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The pathway for taurine synthesis from 
cysteic acid ( 1 ) and cysteine-sulfinic acid 
( 2 ) ,  as well as from the degradation of the 
sulfur amino acids ( 3 ) ,  has been elucidated. 
I t  has been reported that taurine may be syn- 
thesized de novo from inorganic sulfate (4- 
8) .  The utilization of inorganic sulfate re- 
quires its conversion to the active form, 3’- 
phosphoadenosine-5’-phosphosul fa te ( PAPS ) , 
after which it is enzymatically transferred to 
a suitable acceptor molecule by PAPS- 
transferase (EC 2.8.2) (9). This transfer has 
been shown both in vivo (10-11) and in 
vitro (12) to require pyridoxal phosphate. 
This paper presents evidence for the de novo 
synthesis of taurine from PAPS and serine by 
the chick. 

Materials and Methods. Experimental ani- 
mals were maintained on a basal (30% iso- 
lated soybean protein) semipurified ration 
until they reached the age of 14 days, at 
which time they were sacrificed; their livers 
were excised and chilled. The livers were 
washed three times in cold distilled water 
prior to the preparation of 25% homogenates 
made with cold distilled water. The homog- 
enates were then centrifuged at  20,OOOg for 
40 min and the pellet was discarded. The 
supernatant was made 35% saturated with 
dry (NH4)2SO4. This solution was stirred for 
30 min at  4’ prior to centrifugation at  20, 
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OOOg for 15 min. The precipitate was discard- 
ed and the supernatant was made 70% satur- 
ated with dry (NH4)2S04. This was stirred 
and centrifuged as described above, and the 
precipitate was retained for the enzymatic 
synthesis of PAP%. The resulting superna- 
tant was then dialyzed for 18 hr against cold, 
running distilled water. Following dialysis, 
the enzyme solution was lyophilized and the 
dry powder was dissolved in 0.5 M Tris-HCI, 
pH 7.4. This enzyme preparation was used 
in the initial studies. 

Further purification of the active fraction 
was obtained by applying the preparation to 
a carboxymethylcellulose (CMC) column, 2 
X 40 cm, packed by gravity flow, and eluted 
with Tris-HC1 buffer (pH 8.0) with a gradi- 
ent ranging from 0.5 to 1.0 M. The samples 
were eluted in 10 ml fractions which were 
monitored for protein concentration on an 
1x0 Model US-2 ultraviolet analyzer preset 
at  280 nm. Protein peak fractions were 
pooled and protein determinations were made 
by the method of Lowry et a2. (13) .  

Enzyme assays were carried out using a 
basic reaction mixture (Table I ) .  T a ~ r i n e - ~ ~ S  
determinations were made by chromatogra- 
phically separating 100 pl quantities of the 
clear reaction mixture supernatant on What- 
man No. 4 paper eluted with a solvent sys- 
tem of ethyl acetate: formic acid:water 
(70: 20: 10). Strips corresponding to Ninhy- 
drin-sprayed, spotted taurine standards were 
cut into 1 X 1 in squares and were placed 
into glass scintillation vials containing 10 ml 
of a liquid scintillation cocktail (5 g of PPO 
and 0.1 g of dimethyl-POPOP in 1 liter of 
toluene). These were counted on a Packard 
TriCarb liquid scintillation spectrophotome- 
ter previously standardized for 35S. Pyruvic 
acid determinations were made using the 
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T A B L E  1. B:rsic Reaction Mixture for  Taurine 
Synthesis." 

Coniponent Quant i ty  

Tris-HC1, pH 8.5 1000 pinoles 
Enzyme preparatiun" Varied 

Sub s t  ra t e :I c c q )  t o r 
Pyridosal  pliosplia tee Varied 

13,000 cpiii, 30 pniolcs 
50 pnioles 

Total  vol ( i d )  3.2 

a Reactions were 1~111 a t  38" for  10 min, halted 
by tlie :rdditioii of 0.3 1111 of 25% tricliloroacetic 
:wid. The deiintured protein was rernoved by cen- 
t r i fugat ion :it 500Og for  5 niiii. 

The protein conecntratioii v:iricItl betweeii '73 

PAP"S W:IS eiizyni:tticiilly p r q ~ r d  as re- 
ported clscmlicrc (1 4). Tlic P A P %  coiitainctl ap-  
proxirrrately 30,000 cpni/nrl with 60 pinolcs of 
PAPS/rnl. 

I n  assays for  1)yruvic ac id  production P A P S  
was replaced by a n  ccpxal volume of distilled water. 

Pyridosal  pliospliate was added i n  concentra- 
tions of 1.5 X g / p g  of protein. 

method for keto-acids of Sayre and Green- 
berg (15). 

Results. Previous reports from this labora- 
tory indicated that certain 14C-labeIed com- 
pounds, when administered to chicks fed 
diets of low sulfur amino acid content, gave 
rise to taurine-IT of high specific activity 
(9, 16). These compounds, as well as others 
which were theoretical precursors of taurine, 
were reacted with the supernatant of the 0.7 
(NH4) *SO4 saturated liver fraction using 
the mixture of Table I. These results (Table 
11) indicated that L-serine and its precursors 
possessed the greatest ability to be enzymati- 
cally converted into taurine by sulfate addi- 
tion from PAPS, or to pyruvic acid by dehy- 
dration and deamination. These data support 
previous experiments that swine provided the 
carbon for taurine synthesis, thus L-serine 
was selected as the substrate for the PAPS- 
t ransf erase assays. 

Prior to further studies of this reaction 
sequence, the enzyme fraction was purified 
by CMC chromatography as described 
above. This resulted in the isolation of three 
discrete protein peaks from the supernatant 
of the 70% (NH4)2S04 fractionation. The 
elution pattern from this purification step is 

and  100 pug. 

shown in Fig. 1. Enzymes assays for both 
taurine and pyruvic acid production, using 
the basic reaction mixture (Table I), were 
run for each of the protein peaks. The first 
protein peak, labeled PI, contained 75% of 
the activity for taurine and pyruvic acid syn- 
thesis; peak two, about 15%: and peak three 
about 10%. The activity of taurine synthesis 
in the presence of PAP3% and that of py- 
ruvate production in its absence were equal 
in each peak. Thus, the peak one fractior! 
(PI) was selected for all further experimen- 
tation. 

Optimum reaction time trials were carried 
out using the basic reaction mixture. Reac- 
tions were carried out in separate Warburg 
vessels, to which were added 25% TCA at  5 
min intervals. Figure 2 indicates that the op- 
timum time for catalysis in this in vitro reac- 
tion occurs during an interval from 5 to 10 
min from the onset of the reaction. The addi- 

T A B L E  11. Fliizymo Specific Activities with Vary- 
ing Substrate  Acceptor Compounds." 

S p  act  

Trans-  
Substrate Dehydraseb f erase' 

(50 pmoles) (pmole s/pg ) ( cPm/PLg) 

a-Aminobutyric acid 0.017 
0.016 

~-Airiiiioisobutyric acid 0.0 1G 
p-Hjdroxyhutyr ic  acid 0.016 

p- A in in ob 11 t yric a c i (1 
y-Aminobiityric acid 0.016 

o-Phosphoethanolamirie 0.016 
o-Phosphoserine 0.018 
Pliosphatidyl ethanolarninc 0.166 
Phospliatidyl seriiic 0.267 
L-Serine 2.520 
BLEd 1.700 
Aminoethylphosphonic acid 0.031 

23.8 
15.7 
10.2 

8.4 
13.7 
23.0 
23.0 
39.7 
44.6 

138.4 
37.50 

7.2 

a Enzyme contained in 70% (WH,),SO, precipi- 
ta t ion supernatant. 

S c r i m  dchydrase specific activity ~ v a s  calcu- 
lntcrl (pnioles of pyruvic acid formed/pg of pro- 
tein). 

PAPS-tr:iiisferase specific activity was calcu- 
lated (cpni of 3AS incorporated into t ~ u r i n e - ~ ~ S / p g  
of protein). 

Bl,F: 1 ) o i l d  liver extract,: prepared by boil- 
ing  n siii:ill quaiitity of tlie 25% liver homogenate 
for  2 niin and  obtaining the clear supernatant  by 
centrifugation. 
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I 
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FIG. 1. Elution of taurine synthesizing proteins 
from semipurified fraction of chick liver homogeaate 
from casboxymethylcellulose column eluted with 
Tris-HCl gradient (pH 8.0; 0.5-1.0 M ) .  Ten 
milliliter fractions were collected. 

tion of an amount of protein and pyridoxal 
phosphate equal to that originally included in 
the reaction vessel gave rise to a stoichiomet- 
ric increase in the amount of the product 
formed, indicating that, at the end of 5 min 
of reaction, the enzyme was inactivated. 

Determinations of optimum reaction pH 
were carried oiut using individual test tubes 
containing Tris-HC1 buffer in which pH had 
been adjusted in 0.5 unit increments over a 
range from pH 6.0 to 9.5. The results (Fig. 
3 )  indicated that maximum conversion of ser- 
ine to either pyruvate or taurine occurs at 
pH 8.5. The factor determining whether tau- 
rine or pyruvate was the product to be formed 

50001 'Enzyme and 
.PALP added 

FIG. 2. Effect of enzyme supplementation on 
PAPS-transferase product formation (pg/ml of pro- 
tein): (A) 5000; (B)  2500 + 2500 added after 5 
min of reaction had proceeded; CC) 2500. 

6.5 7.5 8.5 9.5 
Reaction p~ 

FIG. 3. Determination of the optimum reaction 
pH for serine dehydrase (PI) and PAPS-transferase: 
pyruvate synthesis reactions were run in the 
absence of PAPS. 

was the concentration of PAPS included in 
the reaction mixture. When 30 pnoles of 
PAPS was included, serine was converted to 
taurine. With decreasing quantities of PAPS, 
the concentration of pyruvate increased with 
a decrease in taurine production. 

Serine-I4C-UL was incubated with carrier 
serine (50 pmoles) and unlabeled PAPS with 
a PI preparation in the basic reaction mix- 
ture. These reactions were carried out for 
time intervals of 0, 5, 10, 15, and 30 min in 
Warburg vessels containing filter paper wick 
saturated with 1.0 M KOH to trap the 
I4CO2 evolved in the course of the reaction. 
The reactions were stopped by the addition 
of 25% TCA, the wicks removed and placed 
into glass scintillation vials. The reaction 
mixture supernatants were analyzed for tau- 
rineJ*C (Table 111). These results substanti- 
ate the earlier experiment showing that the 
reaction ceases in 5 to 10 min. Also indicated 
is the conversion of serine to taurine and 
C02 without the loss of radioactivity due to 
conversion to other compounds. 

As the conversion of serine to taurine ap- 
peared to be a direct enzyme sequence with 
no free intermediates being formed, a 
mechanism was postulated by which this 
could occur. This theoretical consideration 
was extrapolated from the work of Flavin 
( 1 7 ) .  In  this catalysis, swine is first dehy- 
drated to a-aminoacrylic acid, which then bei 
comes sulfonated by reaction with PAPS to 
form pyridoxal-bound cysteic acid, which is 
then decarboxylated to taurine. To test the 
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TABLE 111. Distribution of 14C Atoms from Serine-14C-UL in Taurine Synthesis. 

Activity (cpm/ml X lo3)  
Utilization 

Time (min) Serine-14C 1 4 ~ 0 ,  Taurine-IT Total recovery ( % I  
~~ ~~~~ 

0 101.6" O b  0" 101.6" 0 
5 35.1 21.0 45.3 101.5 65.4 

10 33.4 21.3 48.8 103.5 67.7 
15 33.4 20.9 48.8 103.2 67.7 
30 34.6 20.8 48.9 104.3 66.9 

" Determined as counts per minute per milliliter of reaction mixture following paper chro- 
matographic separation on  Whatman No. 4 paper eluted with ethyl aeetate:formic acid :water 
(70 :20:  l o ) .  

Determined (cpm) in filter paper wicks saturated with 1.0 M KOH and c,ounted in  dioxane 
liquid scintillation cocktail. 

validity of this postulation, cysteic acid was 
incubated with the serine-14C-UL reaction 
mixture as described above. The results (Ta- 
ble I V )  show that, in the presence of cysteic 
acid, serine conversion was reduced by ap- 
proximately 6676, indicating competition be- 
tween serine and cysteic acid on the PI pro- 
tein. 

Further studies were carried out using 
cysteic acid as the sole substrate for taurine 
synthesis. Cysteic acid consumption and tau- 
rine production were determined at zero and 
after 5 ,  10, 15, and 30 min reaction time 
from chromatographs using a densitometer. 
With reaction time, the concentration of cys- 
teic acid clearly decreased and that of taurine 
increased, indicating that the PI fraction 
was capable of catalyzing the decarboxylation 
of cysteic acid. This experiment was re- 
peated using increasing concentrations of cys- 
teic acid and in each case the taurine pro- 

duced was increased. 
Compounds selected as inhibitors were cho- 

sen on the basis of their structural similari- 
ties to the substrate (glycyl-serine, o-meth- 
ylserine) , the cofactor (deoxypyridoxine 
HCl), and from literature reports (CTP, 
N-ethylmaleimide, KCl) . Each inhibitor was 
added to the basic reaction mixture in quan- 
tities from 0 to 50 pmoles after mixing with 
serine. Inhibition of taurine synthesis was 
observed by the presence of the substrate 
inhibitors glycyl-serine and o-methylserine 
(Table V) but the addition of deoxypy- 
ridoxine HCl was without effect. The addi- 
tion of N-ethylmaleimide completely blocked 
enzyme activity through the binding of 
sulf hydryl groups required for activity. Iden- 
tical results were obtained with the PI serine 
dehydrase activity (Table VI) . 

Discussion. The results of these experi- 
ments indicate that de novo taurine synthesis 

TABLE IV. Effect of Cysteic Acid on the Fate  of Serine-'4C-UL in Taurine Synthesis. 

Activity (cpm/nil X lo3)  
Utilization 

Time (min) Ser ine-I4C WO, Tauriiie-14C Total recovery (%) 

0 
5 

10 
15 
30  

63.1 O b  0" 63.1" 
50.6 3.37 6.93 60.9 
49.8 3.52 7.20 60.5 
49.2 3.83 7.29 60.3 
47.0 4.44 9.06 60.5 

0 
19.8 
21.1 
22.1 
25.6 

" Determined (cpm/ml) following paper chromatographic separation on Whatman No. 4 

Determined by liquid scintillation spectrophotometry of filter paper wicks saturated with 
paper eluted with ethyl acetate :formic acid :water (70 : 20 : 10) .  

1.0 M KOH and counted in dioxane liquid scintillation cocktail. 
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TABLE V. Effect of Various Inhibitors on Taurine-"S Synthesis by the PI Fraction." 

Conc (&moles added) 
Compound 

tested 0 10 20 30 40 50 

Glycyl-serine 40.3 ? 0.7b 34.5 & 0.3 29.1 & 0.1 11.6 2 0.2 9.73 5 0.5 3.76 t 0.2 
Deoxypyridoxiiie HCl 42.6 & 0.3 42.7 & 0.1 42.5 & 0.4 42.4 0.3 42.1 i- 0.1 42.9 -+ 0.7 
0-Methylserine 56.0 2 0.1 43.5 & 0.1 40.5 & 0.2 38.2 2 0.2 30.9 2 0.2 30.1 2 0.1 
I<C1 9.1 -+ 0.1 11.5 0.1 12.0 0.2 12.5 2 0.1 15.6 5 0.4 24.9 -t- 0.5 

- 17.6 -+ 0.1 

" Results of three experimental assays run simultaneously using the same protein and PAPS prepara- 

N-Ethylnialeimide, 0.01 N 40.3 2 0.7 - - - - 00.0 2 0.0 
CTP (2.0 +g/ml) 19.7 -I 0.4 - - - 

tion. 
Values expressed as PAPS-transf erase specific 
Reaction run only in the prescwe and absence 

mixture as 0.5 ml inclusions. 

proceeds by the sulfonation of dehydrated 
L-serine by the sulfate group of PAPS in a 
pyridoxal-requiring system. The fact that this 
reaction proceeds in the direction of py- 
ruvate formation in the absence of PAPS 
indicates that the first step in the catalysis is 
carried out by the enzyme serine dehydrase 
(EC 4.2.1.13), which is responsible for the 
formation of pyruvic acid from serine. This 
also implies a PAPS requirement by the en- 
zyme for taurine synthesis. In  comparing 
data obtained in this research with literature 
reports, i t  was found that the pH optimum 
for this PAPS-transferase preparation was 
8.5, which is comparable to pH 8.3 for cysta- 
thionine synthetase and serine dehydrase 
(18-19). The data showing that this reaction 
ceases in five to 10 min is similar to that 
reported for serine dehydrase (19). The fact 

TABLE 1'1. EEect of Various Inhibitors on 

activit.y (cpm of taurine/pg of protein). 
of each compound which was added t o  the reaction 

that deoxypyridoxine HCI possesses no inhib- 
itory activity for the enzyme paraIlels re- 
ports which theorized that this was due to the 
lack of the PO4 group on the cofactor (19). 
These comparisons support the hypothesis 
that PAPS-transferase may be coupled with 
serine dehydrase activity in the synthesis of 
taurine. 

Following the addition of the sulfate moie- 
ty of PAPS, the pyridoxal-bound intermedi- 
ate, hypothesized to be cysteic acid, is decar- 
boxylated to form free taurine and COZ. 
Studies using cysteic as the substrate and as 
a competitor far L-serine verify that cysteic 
acid is the intermediate formed in this syn- 
thesis. This implies that the enzyrne fraction 
contains, in addition to PAPS-transferase and 
serine dehydrase, cysteic acid decarboxylase 
activity. 

Serine Dehydrase Activity of the P, Fraction." 

Conc (pmoles added) 
Compound 

tested 0 10 20 30 40 50 

Glyc yl-serine 0.73 & 0.01 0.60 & 0.01 0.39 +_ 0.01 0.09 -t- 0.01 0.08 + 0.01 0.06 +_ 0.01 
Deoxypyridoxine HC1 0.93 2 0.01 0.93 2 0.01 0.93 t 0.01 0.93 2 0.01 0.93 -+ 0.01 0.93 2 0.01 
o-Methylserine 1.05 2 0.01 0.80 & 0.01 0.55 2 0.01 0.55 2 0.01 0.55 0.01 0.53 +- 0.01 
KC1 1.00 2 0.01 1.00 & 0.01 1.06 t 0.01 1.09 & 0.01 1.12 2 0.02 1.17 f 0.02 

- - - 0.52 2 0.05 CTP (2.0 pg/ml) 
N-Ethylmaleimide, 0.01 34 0.73 -+- 0.01 - - - L 0.00 2 0.00 

0.40 t 0.01 

" Results of three expedrnental assays run simultaneously using the same protein preparation. 
Values expressed as enzyme specific activity (pmoles of pyruvic acid formed/+g of protein). 
Reaction rim only in the presence and absence of each compound which was added t o  the reaction 

mixture as  0.5 ml inclusions. 
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Through heat denaturation studies and 
supplemental purifications, it was seen that a 
net loss in protein content occurs with a 
substantial increase in enzyme activity. 
These factors support a hypothesis that the 
enzymes responsible for taurine synthesis 
from PAPS are present in a sulfur metaboliz- 
ing complex capable of dehydrating and 
deaminating serine, sulfonating serine, and 
decarboxylating cysteic acid. 

Therefore, it is theorized that taurine is 
synthesized from sulfate in the chick by the 
following pathway: 

> APS + PPi, 
Mg" 

(EC 2.7.7.4) 

ATP + SO,'- 
ATP-sulf urylase 

APS + ATP > PAPS + ADP, 
A PS - kin asc 

(EC 2.7.1.25) 

(EC 4.2.1.13) 

Pyritlosal P O ,  tniirinr 
cysteic acid -3 

cystcie acid ilecnrbosylaw + Cox. 
( E C  4.1.1.15) 

The significance of this alernate pathway 
of taurine synthesis is not known. It is known 
that increasing concentrations of cysteine 
repress the synthesis of taurine, as evidenced 
by the decrease in the total taurine content 
of chick liver (20). This inhibition is located 
at  the level of ATP conversion to PAPS, 
thereby reducing the level of PAPS needed 
for the sulfonatim of dehydrated serine. It is 
also known that the presence of dietary 
methionine in quantities to afford optimal 
growth enhances tissue taurine synthesis 
( 2 1 ) .  Therefore, in the presence of optimal 
dietary cysteine, the pathway reported herein 
becomes inhibited and taurine is synthe- 
sized by the degradation of the sulfur amino 
acids. In the case of suboptimal levels of 
cysteine, however, synthesis of PAPS is not 

inhibited and a larger portion of the tissue 
taurine would arise by this pathway. 

Summary. The purpose of this research 
was to determine the enzymatic pathway for 
the synthesis of taurine from inorganic sul- 
fate in chick liver. The enzymatically active 
proteins were obtained in the supernatant 
fraction from an ammonium sulfate precipi- 
tate (0.7 saturation) of chick liver homog- 
enate using carboxymethylcellulose (CMC) - 
ion exchange chromatography, Experiments 
designed to ascertain the acceptor of 
the sulfate from 3'-phosphoadenosine- 
5'-phosphosulfate (PAPS) indicated that ser- 
ine had the highest activity. Further, py- 
ridoxal phosphate-dependent serine dehy- 
drase activity was required in the reaction 
utilizing serine to form taurine. The forma- 
tion of taurine was preceded by the interme- 
diate being converted to enzyme-bound cys- 
teic acid. Inhibition studies indicated that 
PAPS-transf erase, serine dehydrase, cysteic 
acid decarboxylase activities were required 
for this reaction, as well as a sulfhydryl re- 
quirement. 
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