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Experimental cystathioninuria was induced by injection of D,L-propargylglycine in rats. The novel cystathionine metabolites, 
N-monoacetylcystathionine (NAc-cysta), perhydro-l,4-thiazepine-3,5-dicarboxylic acid (PHTZDC), and cystathionine ketimine 
(CK), were identified previously in the urine of patients with cystathioninuria and D,L-propargylglycine-treated rats. In this 
study, we identified these compounds in the liver and kidney of D,L-propargylglycine-treated rats using liquid chromatography- 
mass spectrometry with an atmospheric pressure chemical ionization interface system (LC/APCI-MS) and an amino acid 
analyzer. The metabolism of these compounds in the liver and kidney of D,L-propargylglycine-treated rats was also studied. 
PHTZDC, NAc-cysta, and CK were accumulated in the rat tissues in proportion to the content of cystathionine after 
D,L-propargylglycine administration. The concentrations of these compounds in the liver were higher than those in the kidney, 
and these compounds reached maxima earlier in the liver than in the kidney. 

C YSTATHIONINURIA, described by Mudd et al, 1 is an 
autosomal recessive hereditary disorder. Phenotypical 

homozygotes persistently excrete large amounts of cystathio- 
nine in the urine due to cystathionine "y-lyase deficiency. 1 
Secondary cystathioninuria is associated with various pathologi- 
cal conditions. 2-4 Pathologically increased urinary levels of 
cystathionine may reflect either an inherited enzyme defect, or 
transient impaired adaptation in premature infants, or a second- 
ary phenomenon in neuroblastoma and certain liver disorders. 
Secondary cystathioninuria was found in biliary atresia, cyto- 
megalovirus infection, neuroblastoma, vitamin D intoxication, 
and hyperglycinemia. 5 Isolation and identification of cystathio- 
nine and cystathionine metabolites were the basis for the 
determination of renal cystathionine excretion in healthy chil- 
dren. The investigation of the metabolism of cystathionine and 
cystathionine metabolites in various tissues of rats with experi- 
mental cystathioninuria may be important for the clarification of 
the physiological and pathological roles of these compounds in 
mammals. 

We have identified several cystathionine metabolites in the 
urine of cystathioninuric patients such as N-monoacetylcysta- 
thionine (NAc-cysta), S-(carboxymethyl)homocysteine 
(CMHC), S-(3-hydroxy-3-carboxy-n-propyl)cysteine (HCPC), 
S-(2-hydroxy-2-carboxyethyl)homocysteine (HCEHC), S-(2- 
carboxyethyl)cysteine ([3-CEC), perhydro-l,4-thiazepine-3,5- 
dicarboxylic acid (PHTZDC), N-acetyl-S-(3-hydroxy-3-carboxy- 
n-propyl)cysteine (NAc-HCPC), N-acetyl-S-(2-carboxyethyl)cysteine 
(NAc-[3-CEC), cystathionine sulfoxide, N-acetylcystathionine sulf- 
oxide, and cystathionine ketimine (CK). T M  Experimental cystathi- 
oninuria was induced in rats by administration of D,L-propargylgly- 
cine,12 a suicide substrate of cystathionine ~-lyase (EC 4.4.1.1 ). This 
acetylenic substrate inactivates rat liver cystathioninase and, when 
administered to mice, leads to a rapid decrease in the hepatic activity 
of this enzymeJ 2 It also inactivates pig heart alanine aminotransfer- 
ase (EC 2.6.1.2), 13 rat liver aspartate aminotransferase (EC 2.6.1.1)] 4 
and hog kidney D-amino acid oxidase (EC 1.4.3.3). 15 We have 
previously detennined the concentrations of D,L-propargylglycine 
and N-acetylpropargylglycine in urine samples and several tissues of 
D,L-propargylglycine-treated rats. 16 Among the eystathionine metabo- 
rites identified in the urine of patients with cystathiouinuria, we have 
identified NAc-cysta, CMHC, [3-CEC, HCEHC, HCPC, NAc- 
HCPC, NAc-[3-CEC, PHTZDC, and CK in the urine of D,L- 
propargylglycine-treated rats. 17-19 In a recent study, we have 

suggested that in rats with cystathioninuria induced by injection 
of D,L-propargylglycine, cystathionine could be metabolized via 
three pathways, namely N-monoacetylation, sulfide oxidation, 
and monodeamination (Fig 1). The main route was from 
mono-oxo acids to PHTZDC through CK.I8 

The present study was undertaken to further test a prediction 
of this metabolism and to continue the studies of the effect of 
D&-propargylglycine on cystathionine metabolism in rats. We 
present evidence in this report for identification of cystathio- 
nine, NAc-cysta, PHTZDC, and CK in the liver and kidney of 
D,L-propargylglycine-treated rats using liquid chromatography- 
mass spectrometry with an atmospheric pressure chemical 
ionization interface system (LC/APCI-MS), high-performance 
liquid chromatography (HPLC), and an amino acid analyzer. 
We also determined the time course of accumulation of 
cystathionine metabolites in the liver and kidney of D,L- 
propargylglycine-treated rats after administration of D,L- 
propargylglycine. 

MATERIALS AND METHODS 

Chemicals 

CK was prepared according to the description of Ricci et al. 2° 
PHTZDC was kindly supplied by Dr S. Dopr6, Dipartimento di Scienze 
Biochimiche, Universit~ di Roma "La Sapienza" (Rome, Italy). 
Cystathionine and D,L-propargylglycine were purchased from Sigma 
Chemical (St Louis, MO). Phenylisothiocyanate (PITC) and acetonitrile 
(HPLC grade) were purchased from Wako Pure Chemicals (Osaka, 
Japan). NAc-cysta was prepared from the urine sample of a patient with 
cystathioninuria according to the method of Kodama et al. 21 All other 
chemicals used were of analytical grade. 

Preparation of  Tissue Samples 

Male Wistar rats (mean body weight, 200 g) were divided into two 
groups and transferred to individual metabolic cages. One group was 
intraperitoneally injected with 20 mg D,L-propargylglycine/200 g body 
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Fig 1. Unusual metabolism of 
cystathionine in cystathioninuric 
patients. 

weight. Physiological saline solution (0.5 mL) was injected into control 
rats. Rats were killed by decapitation at various times after injection of 
D,L-propargylglycine. Each tissue (1 g) was homogenized in 3 vol 2% 
sulfosalicylic acid, and the homogenate was centrifuged at 2,000 × g 
for 15 minutes. The supernatant was applied to a column containing 10 
mL Diaiou SK-I (H-form of sulfonated cation exchanger, 1 × 10 cm, 
100 mesh; Mitsubishi, Tokyo, Japan), washed with 150 mL water, and 
eluted with 30 mL 2-mol/L ammonia. 

Preparation and Analysis of PHTZDC and CK Fractions 

The water eluate was adjusted to pH 8.0 with 2 mol/L NH4OH and 
evaporated to dryness under reduced pressure with a rotary evaporator 
at 40"C. The dried residue (sample 1) was dissolved in 0.5 mL water and 
analyzed for PHTZDC using LC/APCI-MS. Derivatization with PITC 
for the analysis of CK was performed as described by Pecci et al, 22 as 
follows. 

Sample 1 was dissolved in 0 2  mL water, and 0.6 mL of the coupling 
buffer (acetonitrile:pyridine:triethylamine:water i0:5:2:3 vol/vol) and 
40 pL PITC were added. After 30 minutes at room temperature, the 
solution was dried under reduced pressure at 50°C, the residue was 
dissolved in 200 ~L 0.01-mol/L potassium phosphate buffer (pH 8.0), 
and 20-pL aliquots corresponding to 0.1 g of the original tissue were 

analyzed with a Hitachi L~6200 HPLC equipped with a 5-pro Inertsil 
ODS-2 column (150 × 4.6 mm ID) from Gasukuro Kogyo (Tokyo, 
Japan). The solvents used were (A) 0.05 mol/L ammonium acetate, (B) 
0.05 mol/L ammonium acetate/acetonitrile (65:35 vol/vol), and (C) 
acetonitrile/water (70:30 vol/vol). After washing with solvent C for 1O 
minutes, the column was preconditioned with solvent A for 15 minutes 
before sample loading. Chromatography was performed with a linear 
gradient from 100% A to 100% B for 30 minutes at a flow rate of 1.0 
mL/min at room temperature. The detection wavelength for PITC 
derivatives was 380 nm. 

Preparation and Analysis of Cystathionine and NAc-cysta 
Fractions 

The ammonia eluate thus obtained was evaporated under reduced 
pressure, and the residue was dissolved in 1 mL water and then analyzed 
by an automatic amino acid analyzer (Hitachi model 835 liquid 
chromatography). 

Instrumentation 

The apparatus used was a Hitachi L-6200 HPLC, equipped with a 
5%ma Inertsil ODS-2 column (150 × 4.6 nun ID) fiom Gasukuro 
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Fig 2. Amino acid chromatogram of (A) liver sample from rats treated with D,L-propargylglycine and (B) liver sample plus authentic 
cystathionine and NAc-cysta. 
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Kogyo, connected to a Hitachi M80B mass spectrometer/computer 
system through the APCI interface. The nebulizer and vaporizer 
temperatures were 260 ° and 390°C, respectively. Synthetic samples and 
tissue samples were analyzed with a mobile phase of 100 mmol/L 
CH3COONH4:CH3CN (80%:20%) at a flow rate of 0.9 mL/min. 23 

RESULTS 

Synthetic cystathionine, NAc-cysta, and tissue samples (liver 
and kidney) from D,L-propargylglycine-treated rats were ana- 
lyzed by an amino acid analyzer. Results obtained from the liver 
samples are shown in Fig 2A and B. The retention time for 
cystathionine and NAc-cysta in the liver samples was almost 
the same as for synthetic cystathionine (48.2 minutes) and 
NAc-cysta (11,7 minutes). When authentic cystathionine and 

NAc-cysta were added to the liver samples, the peaks at 48.2 

minutes and 11.7 minutes increased, respectively. The same 

results were obtained from the kidney samples of D,L- 

propargylglycine-treated rats. These results indicate the pres- 

ence of cystathionine and NAc-cysta in the samples of liver and 

kidney from D,L-propargylglycine-treated rats and coincide well 

with those obtained by LC/APCI-MS. 
Mass chromatograms and spectra of standard PHTZDC and 

water fractions of tissue samples from D,L-propargylglycine- 

treated rats are shown in Fig 3. In the LC/APCI-MS system, the 

quasi-molecular ion [M+H]  + of PHTZDC was observed as a 

base peak at m/z 206 either with synthetic PHTZDC or in tissue 

samples. Addit ional  ions, [M-COCH3] + (m/z 160) and 

Fig 3. Mass chromatograms and 
spectra of synthetic PHTZDC (A,a) 
and water fractions from the liver 
(B,b) and kidney (C,c) of rats 
treated with D,L-propargylglycine. 

Retent ion  t ime (min)  
0.0 5.0 10.0 

i I , l l l , l l  , 1 1  , 1 , 1 1  

A 

25 
ti 

' l ~ ' l r l ' l ' l ' l  

5O 

0.0 
B I , I , i i 

1 , 1 , 1  i , i  , i , i 

100 
Scan  No.  

Retent ion  t ime (min)  
5.0 10.0 

1 i I i I i I i I f 

24 

5O 

TIC 
- -  206 

150 

0.0 

t 
C '  ' 

24 
A 

/ i  

100 

50 

Scan No.  : 24  - 17 T i m e  ( m i n )  : 1.6 

a 206 

40 

2 2 3  [ 

~ l i ]  . . . . . . . . .  , , , J , , i l l ,  I . . . . . . . .  ,ll . . . . . .  
250 

1 6 0  

L 
0 ........ I L  ......... ......... ........... J 
150 2OO 

100 

Scan  No. : 24 - 17 T ime (min)  : 1.6 

2 2 3  

4O 
2 0 6  

1 9 0  
I 

50- 
16o 1e5 1 ~9,5 232 

. . . .  TIC " 
206 x 5 " 

i ' I ' ' I ' I ' ' 1  ' I ' I ' '  0 ~ I I I [ ' ] I T I  l [ l l l l l ~  . . . . . . .  I . . . . . . . . .  I , l l } , ' ' ' ' l ' l ' ' ' ' ] ' ' l  . . . . . . . . .  J . . . . . . . . .  I . . . . . . . . .  I ; ; ' ' ; ; ~  

100 150 150 200 250 
Scan  No.  

Scan No.  : 24 - 17 T ime (min)  : 1.6 

C 116o 

Retent ion  t ime (min)  
5.0 10.0 

i . i , i , I , I r I , I , 100 

2 2 3  

I l P l ' l ' J ' i ~ l r l S l r l ' l ' l ' l ' l ' l  ' 

50 100 150 
Scan  No. 

20 

2 0 6  

S0_ f, i, 
180 li 

I TI 0 -  
(r"''"l . . . . . . . . .  I " - 1  ' "  ' 1 " " '  " "  P " ' " ' " 1 ' " " " ' 1  . . . . . . . . .  I "  

150 200 

20 

40 

20 

..... ~,L,,,,,,II ....... 0 

25O 



1236 ZHANG ET AL 

[M+NH4] + (m/z 223), were also detected with authentic 
PHTZDC and tissue samples. 

HPLC elution profiles of the PITC derivatives of authentic 
CK and of liver samples from D,L-propargylglycine-treated rats 
are shown in Fig 4. The detection was performed at 380 nm, 
which is the characteristic absorption maximum of PITC 
derivatives of CK. The detection at 380 nm for tissue samples of 
D,L-propargylglycine-treated rats produced one peak (Fig 4B) at 
the same retention time as that of the authentic CK (Fig 4A). 
When the authentic CK was added to the tissue sample of 
D,L-propargylglycine-treated rats, the mixture also produced 
one peak (Fig 4C), the retention time of which corresponded to 
that of the authentic CK. The same results were observed in 
kidney samples of O,L-propargylglycine-treated rats (Fig 5). 
These results indicate that CK is present in the liver and kidney 
of D,L-propargylglycine-treated rats. 

The amount of cystathionine, NAc-cysta, PHTZDC, and CK 
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Fig 5. HPLC elution patterns of CK from synthetic compound and rat 
kidney sample after reaction with PITC. (A) Chromatogram of authen- 
tic CK, (B) sample corresponding to 0.1 g original kidney tissue from 
D,L-propargylglycine-treated rats, (C) sample A plus B. 
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in the liver and kidney of rats after a single injection of 
D,L-propargylglycine (20 mg/200 g body weight) was deter- 
mined using LC/APCI-MS (for PHTZDC), an amino acid 
analyzer (for cystathionine and NAc-cysta), and HPLC (for 
CK). The results are shown in Figs 6 and 7. The content of these 
compounds increased rapidly after the injection. Cystathionine, 
NAc-cysta, and PHTZDC reached maximum levels at about 18 
hours in the liver and about 24 hours in the kidney after the 
injection, and returned to the original levels at about 120 hours 
in both the liver and kidney. On the other hand, CK reached a 
maximum level at about 16 hours in the liver and about 20 hours 
in the kidney, and returned to the original level at about 72 hours 
in both the liver and kidney after D,L-propargylglycine injec- 
tion. The levels of these compounds were higher in the liver 
than in the kidney. They reached the maximum levels later and 
maintained high concentrations longer in the kidney than in the 
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Fig 6. Cystathionine, NAc-cysta, 
PHTZDC, and CK levels in rat 
liver after a single injection of 
D,L-propargylglycine. PHTZDC 
was determined by LC/APCI-MS, 
cystathionine and NAc-cysta by 
an amino acid analyzer, and CK 
by HPLC. (D) Cystathionine, (A) 
PHTZDC, (©) NAc-cysta, (O) CK. 

360 • ' , , 

" ~  280 

160 i ~, 

8o '\,\ °00  
0 20 40 60 80 100 120 

Time (hr) 

1000 

800 

600 

400 -~  

200 

0 

liver. PHTZDC was detected at a higher level than NAc-cysta in 
the liver and kidney of D,L-propargylglycine-treated rats. This 
result was the same as observed in the urine of cystathioninuric 
patients (318.56 mg PHTZDC/g creatinine and 76.29 mg 
NAc-cysta/g creatinine were found in a patient with cystathionin- 
uria), tl 

DISCUSSION 

The present results indicate the presence of cystathionine, 
NAc-cysta, PHTZDC, and CK in the liver and kidney of rats 
treated with D,L-propargylglycine, and describe additional meta- 
bolic routes of cystathionine in rats treated with D,c-propargyl- 
glycine. Normally, cystathionine is synthesized from serine and 
homocysteine by cystathionine [3-synthase and is degraded to 
cysteine, 2-0xo-butyric acid, and ammonia by cystathionine 
-y-lyase in mammalia. 24 Injection of D,L-propargylglycine in rats 
led to a decrease in cystathionine ~-lyase activity in the liver 
and kidney. The activity decreased more markedly and more 

rapidly in the liver versus the kidney of rats after treatment with 
D,L-propargylglycine. 25 We have reported that administration of 
1 mg propargylglycine/200 g body weight causes an almost 
complete inactivation of liver cystathionine ,/-lyase in rats, but 
kidney cystathionine "y-lyase at a dose of 20 mg propargylgly- 
cine could produce an activity of about 20% of the control 
value. 25 We have also reported previously that cystathionine 
~-synthase was not affected by administration of D,C-propargyl- 
glycine. 25 The present results also demonstrate that the D,L- 
propargylglycine arrived first in the liver and then in the kidney. 
By an alternative metabolic pathway, cystathionine is monode- 
aminated either by L-amino acid oxidase 2° or by a transaminase 
exhibiting the properties of ghitamine transaminase. 26 Monode- 
aminated cystathionine mono-oxo acids form CK through a 
nonenzymatic cyclization process, 2° and CK is reduced to 
PHTZDC by lactic dehydrogenase. 27 The PHTZDC level in the 
liver and kidney of rats treated with D,L-propargylglycine was 
higher than the other cystathionine metabolites (such as NAc- 
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cysta). This result suggests that in rats treated with D,L- 
propargylglycine, the pathway from CK to PHTZDC through 
monodeamination of cystathionine is a main route of cystathio- 
nine metabolism. CK was found in the patient's urine at a level 
of 3.61 mg/g creatinine, 20 times higher than the ratio in healthy 
human urine. 11 CK was also detected in bovine brain cerebel- 
lum 2s and was found to bind to brain membranes with high 
affinity. 29 The sulfur-containing cyclic ketimines and their 
reduced products, such as PHTZDC and CK described herein, 
represent an interesting new class of compounds with similar 
properties whose biochemical significance is only now begin- 
ning to be understood. The increased levels of cystathionine, 

NAc-cysta, PHTZDC, and CK in the urinary samples have been 
described for hereditary cystathioninuric patients and D,L- 
propargylglycine-treated rats. The metabolism of these com- 
pounds in the liver and kidney of  D,L-propargylglycine-treated 
rats was similar to that found in the urine of hereditary 
cystathioninuric patients and of D,c-propargylglycine-treated 
rats. These findings may make it possible to use D,L- 
propargylglycine-treated rats as an animal model of cystathionin- 
uria for clarification of the mechanisms underlying the forma- 
tion of various new metabotites from cystathionine and the 
physiological roles of cystathionine and its metabolites in 
mammals. 

REFERENCES 

1. Mudd HS, Levy HL, Skovby F: Disorders of transsulfuration, in 
Scriver CR, Beandet AL, Sly WS, et al (eds): The Metabolic Basis of 
Inherited Disease, vol 1 (ed 6). New York, NY, McGraw-Hill, 1989, pp 
720-724 

2. Hesmes A, Bored O, Lunde H, et al: Cystathioninuria in Down's 
syndrome. J Ment Defic Res 33:261-265, 1989 

3. Rajinherc JR, van Gennip AH, Abeling NG, et al: Cystathionin- 
uria in patient with neuroblastoma. Med Pediatr Oncol 12:81-84, 1984 

4. Endres W, Wuttge B: Occurrence of secondary cystathioninuria in 
children with inherited metabolic disorders, liver disease, neoplasms, 
cystic fibrosis and celiac disease. Eur J Pediatr 129:29-35, 1978 

5. Endres W: Various forms of cystathioninuria. Fortschr Med 
100:460-464, t982 

6. Kodama H, Yao K, Kobayashi K, et al: New sulfur-containing 
amino acids in the urine of cystathioninuric patients. Physiol Chem 
Phys 1:72-76, 1969 

7. Kodama H, Ohmori S, Suzuki M, et al: New sulfur-containing 
amino acids in the urine of cystathioninuric patients: Supplementary 
data. PhysioI Chem Phys 2:287-292, 1970 

8. Kodama H, Ishimoto Y, Shimomura M, et al: Isolation of two new 
sulfur-containing amino acids from the urine of a cystathioninuric 
patient. Physiol Chem Phys 7:147-152, 1975 

9. Ohmori S, Kodama H, Ikegami T, et al: Unusual sulfur-containing 
amino acids in the urine of homocystinuric patients. III. Homocysteic 
acid, homocysteine sulfinic acid, S-(carboxymethylthio)homocysteine, 
and S-(3-hydroxy-3-carboxy-n-propyt). Pbysiol Chem Phys 3:286-294, 
1972 

10. Watanabe H, Fujita Y, Sugahara K, et al: Identification of 
NAc-HCPC and NAc-I3-CEC, and qualitative analyses of sulphur 
amino acids in the urine of a patient with cystathioninuria using liquid 
chromatography/atmospheric pressure ionization mass spectrometry. 
Biol Mass Spectrom 20:602-608, 1991 

11. Okada T, Takechi I", Wakiguchi H, et al: Identification of new 
cystathionine mono-oxo acids, S-(3-oxo-3-carboxy-n-propyl) cysteine 
and S-(2-oxo-2-carboxyethyl)homocysteine in the urine of a patient 
with cystathioninuria. Arch Biochem Biophys 305:385-391, 1993 

12. Abeles RH, Walsh CT: Acetylenic enzyme inactivators. Inactiva- 
tion of ",/-cystathionase, in vitro and in vivo, by propargylglycine. J Am 
Chem Soc 95:6124-6145, 1973 

13. Mmcotte R Walsh C: Active site-directed inactivation of cysta- 
thionine ~-synthetase and glutamic pyruvic transaminase by propargyl- 
glycine. Biochem Biophys Res Commun 62:677-682, 1975 

14. Tanase H, Morino Y: Irreversible inactivation of aspartate 
aminotransferases during transamination with L-propargylglycine. Bio- 
chem Biophys Res Commun 68:1301-1308, 1976 

15. Horiike K, Nishina Y, Miyake Y, et al: Affinity labeling of 

D-amino acid oxidase with an acetylenic substrate. J Biochem 78:57-63, 
1975 

16. Zhang J, Machida Y, Sugahara K, et al: Determination of 
D,L-propargylglycine and NAc-propargylglycine in urine and several 
tissues of D,L-propargylgtycine-treated rats using liquid chromatography- 
mass spectrometry. J Chromatogr B Biomed App1660:375-379, 1994 

17. Sasaki K~ Ageta T, Kodama H: Effect of D,L-propargylglycine on 
cystathionine metaboIism in rats. Biochem Int 4:i95-200, 1982 

18. Kodama H, Mikasa H, Sasaki K, et al: Unusual metabolism of 
sulfur-containing amino acids in rats treated with D,L-propargylglycine. 
Arch Biochem Biophys 225:25-32, 1983 

19. Machida Y, Zhang J, Hashimoto K, et al: Identification of 
perhydro-l,4-thiazepine-3,5-dicarboxylic acid, cystathionine mono- 
oxo acid, cystathionine ketimines, cystathionine sulfoxide and N- 
acetylcystathionine sulfoxide in the urine sample of D,L-propargylgly- 
cine treated rats. Physiol Chem Phys Med NMR 27:203-216, 1995 

20. Ricci G, Santoro L, Achilli M, et al: Similarity of the oxidation 
products of L-cystathionine by L-amino acid oxidase to those excreted 
by cystathioninuric patients. J Biol Chem 258:10511-105 t7, 1983 

21. Kodama H, lkegami T, Hirayama K, et aI: Effect of pyridoxine 
treatment of a cystathioninuric patient on the urinary excretion of some 
unusual sulfur-containing amino acids. Clin Claim Acta 51:29-34, 1974 

22. Pecci L, Antonucci A, Nardini M, et al: Detection of cystathio- 
nine and lanthionine ketimines in human urine. Biochem Int 17:877- 
883, 1988 

23. Kodama H, Nakamura H, Sugahara K, et al: Liquid chromatogra- 
phy-mass spectrometry for the qualitative analyses of iminodipeptides 
in the urine of patients with prolidase deficiency. J Chromatogr 
527:279-288, 1990 

24. Meister A: Biochemistry of the Amino Acids, vol 2 (ed 2). New 
York, NY, Academic, 1965, pp 757-818 

25. Awata S, Nakayama K, Kodama H: Effect of D,L-propargylgly- 
cine on cystathionine metabolism in rats. Biochem Int 8:I71-179, 1984 

26. Costa M, Pensa B, Fontana M, et al: Transamination of 
L-cystathionine and related compounds by a bovine liver enzyme. 
Possible identification with glutamine transaminase. Biochim Biophys 
Acta 881:314-320, 1986 

27. Nardini M, Kodama H, l~dcci G, et al: Enzymatic production of 
S-(2-hydroxy-2-carboxyethyl)homocysteine. Biochem Int 11:789-794, 
1985 

28. Ricci G, Vesci L, Matarese RM, et al: Detection of cystathionine 
ketimine in bovine cerebellum. J Neurochem 55:1599-1602, 1990 

29. Fontana M, Ricci G, Solinas SR et al: [35S]lanthionine ketimine 
binding to bovine brain membranes. Biochem Biophys Res Commun 
171:480-486, 1990 


