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Although extracts of ileum and rectal mucosa possessed some activity, it was insufficient for ade-
quate assays.

The patient (L.C.) was a mentally retarded 13-year-old white male who has been shown to
have cystathioninuria.® Dr. Stanely Berlow referred him for the present study. Twenty-four
mg of liver tissue were obtained by percutaneous biopsy while the patient was under light nitrous
oxide anesthesia. He was receiving chronic treatment with pyridoxine hydrochloride, 100 mg;
the phenothiazine tranquilizer, thioridazine, 50 mg; and desiccated thyroid, 100 mg daily. Liver
specimens obtained by laparotomy or percutaneous biopsy from patients with various diseases
constituted the control group. Some specimens had been frozen for varying periods of time prior
to assay. We have shown previously® that cystathionase activity is relatively stable under these
conditions. Methods for extraction and assay of methionine-activating enzyme [ATP: L-
methionine-S-adenosyltransferase (E.C.2.5.1.6)], cystathionine synthase, and cystathionase have
been published previously.® In principle, the cystathionase assay is based upon conversion of
cystathionine-2-C!4 (label in 4-carbon moiety) to a-ketobutyrate-2-C!4, and separation of these
compounds by ion exchange chromatography.

L-Homoserine-U-C14 was prepared from L-methionine-U-C!* (New England Nuclear Corp.)
by a modification of the method of Flavin et al.? o-Keto-y-hydroxybutyrate-C!4 was prepared with
amino acid oxidase. Details of these preparations will be published.?

Microassay for homoserine dehydratase: Homoserine dehydratase catalyzes conversion of homo-
serine to a-ketobutyric acid. The assay depends on separation of the product a-ketobutyrate-C!4
by use of Dowex 50 (H*) which retains homoserine. During preliminary experiments, we ob-
served evidence of a second enzyme-dependent reaction of homoserine which produced a-keto-v-
hydroxybutyric acid. This product accounted for 20-409, of the keto compound formed during
incubation of homoserine with crude extracts of control human liver.? Therefore, when such
extracts were assayed for homoserine dehydratase, it was necessary routinely to separate the
products of the two reactions by paper chromatography.

The reaction mixture was similar to that of Matsuo and Greenberg’ and contained the follow-
ing, in micromoles: Tris-HCl, pH 8.4, 25; a-ketobutyric acid, 0.9; pyridoxal phosphate, 0.2;
EDTA, 2; r-homoserine-U-C4, 0.52 containing 2 X 10° cpm. The final volume, after the addi-
tion of the tissue extract, was 0.25 ml and incubation was at 37° for 60 min. The reaction mixture
was diluted with 2.75 ml of iced water and was passed through a column of Dowex 50-X4 (H*),
200-400 mesh, 0.9 X 4.0 cm. The column was washed with 5 ml of water and the total eluate
was collected. The radioactivity of an aliquot was determined and the remainder of the eluate
was used to prepare the 2,4-dinitrophenylhydrazone derivatives.® These derivatives were chro-
matographed on Whatman #1 paper by use of n-butanol saturated with 39, ammonium hydroxide.
After development, the chromatogram was cut into 1-cm strips and the radioactivity of each
strip was determined. The radioactivity separated into four areas: two corresponding to the 2,4-
dinitrophenylhydrazone of a-keto-y-hydroxybutyric acid, and two to the 2,4-dinitrophenyl-
hydrazone of a-ketobutyric acid. The fraction of the total radioactivity corresponding to the 2,4-
dinitrophenylhydrazone of a-ketobutyrate was determined. This fraction multiplied by the total
radioactivity in the column eluate gave a value for a-ketobutyrate production. Recoveries of the
2,4-dinitrophenylhydrazones of the products were comparable during the extraction procedure.

Results.—Cystathionase activity in the liver of a patient with cystathioninuria:
The activities of methionine-activating enzyme and cystathionine synthase in the
extract of liver from the patient with cystathioninuria were within the control range
(Table 1). In contrast, the value for cystathionase activity was 5 per cent of the
mean control value and 13 per cent of the lowest control value. Since the control
group contained some individuals with hepatic disease, it is possible that the normal
mean value for hepatic cystathionase is different from 14 mumoles/mg protein/30
min. When added pyridoxal phosphate was omitted from the standard reaction
mixture, both control extract® and the extract from L.C. showed approximately a
25 per cent decrease in cystathionase activity.

The extract of the patient’s liver did not inhibit cystathionase activity of control
liver. Most of the radioactive material remaining in the incubation mixture after
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TABLE 1
AcTIvITIES OF CYSTATHIONASE AND CONTROL ENZYMES IN THE EXTRACT OF LIVER
FROM A PATIENT WITH CYSTATHIONINURIA

Methionine-
activating Cystathionine

enzyme synthase Cystathionase
(mumoles/mg (mgmoles/mg (mumoles/mg
protein/60 min) protein/135 min) protein/30 min)
Control group
Number of patients 17 15 12
Mean result 7.1 258 14
Range of values 4.3-14.5 133-610 6.0-24
Cystathioninuria 4.6 142 0.75

_ Assays were performed under standard conditions. The values for controls are taken from our pre-
vious publications.10-13

TABLE 2

Facrors INFLUENCING HOMOSERINE DEHYDRATASE ACTIVITY IN
ExTRACTS OF HUMAN LIVER

a-Ketobutyrate formed

Conditions (mpmoles)

Complete system 10.6
Omit pyridoxal phosphate 4.4
Increase pyridoxal phosphate to 1.0 umole 10.3
Omit a-ketobutyric acid 7.2
Omit EDTA 5.4
Add 2-mercaptoethanol, 0.0125 umole 10.4
Increase 1.~-homoserine to 2.0 umoles 24.

The complete system is described in the text. Extracts of human liver containing 0.56
mg protein were used. Incubation was for 60 min. These tissues had been stored frozen
prior to extraction.

the assay of the patient’s liver extract was proved to be cystathionine. A calcula-
tion based on the data of Brenton et al.* showed that the amount of cystathionine
present in the extract of the patient’s liver was probably no more than 10-15 per
cent of that routinely added to the reaction mixture. These observations indicate
that the cause of the low cystathionase activity in the liver extract from L.C. was
not (a) the presence of a dissociable inhibitor, (b) consumption of cystathionine by a
side reaction, or (c) a lowering of the specific activity of the substrate by endogenous
cystathionine.

The small apparent activity in the cystathioninurie liver extract was indeed cys-
tathionase, since the radioactive reaction product was characterized as a-keto-
butyrate by incubation of 0.24 mg of liver protein with five times the standard
cystathionine-C'* concentration for 60 min. The product’s 2,4-dinitrophenylhydra-
zone derivative was prepared, isolated, and hydrogenated® and the resultant amino
acid was shown to migrate with a-aminobutyrate during paper chromatography
using 2-propanol, 70; formic acid (88%,), 10; water, 20 and tert-butanol, 70; formic
acid (88%,), 15; water, 15.

Homoserine dehydratase: Homoserine dehydratase activity in extracts of human
liver is maximal at pH 8.4. Enzymatic activity was reduced significantly in the
absence of pyridoxal phosphate or EDTA (Table 2). Increase in the standard
cencentration of pyridoxal phosphate did not increase the reaction rate; 2-mer-
captoethanol had no effect. Omission of the carrier a-ketobutyrate reduced ac-
tivity about 30 per cent. In the presence of carrier, a-ketobutyrate-C* recovery
was greater than 90 per cent. The standard concentration of homoserine is in-
sufficient to attain maximal velocity. Product formation was linearly proportional
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Z 51 . Fi1e. 1.—Homoserine dehydratase and cysta-
S : .- OMOseTn

3 thionase activities in liver extracts prepared from
: control patients and a patient witE cystathioni-
g nuria. The assays were performed under the
3 standard conditions. Homoserine dehydratase
g 1o- . results are given as mumoles/mg protein/60
3 min and cystathionase results as mumoles/mg
2 .., protein/30 min. The cystathioninuric patient
& 1s represented by A. The values obtained from
g 4L extracts of two biopsy specimens from patient
3 C.B. are designated as m. The first biopsy
z . (lower values) was performed before therapy was
b instituted, and the second biopsy (higher values)
g . was obtained after 1 month of treatment (see

1 1 1 1 L text).

1 30 4
HOMOSERINE DEHYDRATASE, muMOLE /MG PROTEIN/60 MIN.

to amount of added liver extract from 0.14 to 0.56 mg protein and to the duration
of incubation up to 90 min.

Homoserine dehydratase activity in extracts of control specimens of human
liver ranged from 15.0 to 72.2 mumoles/mg protein/60 min. A lower value, 7.1
mumoles/mg protein/60 min, was found in a specimen obtained from C.B., an
alcoholic with a markedly fatty liver. At the time of biopsy, physical examination
revealed evidence of severe vitamin deficiency. A repeat liver biopsy after 1
month of improved nutritional intake with vitamin supplementation showed con-
siderable improvement histologically, and repeat enzyme studies demonstrated an
increase in cystathionase from 3.2 to 7.9 mumoles/mg protein/30 min and in homo-
serine dehydratase to 15.8 mumoles/mg protein/60 min. Hope reported cystathio-
ninuria in rats depleted of pyridoxal phosphate and attributed it to deficient
cystathionase activity.!* Possibly, at the time of the initial biopsy C.B. was
deficient in vitamin Bs. We have excluded the values obtained for this specimen
from the control series.

Values for homoserine dehydratase are proportional to simultaneously determined
cystathionase values (Fig. 1). This is compatible with the hypothesis that the two
enzymes are identical in human liver.

Homoserine dehydratase activity of the liver extract from the cystathioninurie
patient was 2.9 mumoles/mg protein/60 min, 8 per cent of the mean control value
and 19 per cent of the lowest acceptable control value (Table 3). The ratio of
activity of cystathionase to homoserine dehydratase in the extract of the liver of
the cystathioninuric patient was similar to the ratio found in the control group.

During these experiments, we also found that the liver extract of the patient with
cystathioninuria formed a-keto-y-hydroxybutyrate at a rate of 31 mumoles/mg
protein/hr, a value within the present control range of 9.2-48.1 mumoles/mg pro-
tein/hr.?

Discussion.—These studies demonstrate that congenital cystathioninuria in man
is secondary to a specific defect in the activity of cystathionase. This enzymatic
defect explains the increased tissue!—* and serum? levels of cystathionine found in
such- patients and the presence of cystathionine in the urine. Evidence from
the study of patients with cystathionine synthase deficiency suggests that cysta-
thionine is an obligatory intermediate in the major pathway for conversion of the
sulfur of methionine to inorganic sulfate.’® Therefore, a deficiency of cystathionase
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TABLE 3

Activity oF HOMOSERINE DEHYDRATASE IN THE EXTRACT OF LIVER
FROM A PATIENT WiTH CYSTATHIONINURIA

Homoserine dehydratase a-Ketobutyrate
(mpmoles/mg protein/60 min) (% total keto acid)

Controls

M.E. 15.0 60

C.B. 15.8 89

P.C. 22.8 64

C.F. 27.4 76

M.B. 49.6 68

L.H. 72.2 60
Cystathioninuria

L.C. 2.9 8

Assays were performed under the standard conditions described in the text. The column
eluate was treated with 2,4-dinitrophenylhydrazine and the resultant derivatives were ex-
tracted and chromatographed. The percentage of the radioactivity applied to the paper which
was inseparable from the 2,4-dinitrophenylhydrazone of a-ketobutyric acid is given as a-keto-
butyrate, per cent total keto acid. a-Keto-y-hydroxybutyric acid 2,4-dinitrophenylhydrazone
accounted for the remainder of the radioactivity.

might lead to subnormal concentrations of cyst(e)ine in the plasma and to decreased
excretion of inorganic sulfate. Both these findings have been reported.? Neither
homocyst(e)ine nor methionine accumulate? nor would they be expected to, since
the enzymatic synthesis of cystathionine is essentially irreversible.

The possibility that the hepatic cystathionase activity of L.C. was low due to an
environmental factor rather than to a genetic lesion was considered. At the time
of biopsy, L.C. was receiving desiccated thyroid. Doses of L-thyroxine which cause
severe thyroid toxicity decrease cystathionase activity in rat liver.1®—® However,
the amount of thyroid L.C. was receiving (100 mg/day) is likely to have resulted
only in suppression of production of an equivalent amount of endogenous hormone.
Clinically, L.C. appeared euthyroid and his serum protein-bound iodine was normal
(5.1 ug per 100 ml). Furthermore, rats given five times the equivalent of the
above dose of thyroid do not have a decreased specific activity of hepatic cysta-
thionase.!* At the time of biopsy, L.C. was receiving thioridazine. Control ex-
periments have shown that administration of equivalent or higher doses of this
drug to rats does not change hepatic cystathionase.’®* The activity of cystathionase
in rat liver is increased by a high casein diet? and by high doses of methionine.?
L.C. was taking a normal diet when studied. Therefore, the evidence suggests it is
most unlikely that environmental factors caused the deficiency of hepatic cys-
tathionase activity in L.C.

Our studies indicate that a second enzyme activity, homoserine dehydratase, is
deficient in cystathioninuria. This finding, and the observation that the ratio of
cystathionase to homoserine dehydratase in human liver is relatively constant,
suggests that a single protein catalyzes both reactions in man (as in the rat”). In
the mammal, homoserine is formed from methionine?! and may accumulate in the
liver after methionine administration.?? Deamination of homoserine to a-keto-
butyrate by homoserine dehydratase is the primary reaction in the catabolism of
homoserine.2? The metabolic effects of a deficiency of this enzymatic activity are
unknown, but cystathioninuric patients offer a means to investigate this question.

Evidence has been advanced to indicate that rat liver cystathionase catalyzes
also the desulfuration of cystine?* and cysteine.—% Sufficient material was not
available to enable us to investigate whether the patient deficient in cystathionase
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also has defects in these enzymatic activities. However, this possibility should be
considered in future studies of cystathioninuria.

Pyridoxal phosphate is a cofactor for rat liver cystathionase.”® Frimpter? ob-
served that administration of pyridoxine to a cystathioninuric patient decreased
cystathionine excretion and increased sulfate excretion. During our present
studies, we assayed the extract of liver from the cystathioninuric patient both with-
out added pyridoxal phosphate and with pyridoxal phosphate added at a concen-
tration sufficient to achieve a maximal rate with the enzyme from control liver
specimens. The stimulation due to added pyridoxal phosphate was about 33 per
cent, the same as that noted in extracts from control patients. Since the patient
with cystathioninuria was being treated with pyridoxine at the time of the liver
biopsy, our studies show that in spite of both ¢n vitro and ¢n vivo administration of
vitamin Bs, cystathionase activity in this patient could not be restored beyond a
level far below normal. It is possible, although unlikely, that the extract from our
patient would have been further stimulated upon addition of pyridoxal phosphate to
a concentration beyond that required to attain a maximal velocity with extracts
from control patients. This point could not be tested due to lack of tissue. Non-
enzymatic degradation of cystathionine in the presence of pyridoxal phosphate has
been reported.?® It is possible that the reported? decrease in cystathionine ex-
cretion after pyridoxal administration reflects this reaction rather than an in-rease
in cystathionase activity.

After our experiments with the extract from L.C. had been completed,® Frimpter
reported cystathionase assays on extracts of liver tissue from two cystathioninuric
patients.3! He found both these extracts to possess a greatly decreased activity of
cystathionase. In vitro addition of pyridoxal phosphate, at an unspecified concen-
tration, stimulated the cystathionase activities of these extracts, in one case to a
value within the control range. This difference from our findings may reflect true
differences between the patients studied or may be due merely to differences in the
assay conditions. Frimpter used a 3-hr incubation. Matsuo and Greenberg re-
ported that rat liver cystathionase activity is not linearly proportional to time during
such a period,” and we have confirmed their observation using extracts from human
liver. Frimpter determined the rate of reaction by measuring the accumulation of
cystine. No data was presented concerning the recovery of this compound under
the conditions of his experiments. On the basis of his findings, Frimpter suggested
the important possibility that there is a “structural alteration of the apoenzyme,
resulting in failure to combine normally with the coenzyme.”’3!

Cystathionase deficiency is the second instance in which an enzymatic lesion has
been defined in the transsulfuration pathway in man. Previously, it has been shown
that patients with the syndrome of homocystinuria are defective in cystathionine
synthase.!! The availability of mutants lacking discrete steps in this pathway
makes it possible to clarify a number of biochemical problems. For example, the
finding of normal cystathionase activity in patients with cystathionine synthase
deficiency suggests that the level of cystathionase is not affected by a substantial
decrease in the load of cystathionine presented for metabolism.® In cystathioninuria
there is a marked accumulation of cystathionine in the tissues.!:*+ The level of
cystathionine synthase activity in such tissue offers an index of the degree of control
of accumulation of this enzyme by its metabolic product. The value of the specific
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activity of hepatic cystathionine synthase in L.C. was toward the lower extreme of
the control range, suggesting that this enzyme is not markedly repressed by an ab-
normally high concentration of cystathionine. Further studies are needed to
determine if a moderate degree of repression exists.

Summary.—(1) Cystathionase activity was markedly reduced in an extract
from the liver of a patient with idiopathic cystathioninuria. Activities of methio-
nine activating enzyme and cystathionine synthase were within the normal range in
this extract.

(2) A sensitive, radiochemical assay for homoserine dehydratase has been de-
veloped. By use of this assay, the liver extract from the cystathioninuric patient
was shown to be deficient also in homoserine dehydratase.

(8) The ratio of homoserine dehydratase/cystathionase activities in liver ex-
tracts is relatively constant, a finding which is consistent with the hypothesis that
the two activities are properties of a single enzyme.

(4) The cystathionase activity of the extract from the liver of the patient with
cystathioninuria was not stimulated more than were controls by the in vitro addi-
tion of pyridoxal phosphate. The role of pyridoxal phosphate in this syndrome is
discussed.

! Harris, H., L. S. Penrose, and D. H. H. Thomas, Ann. Human Genet., 23, 442 (1958).

2 Frimpter, G. W., A. Haymovitz, and M. Horwith, New Engl. J. Med., 268, 333 (1963).

3 Efron, M. L., New Engl. J. Med., 272, 1107 (1965).

4 Brenton, D. P., D. C. Cusworth, and G. E. Gaull, Pedzatrics, 35, 50 (1965).

8 Enzyme nomenclature in the present paper generally follows the latest recommendations
in Enzyme Nomenclature: Recommendations 1964 of the International Union of Biochemistry (New
York: Elsevier, 1965). The term cystathionase has been retained rather than the designation
homoserine dehydratase (E.C.4.2.1.15) because, until the findings reported here, no proof was avail-
able that the human enzyme which catalyzes this reaction, like that of the rat, also deaminates
homoserine. Enzyme 4.2.1.21 does not appear in the later reference and so is listed in accord-
ance with the earlier report: Report of the Commission on Enzymes of the International Union
of Biochemistry (New York: Pergamon Press, 1961).

¢ Mudd, S. H., J. D. Finkelstein, F. Irreverre, and L. Laster, J. Biol. Chem., 240, 4382 (1965).

7 Matsuo, Y., and D. M. Greenberg, J. Biol. Chem., 230, 545 (1958).

8 Flavin, M., and C. Slaughter, Biochemistry, 3, 885 (1964).

? Finkelstein, J. D., S. H. Mudd, F. Irreverre, and L. Laster, in preparation.

0 Mudd, S. H., J. D. Finkelstein, F. Irreverre, and L. Laster, Science, 143, 1443 (1964).

11 Finkelstein, J. D., S. H. Mudd, F. Irreverre, and L. Laster, Science, 146, 785 (1964).

12 Mudd, 8. H., J. D. Finkelstein, F. Irreverre, and L. Laster, Biochem. Biophys. Res. Commun.,
19, 665 (1965).

13 Mudd, S. H., L. Laster, J. D. Finkelstein, and F. Irreverre, in Symposium on Amine Metabo-
lism in Schizophrenia (1965) ed. H. E. Himwich, J. R. Smythies, and 8. S. Kety, in press.

14 Hope, D. B., Biochem. J., 66, 486 (1957).

15 Laster, L., S. H. Mudd, J. D. Finkelstein, and F. Irreverre, J. Clin. Invest., 44, 1708 (1965).

16 Chatagner, F., and O. Trautmann, Nature, 194, 1281 (1962).

17 Jollés-Bergeret, B., J. Labouesse, and F. Chatagner, Bull. Soc. Chim. Biol., 42, 51 (1960).

18 Fernandez, J., and A. Horvath, Enzymologia, 26, 113 (1963).

19 Finkelstein, J. D., unpublished observations.

% Trautmanm, O., and F. Chatagner, Bull. Soc. Chim. Biol., 46, 129 (1964).

21 Matsuo, Y., and D. M. Greenberg, J. Biol. Chem., 215, 547 (1955).

22 Chatagner, F., Nature, 203, 1177 (1964).

23 Matsuo, Y., M. Rothstein, and D. M. Greenberg, J. Biol. Chem., 221, 679 (1956).

24 Cavallini, D., B. Mondovi, C. De Marco, and A. Scioscia-Santora, Enzymologia, 24, 253
(1962).



Downloaded by guest on September 27, 2021

872 BIOCHEMISTRY: WOODWARD AND MUNKRES Proc. N. A, S,

% Matsuo, Y., and D. M. Greenberg, J. Biol. Chem., 234, 516 (1959).

26 Loiselet, J., and F. Chatagner, Biochim. Biophys. Acta, 89, 330 (1964).

7 Jollés-Bergeret, B., and F. Chatagner, Arch. Biochem. Biophys., 105, 640 (1964).

2 Matsuo, Y., and D. M. Greenberg, op. cit., 230, 561 (1958).

29 Binkley, F., and M. Boyd, J. Biol. Chem. 217, 67 (1955).

* Laster, L., G. L. Spaeth, S. H. Mudd, and J. D. Finkelstein, Ann. Internal Med., 63, 1117
(1965).

31 Frimpter, G., Science, 149, 1095 (1965).

ALTERATIONS OF A MATERNALLY INHERITED
MITOCHONDRIAL STRUCTURAL PROTEIN IN
RESPIRATORY-DEFICIENT STRAINS OF NEUROSPORA*

By D. O. WoopwaRDp AND K. D. MUNKRES
DEPARTMENT OF BIOLOGICAL SCIENCES, STANFORD UNIVERSITY
Communicated by Victor C. Twitty, February 14, 1966

One approach to an understanding of the nature of extrachromosomal heredity,
subcellular morphology, and nucleocytoplasmic relationships is through the investi-
gation of the genetics of enzymes and proteins of mitochondria. Genetic informa-
tion for the primary structure of some mitochondrial-localized enzymes resides in
nuclear DNA ;' 2 no direct demonstration of a gene-protein relationship involving
mitochondrial DNA has been previously reported.

Concepts developed in several areas of independent investigation led to the work-
ing hypothesis of this study. First, although concepts of extrachromosomal
heredity have been evolving for many years, only one class of extrachromosomal
mutations affecting mitochondria are well known; these are the respiratory-deficient
mutants of yeast and Neurospora.® Extensive analyses of such mutants have not
produced results interpretable in terms of either the classical one gene—one enzyme
hypothesis or related corollaries regarding pathways of intermediary metabolism.
Rather, several of the components of the electron transport chain are found to occur
in either excess or deficit in those mutants. In addition, Green and associates*
have proposed that polymacromolecular assemblies called elementary particles,
with a fixed set of proteins in invariant proportions, are associated with the mito-
chondrial inner membrane. Among the principal components of those particles are
the enzymes of the electron transport system and the mitochondrial structural pro-
tein. The importance of the structural protein is emphasized not only by its
quantitative preponderance in the mitochondria, but also by its critical role in the
organization and assembly of the enzymes of the particles. Moreover, recent in-
vestigations indicate that mitochrondria from all organisms contain DNA.5 That
this DNA may play a hereditary role is indicated by observations that Neurospora
mitochondria replicate by division of pre-existing mitochondria® and exhibit genetic
continuity after interhyphal transplantation.’

In this communication, the results of experiments stimulated by the foregoing
concepts support the hypothesis that two different extrachromosomal mutations
of (presumably) mitochondrial DNA lead to alterations of the primary structure



