis and could not be 
quantitatively recovered). High concentra- 
tions of cysteine in the perfusate did not 
compete with glutathione for the synthesis of 
BSP mercaptide. It was concluded that BSP 
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is secreted into bile, a t  least in part, as ;I 

mercaptide conjugate with glutathione. 
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During the search for synthetic compounds 
to enhance the induction of fibrinolysis in 
human plasma by urokinase, Cibalgin,a an 
analgesic drug, was found to be active. Sub- 
sequent testing showed that enhancement 
was derived from 2 components, urethan and 
ethylurea. A variety of other urea deriva- 
tives was then found with similar properties. 
Controls revealed that some of these com- 
pounds slowly dissolved plasma clots in ab- 
sence of urokinase. We therefore undertook 
to determine whether small amounts of such 
non-toxic chemicals could induce activation 
of the fibrinolytic enzyme system in vitro. 

Material and methods. The prcforrned 1'0- 
tating standard do t s  were prepared from 
either fibrinogen or human plasma as pre- 
viously described ( 1 ) ,  except that a rotating 
device was used instead of a rocking device. 
This arrangement permits study of fibrino- 

* Supported by grants-in-aid from Am. Heart 
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lysis promoting agents acting upon one well 
defined invariable surface of a preformed 
standardized clot. The disintegration prod- 
ucts are continuously removed from the clot 
surface, and concentration of the agents be- 
ing tested, in contrast to fibrin plate method, 
does not vary to a great extent. The prog- 
ress of the clot lysis is read at  intervals in 
terms of ml of digested clot. 

Human plasmct clots. Human ACD bank 
plasma (3  to 5 weeks old) or fresh plasma 
(1 part Na-citrate USP 0.129 M to 4 parts 
blood, centrifuged 5 minutes at 1500 g) was 
clotted by addition of 0.05 ml CaC12 (0.5 
A € )  per ml for standard clots or by 0.01 ml 
thrombin for test tube studies. There was 
no consistent difference in the results of ex- 
periments using fresh or stored plasma. 

Bovine fibrin standard clots. Armour bo- 
vine fibrinogen (fraction I from bovine 
plasma) was dissolved to 0.4% in borate buf- 
fer pH 7.4 and clotted by addition of 0.01 ml 
thrombin per ml fibrinogen solution. 


