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Extract

The synthesis in rat and normal human liver homogenates of cystathionine from homoserine +cysteine
was studied. When cystathionine was used as substrate, cyst(e)ine was formed and incubation of liver
homogenate with homoserine-(-cysteine resulted in the formation of cystathionine.

Incubation of homogenate prepared from homocystinuric hVer with L-homoserine+DL-cysteine-
3-14G or DL-cysteine-35S resulted in the formation of labelled cystathionine. The identity of cystathio-
nine was established in three chromatographic separations.

Oral loading with homoserine and cysteine or cystine in two patients with homocystinuria resulted
in urinary excretion of cystathionine in amounts similar to that reported in normal human subjects
without amino acid loading.

Speculation

The observation that human and monkey brains contain much larger quantities of cystathionine than
those of other species [26] suggests a special relation of this amino acid to the normal development and
function of the primate brain. Cystathionine is either absent from or markedly deficient in the brain
of untreated homocystinuric patients [2, 9]. Since we have shown that synthesis of cystathionine from
homoserine and cysteine does take place in the patient's liver in vitro, supplementation of the diet with
homoserine and cysteine may prove effective in raising intracellular cystathionine concentration to-
ward the normal, and may possibly improve the prognosis in this disease.

Introduction Fatty infiltration was observed in the liver in all cases
examined [10]. MUDD et al. [16] demonstrated that

Homocystinuria was discovered by FIELD et al. [4] in there was a deficiency of cystathionine synthetase
Northern Ireland and by GERRITSEN et al. [8] in the (4.2.1.13) activity in the liver of a typical case who was
United States of America. The disorder is characterized mentally retarded (fig. 1). A paternal cousin of this
by mental retardation, iridodonesis, ectopia lentis, sei- patient, who was mentally normal but had homocystin-
zures, thrombo-embolic tendency, skeletal abnormal- uria, had cystathionine synthetase activity approxima-
ities such as osteoporosis, dolichostenomelia and arach- tely 10 % of that normally found in the liver [5]. It was
nodactyly [3, 23]. Intimal ridges were found in large also demonstrated that the brain of a homocystinuric
and medium arteries resulting from fibrous thickening patient was deficient in cystathionine synthetase, but
and fragmentation of elastic tissue in the vessel walls. had normal activities of cystathionase and methionine
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1 ATP: L-methionine S-adenosyltransferase (2.5.1.6).
2 S-adenosylmethionine: L-homocysteine S-methyl-

transferase (2.1.1.10)
3 S-adenosyl: L-homocysteinehydrolase (3.3.1.1).
4 Cystathionine synthetase (L-serine hydrolyase)

(4.2.1.13).
5 Cystathionase (L-homoserine hydrolyase) (4.2.1.15).
6 Homoserine deaminase (L-homoserine hydrolyase)

(4.2.1.15).
* Free homoserine is not normally a product of cysta-

thionase.
Numbers following enzymes refer to Enzyme Commis-
sion classification [29].

Fig. 1. Metabolic pathways of methionine.

activating enzyme [14]. The metabolic block in this
disorder resulted in the accumulation of methionine
and homocystine and a deficiency of cystathionine and
endogenous cystine [2, 3, 9].

The pathogenesis of mental deficiency in this disease
had not been defined. TALLAN et al. [26] found much
higher concentrations of cystathionine in the human
and monkey brains than in the brains of other animals;
SHIMIZU et al. [24] demonstrated that these high con-
centrations were not due to postmortem artifacts. These
findings have given rise to the suggestion that cysta-
thionine may be essential for the normal development
and function of the human brain. Supplementation of
cystathionine in the dietary treatment of homocystin-
urics, however, has never been attempted because of
the cost and high renal clearance of the amino acid [6].
The present study was undertaken to establish whether
cystathionine could be synthesized from homoserine
and cysteine in patients with homocystinuria.

Case Reports

Case 1 was a nine-year-old girl with the classical signs
and symptoms of homocystinuria, fair complexion,
malar flush, severe mental retardation, poor peripheral
circulation, an enlarged and palpable liver, and bilat-
eral dislocation of the lenses. She had prominent knock
knee and had suffered many 'salaam' attacks and gene-
ralized convulsions. Her electroencephalogram (EEG)
showed epileptic activity. Generalized osteoporosis was
observed in x-rays of her bones. Her urine was positive
for the cyanide-nitroprusside reaction; two-dimen-
sional paper chromatography of urine, after oxidation,
showed a strong spot of homocysteic acid. She had
been given a low methionine diet with cystine supple-
ment for three years. Her daily intake of methionine
was 480 mg (20 mg/kg of body weight) and her cystine
supplement was 1 g/day. On the first day of the experi-
ments, her levels in plasma, mg/100 ml of pertinent
amino acids, were: methionine, 0.6; homocystine, 0.2;
and cystine, 0.5.

Case 2, a. 4 %-year-old girl, was physically and men-
tally retarded (IQ, 73, 83 and 82 at 3 years 5 months,
4 years, and 4 years 7 months respectively). Several
episodes had been noted in which the child appeared
to be unable to see, had upward deviation of the eyes,
and was very vague. In addition, there had been one
left-sided convulsion. The EEG record showed a gene-
ralized excess of slow wave activity with no focal fea-
tures or epileptic discharges. Physical examination
showed that she had coarse hair, malar flush, clumsy
gait with her left foot twisted outwards, stiffjoints, and
nystagmus. Eye examination showed that she had com-
pound myopia, astigmatism, and iridodonesis. The
most recent examination showed an upward dislocation
of the right lens and some nasal dislocation of the left
lens. Her urine gave a positive cyanide-nitroprusside
reaction. Two-dimensional paper chromatography of
oxidized urine showed a strong spot of homocysteic
acid. She had been treated with a low methionine diet
(20 mg/kg of body weight) and cystine supplement
(1 g daily) for 1 year and 4 months. At the time of the
experiments, her plasma methionine level was 0.8 mg/
100 ml; homocystine was not detected. (Homocystine
had been detected on many previous occasions.)

Materials and Methods
Chemicals

Radioactive cystine (DL-cysteine-3-14C and DL-cy-
steine-36S) was obtained from the Radiochemical Cen-
ter, Amersham. The manufacturers stated that purity
by dilution analysis as S-carbamido-methyl-DL-cyste-
ine was 99 % and chemical purity by colorimetric esti-
mation with 5,5-dithiobis (2-nitrobenzoic acid) was
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101%. Purity by paper chromatography was not estab-
lished, since partial oxidation to cystine occurred even
when the cysteine was chromatographed in an atmos-
phere of'oxygen-free' nitrogen. Ion exchange chroma-
tograms of the 14C and 35S-cysteine showed neither
radioactivity nor ninhydrin positive substance at the
region of the chromatograms where cystathionine was
expected. A radioactive contaminant of 0.1 to 0.2 %
could have been detected by this method.

Cystathionine was obtained from the British Drug
House.

Ion Exchange Chromatography
Column chromatography of amino acids was carried

out by a modification of the method of PIEZ and MOR-
RIS [21], using a Technicon Amino Acid Autoanalyzer
with a column 0.55 cm in diameter and 130 cm in
length, packed with type 'A' chromo-beads. Total
running time was 21 hours. Methanol was not used in
the first and second chambers of the 'autograd', since
this was found to result in overlapping of the cystine
and methionine peaks, and of the cystathionine and
isoleucine peaks. The pH gradient as recommended in
the company's manual for a 0.55 cm column was used
because it gave good resolution of cystathionine from
cystine, methionine, and isoleucine. Thiodiglycol was
used as the antioxidant; norleucine was used as the
internal standard. The identity of the individual amino
acid was verified by adding authentic marker to the
samples. Duplicate runs gave reproducibility within
10 % in quantities above 0.01 /rniole.

Using a short column (65 cm) and the buffer gra-
dient recommended by the Technicon manual for pro-
tein hydrolysate (12 54-hour run), PERRY et al. [20]
found that the mixed disulfide of cysteine and homo-
cysteine emerged from the resin column at the same
point as norleucine, the internal standard. In the pres-
ent studies, a long column (130 cm) and the buffer
system for a 21 -hour run were employed. This system
permitted satisfactory separation of norleucine from
the mixed disulfide which was eluted from the column
after norleucine.

Collection of Fractions
A 'split stream technique' was used to collect frac-

tions of the effluent. This permitted definition of the
individual fractions in terms of the ninhydrin peaks as
recorded on the flow sheet.

Determination of Plasma and Urinary Amino Acids
To minimize adsorption of amino acids on plasma

proteins, heparinized venous blood was immediately
centrifuged and the plasma proteins were precipitated
with 5 volumes of 0.9 % picric acid. The excess picric
acid was removed by ion exchanger (Dowex 2, chloride

form, 200^-00 mesh). The samples were frozen at
-20° until required for analysis. A volume equivalent
to 0.5, 1.0 or 1.5 ml of plasma was used for column
chromatography.

Urine was collected after the method of BALDWIN
et al. [1]. Thymol was used as the preservative and all
samples were frozen at —20° until analysis. An aliquot
of 0.2, 0.4 or 0.6 ml was used for column chromato-
graphy.

Preparation of Liver Homogenate
In preliminary experiments, liver was obtained from

adult white rats. The rats were killed by a blow on the
head. The liver was immediately removed and washed
with cold 0.9 % saline. A piece of liver approximately
1 g in weight was cut with scissors into small fragments.
About 2 to 5 volumes of cold 0.2 molar phosphate
buffer, pH 7.5 (0.2 m-KH2PO4 adjusted with NaOH)
were added and the mixture was homogenized in a
glass homogenizer, cooled in ice. The homogenate was
centrifuged in a refrigerated centrifuge at 2-4° and at
2,000 x G for 20 minutes. The metabolism of cysta-
thionine was studied in this supernatant.

Specimens of normal human liver were obtained
from biopsies of adult patients who had gastrectomy or
cholecystectomy because of gallstones. In these pa-
tients, liver function tests were normal and, at opera-
tion, the livers were of normal appearance. Approxi-
mately 1 g of tissue was obtained at each biopsy and
was processed as described for the rat liver.

Liver was obtained from an open biopsy from Case 1.
The liver sample was processed in the manner describ-
ed for rat and control human tissue except that the
homogenate was not centrifuged, since no refrigerated
centrifuge was available. Instead, the homogenate was
kept in ice for 30 minutes to allow the large particles to
settle to the bottom of the tube before the supernatant
was removed for use in the experiments.

Incubation Mixture
A modification of the procedure of MATSUO and

GREENBERG [15] was used. Optimum incubation con-
ditions for human or rat liver homogenates were not
investigated. However, addition of sodium cyanide or
exclusion of oxygen by incubating in an atmosphere of
nitrogen did not improve the yield of cystathionine. The
incubation mixture contained 0.2 ml of buffered liver
supernatant (as described previously) and one or more
of the following substrates: cysteine, homoserine, homo-
cysteine, serine and cystathionine (see tables I through
VI). The final volume was 0.22 ml. Incubation was
carried out in air at 37° with constant shaking for 30
minutes or one hour. The reaction was terminated by
the addition of 0.8 ml of 0.9 % picric acid. After 10
minutes, sufficient Dowex 2 (chloride form) was added
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to produce a colorless solution and the mixture was
centrifuged. The clear supernatant was transferred to
the column and the precipitate was washed four times
with 2 ml of buffer pH 2.79 as used in the 'autograd'.
Each of the washings was transferred to the column.

Determination of Radioactivity
A modification of the method of GILL [11] was em-

ployed for the determination of radioactivity in the
fractions. An 0.5 ml aliquot of each fraction was applied
without desalting to a piece of rectangular glass fiber
paper (Whatman GF 81 0.25 mm thick) measuring
75 x 18 mm. The paper was dried under reduced pres-
sure at 60° and rolled into a cylinder for insertion into a
counting vial containing 10 ml of toluene with 0.5 %
2,5-diphenyloxazole. An automatic liquid scintillation
counter (Nuclear Chicago 702 series) was used for
counting. The efficiency of this method was 70 %.
Duplicate counts agreed within 2 to 3 %. No correction
for radioactive decay was made but the 'control samples'
of the experiments were always counted before the 'test
samples'. The specific activity of the labelled cysteine
was determined by diluting a known amount with the
buffer as used in the 'autograd' and counting it on glass
paper as described.

Calculation of Specific Activity
The specific activity of the labelled amino acids was

determined by: (a) calculation of the quantity of amino
acid by the ninhydrin reaction as recorded on the flow
sheet of the amino acid analyser; (b) determination of
the total radioactivity (counts per minute) correspond-
ing to the ninhydrin peak; and (c) calculation of the
specific activity as the total counts per minute per
fimole of amino acid, without correction for the effi-
ciency of the method of counting.

Localization of Radioactivity on Paper Chromatograms

Radioactive paper chromatograms were scanned in
a Nuclear Chicago Actigraph III.

Protein Determination
Protein determination on the liver supernatant was

carried out by a modification of the biuret method [18].

Results

Experiments with Rat Liver

Table I summarizes the experimental conditions and
results of incubations using nonradioactive substrates
and supernatant of homogenate of rat liver. It can be
seen that the supernatant contained only a small
amount of cystine (cysteine) and no detectable cysta-
thionine (tube 1-1). Very little cystathionine was form-

ed when L-cysteine or DL-homoserine was added to the
incubation mixture (tubes 1-2 and 1-3). On the other
hand, a substantial quantity of cystathionine was found
in the incubate containing both L-cysteine and DL-
homoserine (tube 1—4). More than twice as much cys-
tathionine was formed from DL-homocysteine-|-DL-
serine (tube 1-6) and much less without added serine
(tube 1-5). The formation of cystine (cysteine) from
cystathionine was demonstrated in tube 1-7. These ob-
servations confirmed the formation of cystathionine
from homoserine+cysteine in the rat liver first reported
by MATSUO and GREENBERG [15].

Experiments with Adult Human Liver

Table II summarizes the experimental conditions
and the results of incubations using the supernatant of
'normal' human liver homogenate of a biopsy from a
36-year-old female. It can be seen that the synthetic
and degradative reactions catalyzed by human liver
homogenate are qualitatively similar to those observed
in rat liver preparations. Cystathionine was synthesized
from homocysteine+serine (tube 2-5), but little or
nothing was obtained in the absence of exogenous serine
(tube 2-4). The synthesis of a small amount of cysta-
thionine from cysteine+homoserine is suggested by
the cystathionine found in tube 2-2. Addition of pyri-
doxal-5-phosphate and ATP did not improve the net
synthesis of cystathionine (tube 2-3).

Experiments with Infant Liver Obtained Post Mortem

Table III summarizes the experimental conditions
and results of incubations using the supernatant of a
liver homogenate from a one-year-old infant obtained
post mortem. It can be seen that whereas the blank tube
(tube 3—1) contained only a trace of cystathionine, the
test aliquot (tube 3-2) contained an amount of cysta-
thionine suggestive of synthesis from the added sub-
strates. Because of the small quantities of cystathionine
synthesized by human liver homogenates, it was de-
cided to use labelled cysteine in future experiments.

Experiments with Radioactive Cysteine
Table IV shows the results obtained with rat liver

supernatant and DL-cysteine-3-14C as one of the sub-
strates. The specific activity of the cysteine was 5.8 x 106

counts/min/,amole. Only a trace of labelled cystathio-
nine was formed on incubation with cysteine (tube
4-2). In the presence of homoserine and cysteine (tube
4-3), however, a considerable amount of cystathionine
was obtained. The specific activity of 6.3 X 106 counts/
min/^mole was virtually the same as that of the original
substrate.

Table V summarizes the results obtained with 'nor-
mal' human liver obtained from two control subjects
and labelled cysteine (DL-cysteine-35S or DL-cysteine-3-
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Table I. Rat liver homogenate
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Tube
No.

1-1
1-2
1-3
1-4
1-5
1-6
1-7

D L -

homoserine

_
-

4.0
4.0
-
—
-

L-cysteine
hydro-
chloride

-

4.0
-
4.0
-
_
-

Substrates

DL-cysta-
thionine

_
-
-
-
-
-

4.0

(,umole)

DL-homo-
cysteine

-
-
-
-

4.0
4.0
-

DL-serme

-
-
-
-
-

4.0
-

Products

Cysta-
thionine

N.D.1

0.008
trace
0.167
0.029
0.372
_ 3

(^tmole)

Cystine

trace
_ 2

trace
_ 3

_ 2

_ 2

0.022

All tubes contained supernatant of rat liver homogenate as enzyme source (2.56 mg liver protein) and were in-
cubated for 30 min.
1 Not detectable.
2 The cystine peak was obscured by the large methionine peak.
3 Concentration too high for accurate measurement by Technicon recorder.

Table II. Normal human liver homogenate

Tube
No.

2-1
2-2
2-31

2-4
2-5
2-6

DL-

homoserine

_

4.0
4.0
—
_
-

L-cysteine
hydro-
chloride

—

4.0
4.0
-
-
-

Substrates (ft

DL-cysta-
thionine

_
_
-
_
-

4.0

imole)

DL-homo-
cysteine

—
-
_

4.0
4.0
-

DL-serme

_
—
—

4.0
-

Products

Cysta-
thionine

0.003
0.009
0.006
0.004
0.063
_ 2

(/.mole)

Cystine

0.006
_ 2

_ 2

_ 3

_ 3

0.019

All tubes contained supernatant of'normal' liver homogenate (2.36 mg liver protein) from a 36-year-old female
(subject A) and were incubated for 60 min.
1 The incubation mixture also contained 50 yumole of pyridoxal-5-phosphate and 40 /*mole of ATP.
2 Concentration too high for accurate measurement.
3 The cystine peak was obscured by the large methionine peak.

Table III. Homogenate of infant liver obtained post mortem

Tube No.

3-1
3-2
3-3

Substrates (,umole) Products (yumole)

DL-homoserine L-cysteine • DL-cysta-
hydrochloride thionine

4.0 4.0

Cysta-
thionine
0.003
0.014

4.0

Cystine

0.019

0.036

All tubes contained supernatant of post-mortem human liver homogenate (5.45 mg liver protein) from an infant
who died of meningitis. Autopsy was performed 4 hours after death and the liver was frozen at -40° for 36 hours
before study. All incubations were for 30 minutes.
1 Concentration too high for accurate measurement.
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Table IV. Rat liver homogenate

Tube No. Substrates (,umole) Cystathionine

L-homoserine DL-cysteine-3-14C
hydrochloride

/tmole specific activity
cts/min/^mole

4-1
4-2
4-3

blank
control
test

-

2.0

_

1.98
1.98

N.D.1

trace
0.033

_ 2

6.3xlO«

All tubes contained supernatant of rat liver homogenate (1.45 mg liver protein) and were incubated for 60 min.
1 Not detectable.
2 Total counts: 1.1 X 104 cts/min.

Table V. Normal human liver homogenate

Tube No.

5-1
5-2
5-3
5-4
5-5
5-6

blank
control
test
blank
control
test

L-homo-
serine

_

-

2.0
-
-
2.0

Substrates (/onole)

DL-cysteine- DL-cysteine-35S
3-14C hydro- hydro-
chloride chloride

_ _
2.44
2.44

- _
1.98
1.98

/jmole

trace
0.012
0.014
trace
0.002
0.034

Cystathionine

specific
activity
cts/min/jMmole

_

23.1 xlO 6

44.1 xlO 6

-
_ i

1.9xlO6

Tubes 5-1 to 5-3 contained supernatant of'normal' human liver homogenate (12.08 mg liver protein) from a
24-year-old female (Subject B). Tubes 5-4 to 5-6 contained supernatant of 'normal' human liver homogenate
(18.38 mg liver protein) from a 47-year-old male (Subject C). All incubations were for 60 min.
1 Total counts: 2 X 103 cts/min.

Table VI. Homocystinuric liver homogenate

Tube No. Substrates (,amole)

L-homo- DL-cysteine- DL-cysteine-35S
serine 3-14C hydro- hydro-

chloride chloride

Cystathionine

/jmole specific
activity
cts/min/^mole

6-1
6-2
6-3
6^t
6-5

blank
control
test
control
test

-
-

2.0
_
2.0

-
-
-
2.47
2.47

-
2.44
2.44
-

N.D.1

N.D.
0.042
N.D.
0.022

13.6xlO6

_ 3

5.7xlO6

All tubes contained supernatant of liver homogenate (11.78 mg liver protein) from a homocystinuric patient
(case 1) and were incubated for 60 min.
1 Not detectable.
2 Total counts: 3 x 104 cts/min.
3 Total counts: 1 X 103 cts/min.
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14C, with specific activities of 41.Ox 106 counts/min/
jumole and 5.8 X 106 counts/min/,umole respectively).
A small amount of cystathionine was found in the in-
cubates containing either cysteine-35S alone (tube 5-2)
or cysteine-35S + homoserine (tube 5-3). Cystathionine
in both experiments was labelled, but the specific ac-
tivity was higher in the latter from tube 5-3. Super-
natant obtained from Subject C yielded little cystathio-
nine, labelled or unlabelled, on incubation with DL-
cysteine-14C (tube 5-5), and considerably more of both
when homoserine was also present (tube 5—6).

In the case of the homocystinuric patient (Case 1),
the liver homogenate was not contrifuged. Instead, the
homogenate was kept in ice for 30 minutes before ali-
quots were pipetted into tubes 6-1 to 6-5 (table VI).
For this reason, we believe that the supernatant was
somewhat less homogeneous than that obtained from
human control and rat livers. Incubations were carried
out with or without added homoserine and cysteine.
The specific activity of the DL-cysteine-35S was 14.5 X
106 counts/min//^mole and that of DL-cysteine-3-14C
was 5.8 x 106 counts/min/^umole. The results of these
incubations are shown in table VI, from which it can
be seen that no cystathionine was formed during incu-
bation in the absence of homoserine (tubes 6-2 and
6-4). When both homoserine and labelled cysteine
were present, however, cystathionine was synthesized
(tubes 6-3 and 6-5). The specific activities of the cysta-
thionine formed from 35S and 14C-cysteine were close
to the specific activities of the labelled substrates.

Figures 2, 3, 4 and 5 show the chromatograms of in-

600 -i

-5 400 -
E
2 200 -

0.4 -

n 0.2-

Fig. 3. Part of the column chromatogram and the radio-
activity of the corresponding fractions of incubate 6-3.
The ninhydrin peaks same as figure 2, C = cystathio-

•600 -i

[400 -

! 200 -

0.4 -]

Fig. 4. Part of the chromatogram and the radioactivity
of the corresponding fractions of incubate 6—4. The
ninhydrin peaks same as in figure 2.

Fig. 2. Part of the column chromatogram and the ra-
dioactivity of the corresponding fractions of incubate
6-2. The ninhydrin peaks (lower curve) are: A = cys-
tine, B = methionine, D = isoleucine, E = leucine and
F = norleucine. The total radioactivity (in counts per
minute) of each fraction is shown on the upper tracing.

Fig. 5. Part of the chromatogram and the radioactivity
of the corresponding fractions of incubate 6-5. The
ninhydrin peaks same as figure 3.
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Fig. 6. Paper chromatogram of peak C from tube 6-3
(butanol: acetic acid: water) and radioactivity tracing
of the chromatogram.

Fig. 7. Paper chromatogram of peak C from tube 6-3
(methanol: water: pyridine) and radioactivity tracing
of the chromatogram.

cubates 6-2, 6-3, 6-4 and 6-5 respectively. It can be
seen that the cystathionine peaks obtained in tubes 6-3
and 6-5 are coincident with the radioactive peaks. To
verify the identity of these peaks, the three fractions
containing the highest counts (corresponding to cysta-
thionine) were partitioned by unidimensional paper
chromatography with an authentic cystathionine mar-
ker. Two different solvent systems were used: butanol:
acetic acid:water (120:30:50 by vol) and methanol:
water: pyridine (160:40:8 by vol) [25]. Thechromato-
grams were scanned for radioactivity and then stained
with 0.1% ninhydrin in butanol. It can be seen from
figures 6 to 9 that on all chromatograms there was only
a single major radioactive peak which coincided with
a single ninhydrin marker spot. The Rp of the marker
was 10 in butanol:acetic acid: water and 19 in metha-
nol : water: pyridine, and was the same as that reported
for cystathionine [25]. It was concluded, therefore, that
the radioactive material appearing in the cystathionine
position on column chromatography was truly cysta-
thionine.

Loading Experiments

Two days before the experiment, Case 1 was given
100 mg of pyridoxine intramuscularly. One day before
the experiment, column chromatography of plasma
and urine showed no ninhydrin peak in the cystathio-
nine position. None had been found on several previous
occasions while the patient was on the same standard
low methionine diet she received during the experi-
ment. On the morning of the experiment, an intra-
muscular injection of 100 mg of pyridoxine and an oral
load of L-cystine and DL-homoserine (100 mg of each
amino acid per kg of body weight) were given at 9 a.m.,
and a similar dose of amino acids was given at 12 noon.
The standard low methionine diet was given at the
usual meal times. Venous blood was obtained at 0, 2, 4
and 6 hours after the first loading; urine was collected
continuously for 24 hours in 6-hour periods. The pa-
tient had diarrhea for 24 hours after loading. The diar-
rhea was not infective in origin. Tables VII and VIII
show the concentrations of the relevant amino acids in
the plasma and urine respectively. It can be seen from
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Fig. 8. Paper chromatogram of peak C from tube 6-5
(butanol: acetic acid: water) and radioactivity tracing
of the chromatogram.

Z

o
O

Fig. 9. Paper chromatogram of peak C from tube 6-5
(methanol: water: pyridine) and radioactivity tracing
of the chromatogram.

table VII that before loading, the concentration of
cystine in the patient's plasma was less than normal,
suggesting that the total amount ingested daily was
low. Poor intestinal absorption of cystine from the load
is suggested by the complete absence and the low plas-
ma concentration of cystine at 2 and 4 hours respec-
tively, and by the small amount excreted in the urine.
While cystathionine was found in the urine after load-
ing, this amino acid could not be detected in the plasma.

Case 2 was given 100 mg of pyridoxine intramuscu-
larly the day before and during the experiment. No
cystathionine had been detected in the plasma or urine
on many occasions prior to the load. To overcome the
diarrhea and the poor intestinal absorption of cystine

encountered in Case 1, L-cysteine hydrochloride was
substituted for cystine. (Cysteine was reported to be
absorbed much more efficiently than cystine [22].)
Seventy nag/kg of body weight of cysteine and of homo-
serine was given to Case 2 at 9 a.m., at 12 noon and at
4 p.m. No diarrhea was observed during the next 24
hours or subsequently. Tables IX and X show the rele-
vant amino acid concentrations in her plasma and
urine. From table IX it is clear that cysteine loading
resulted in higher concentrations of cystine (cysteine)
in the plasma and moderate excretion in the urine.
The amount of cystathionine excreted in the urine was
higher than that in Case 1. Again, no cystathionine was
detectable in the plasma at any time after the loads.
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Table VII. Plasma amino acids (^mole/ml), Case 1

Hours after first loading 0 Normal range

Homoserine
Cystine
Methionine
Cystathionine
Homocystine

N.D.1

0.009
0.044
N.D.
0.006

0.109
N.D.
0.057
N.D.
0.004

0.145
0.014
0.035
N.D.
0.003

1 Not detectable.
2 Concentration too high for accurate measurement by Technicon Recorder.
3 From GERRITSEN and WAISMAN [9].

N.D.
0.045-0.077
0.011-0.016
N.D.
N.D.

Blood sample at the 6th hour after loading was lost due to accidental breakage of container.
1 Not detectable.

Table VIII. Urine amino acids (,umole/6 h), Case 1

Hours after
first loading

Volume
Homoserine
Cystine
Methionine
Cystathionine
Homocystine

-6 toO

115 ml
N.D.1

N.D.
2.68
N.D.
9.80

0 to6

137 ml
2

N.D.
11.00
1.40

47.80

6 to 12

98 ml
2

1.70
5.51
1.52

23.00

12 to 18

60 ml
2

0.90
9.20
0.90

26.00

18 to 24

215 ml
335.00

1.90
7.60
0.63

43.30

Total
24 hours

625 ml
2

4.50
33.30
4.45

150.30

Normal range
24 hours

N.D.
0-137
20-80
4.0 3

N.D.

Table IX. Plasma amino acids (/^mole/ml), Case 2

Hours after
first loading

Homoserine
Cystine
Methionine
Cystathionine
Homocystine

1 Not detectable.

Hours after
first loading

Volume
Homoserine
Cystine
Methionine
Cystathionine
Homocystine

0

N.D.1

0.029
0.028
N.D.
0.034

2

0.470
0.127
0.060
N.D.
N.D.

Table X. Urine

-6 toO

124 ml
N.D.1

10.70
4.18

N.D.
5.20

0 to 6

196 ml
2

23.00
7.76
2.82
3.00

5

0.466
0.089
0.020
N.D.
N.D.

amino

6 to 12

40 ml
2

3.20
2.12
0.73
4.37

10

0.291
0.061
0.019
N.D.
N.D.

12

0.150
0.046
0.056
N.D.
N.D.

acids (jumole/6 h), Case 2

12 to 18

73 ml
2

11.80
6.25
7.85
1.13

18 to!

43 ml
2

3.09
1.60
trace
1.40

24 Total
24 hours

352 ml
2

51.09
17.73
11.40
9.90

Normal range

N.D.
0.045-0.077
0.011-0.016
N.D.
N.D.

Normal range
24 hours

N.D.
0-137
20-80
4.03

N.D.

1 Not detectable.
2 Concentration too high for accurate measurement by Technicon Recorder.
3 From GERRITSEN and WAISMAN [9].
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Discussion

MATSUO and GREENBERG [15] crystallized an enzyme
from rat liver that cleaved cystathionine into cysteine
and homoserine; the latter is not released into the me-
dium but is deaminated to a-oxobutyrate. This crystal-
line enzyme, cystathionase, also catalyzes the forma-
tion of cystathionine from homoserine and cysteine.

It is apparent from table I that in liver homogenates
of rats, cystathionine can be synthesized from homo-
cysteine and serine, as well as from homoserine and
cysteine, and that the cystathionine is cleaved into
cysteine (and presumably a-oxobutyrate). Thus the
amount of cystathionine found in the incubates is the
resultant of at least three reactions, synthetic and degra-
dative, occurring simultaneously.

Homogenates of human liver are also able to synthe-
size cystathionine from homoserine and cysteine. Al-
though the amount of cystathionine found in these
homogenates was small, experiments with 14C and
35S-cysteine show clearly that the label is incorporated
into cystathionine.

A similar incorporation of label had been demons-
trated in a case of homocystinuria. Cystathionine was
found only in the incubates containing both homo-
serine and cysteine, and the specific activities were close
to those of the substrates, suggesting that, in this pa-
tient, all of the cystathionine had been synthesized
from the exogenous substrates.

The experiments using oral loading with amino
acids have shown that cystathionine is excreted in the
urine of the homocystinuric patients after administra-
tion of homoserine and cystine or preferably, cysteine.
Cystathionine could not be detected in the plasma even
when 1.5 ml was chromatographed by column chro-
matography. The urinary excretion rate is similar to
that reported in normal individuals without amino
acid loading by GERRITSEN and WAISMAN [9] and by
BRENTON <?£ aL [2].

In the treatment of homocystinuria, a low methio-
nine intake with cystine supplement has been tried
[13, 19], on the assumption that excess methionine or
its metabolites and the deficiency of cystine are the
damaging factors. The long-term prognosis remains in
doubt, however, as several children have been reported
to be apparently normal in the first years of life. The
importance of cystathionine, especially in the develop-
ment and function of the brain, is unknown.

Our studies indicate a possible means of providing
these patients with cystathionine. Although the amino
acid could not be detected in the patient's plasma, it
should be remembered that cystathionine is not nor-
mally present in plasma in sufficient concentration to
be measured by these methods. It must be assumed,
therefore, that the brain is able either to concentrate

cystathionine transported there from the liver or to
synthesize it in situ. It would appear from the observa-
tions of HOPE [12], GAITONDE and RICHTER [7] and

MUDD etal. [17] that cystathionine is mainly produced
in situ in the brain. We do not know if cystathionine can
be synthesized from homoserine and cysteine in the
brain and, if it is, whether adequate concentration of
homoserine and cysteine could be built up locally to
make good the deficiency arising from the cystathio-
nine synthetase defect. Ultimately, determination of
cystathionine in different tissues, especially the brain,
will be the only valid evidence for the biochemical suc-
cess or failure of the dietary supplement. Meanwhile,
the findings presented here would seem to warrant an
investigation of the effect of prolonged administration
of homoserine. If this can be shown to be harmless, its
use, in conjunction with cysteine, may be of value in
raising the intracellular concentration of cystathionine
and may possibly improve the prognosis of homocysti-

Summary

1. Rat and normal human liver homogenates were
demonstrated to catalyzse the formation of cystathio-
nine from homocysteine and serine, as well as from
homoserine and cysteine.
2. Formation of labelled cystathionine was demonstrat-
ed from DL-cysteine-3-14C or DL-cysteine-35S and L-ho-
moserine in a liver homogenate from a homocystinuric
patient. The specific activities of the cystathionine were
close to those of the substrates.
3. Oral loading of cystine or cysteine, together with
homoserine in two patients with homocystinuria, re-
sulted in urinary excretion of cystathionine.
4. These findings suggest that supplementation of the
homocystinuric patient's diet with homoserine and
cysteine may be effective in raising the intracellular
concentration of cystathionine and may possibly im-
prove the prognosis of the disease.
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