cleolus. Practically all the RNA syn-
thesized or assembled in PN is of the
nonsoluble type (in Fig. 1 compare
C and D, left and right). We suggest
that TRNA is produced in the PN.

The role of SN in cellular metab-
olism is enigmatic. Our 3H-uridine ex-
periments, performed according to the
Woods-Zubay method, indicate that SN
is active in synthesis, accumulation, or
transit-coupling of soluble RNA. Since
SN is rich in arginine and incorporates
lysine, it also appears active with re-
gard to proteins containing a good pro-
portion of these amino acids. The SN
and PN reach their final size in 30-u-
long oocytes and retain their cytochem-
ical properties in the 300-u-long oocytes
found in freshly moulted adult females.

Our secondary nucleolus, a name
originating from the article of Seshachar
and Bagga (5), is entirely different from
the true nucleolus present in the same
nucleus. Our cytochemical experiments
show that the SN of Cordulia is closely
but not completely homologous with the
“endobody” observed by Bier et al. (2)
in Acheta and other Orthoptera. Close
homology with the “accessory nucleoli”
described by Das and Alfert (4) in the
marine echiuroid worm Urechis also
appears likely. We have noted the sec-
ondary nucleolus in 11 species of
damselflies (Zygoptera) and dragonflies
(Anisoptera) belonging to six families.
The secondary nucleolus thus seems to
be older than the separation of the
Odonata into the Zygoptera and Ani-
soptera. It is possible that the acces-
sory bodies in the Odonata, Orthoptera,
and Echiurida perform largely similar
functions and result from clustering of
important redundant cistrons respon-
sible for products needed in the early
periods of embryonic development.

Lusa HALKKA

OLL1 HALKKA
Department of Genetics, University of
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Methylmalonic Aciduria: Metabolic Block
Localization and Vitamin B:: Dependency

Abstract. Methylmalonic aciduria is an inborn error of metabolism charac-
terized by neonatal or infantile ketoacidosis. Leukocytes isolated from the
peripheral blood of a 1-year-old child with this disorder converted negligible
quantities of propionate-3-C** to carbon dioxide, but oxidized succinate-1,4-C1%
normally, an indication of a block in the conversion of propionate to succinate.
Parenteral administration of vitamin By, resulted in a reduction in methylmalonic
acid excretion and an increase in propionate oxidation by leukocytes in vitro.
The results suggest a mutation of methylmalonyl-CoA isomerase, a vitamin By,
dependent enzyme which converts methylmalonyl-CoA to succinyl-CoA, and
provide the first demonstration of vitamin B, “dependency” in man.

Methylmalonic acid, barely detect-
able in the urine of healthy humans
(<2 mg/day), is excreted in large
amounts by patients with vitamin B,,
deficiency (1). This reversible biochem-
ical disturbance occurs because methyl-
malonyl coenzyme A (CoA) isomerase,
which catalyzes the conversion of
methylmalonyl CoA to succinyl CoA,
requires a cobamide coenzyme derived
from vitamin B,, (2). Methylmalonic
aciduria has also been observed in new-
born infants and young children with
severe metabolic acidosis who were not
vitamin B,, deficient (3). The methyl-
malonic aciduria and acidosis observed
in these children has been ascribed to
an inborn error in the conversion of
methylmalonyl CoA to succinyl CoA
due to a mutation of methylmalonyl
CoA isomerase.

We have described a 1-year-old boy
who excreted 800 to 1000 mg of
methylmalonic acid per day and also
long-chain ketones during periods of
keto-acidosis (4). Vitamin B,, defi-
ciency was clinically excluded. Inges-
tion of a high protein diet, valine, or
isoleucine increased the excretion of
methylmalonic acid and long-chain
ketones. Since methylmalonyl CoA is
a key intermediate in the catabolism
of branched-chain amino acids and
fatty acids with an odd number of
carbon atoms (Fig. 1), these observa-
tions were consistent with the proposed
block in the catabolism of methyl-
malonyl CoA.

We now present evidence in vitro
for a defect in propionate catabolism
and demonstrate that the administra-
tion of vitamin B,, modifies signifi-
cantly the biochemical abnormalities
observed in vivo and in vitro.

Leukocytes from fasted patients
were isolated from heparinized, ve-

‘nous blood (10 to 30 ml) by differen-

tial sedimentation in polyvinyl pyrol-
lidone and subsequent hemolysis of
erythrocytes (5). The leukocytes were
suspended in 1 ml of Krebs-bicarbo-
nate buffer (pH 7.4) containing 1.65
umole of propionic acid and 7.7 uc of

isoleucing =~ ~ » PROPIONYL — CoA < —~ odd chain fatty acids
threonine

methionine ATP ggopiany/—CoA carboxylase
2.
ADPD "
valing ~ «~ ww»METHYLMALONYL — CoA (a}

~CoA 1

METHYLMALONYL — CoA (b)

methylmalony! - CoA isomerase
cobamide coenzyme

SUCCINYL — CoA

tricarboxylic acid
cycle

Fig. 1. Pathway of methylmalonic acid for-
mation and catabolism, demonstrating its
role as an intermediate in protein and fat
metabolism. Broken arrows signify inter-
mediate steps. The cobamide coenzyme
active in the isomerization of methyl-
malonyl CoA to succinyl CoA in mamma-
lian tissue is 5,6-dimethylbenzimidazolyl
cobamide 5’-deoxyadenosine (5’-deoxyade-
nosylcobalamin) (2).
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Fig. 2. Formation of C*O2z from propio-
nate-3-C" and succinate-1,4-C* by isolated
leukocytes from normal individuals and
from a patient with methylmalonic acidu-
ria. The concentration of propionate and
succinate in all experiments was 1.65
mmole/liter.

propionate-3-C** or 1.65 pmole of suc-
cinic acid and 5.5 pc of succinic acid-
1,4-C14, The mixture was gassed with
95 percent oxygen and 5 percent car-
bon dioxide, sealed, and incubated in
modified liquid-scintillation counting
vials for 180 minutes at 37°C in a
Dubnoff shaker. The reaction was ter-
minated with 1 ml of 6N sulfuric acid,
and the evolved C*O, was trapped in
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hyamine and counted in a liquid-scin-
tillation spectrometer (6). Leukocytes
from normal subjects oxidized 14 to
30 nmole of labeled propionate to
C™Q,, but cells from the patient with
methylmalonic aciduria produced neg-
ligible amounts of C*#0O, from propio-
nate in four separate studies over a
3-week interval. The patient’s leuko-
cytes oxidized succinate normally, ac-
centuating the significance of the abnor-
mality in propionate oxidation.

These results (Fig. 2) and the ob-
servations in vivo (3, 4) show that
patients with methylmalonic aciduria
cannot convert methylmalonyl-CoA to
succinyl-CoA, but we are not able to
distinguish between an abnormality in
the reactions catalyzed by the racemase
or the isomerase enzymes (Fig. 1).
Additional experiments suggested that
methylmalonyl-CoA isomerase is defec-
tive in this disease.

On two occasions during a 2-month
interval, the patient was hospitalized
and placed on a constant diet contain-
ing 2 g of protein per kilogram of
body weight per day. Urine samples
(24-hour collections) were analyzed
for methylmalonic acid by a modifica-
tion of the colorimetric method (7)
which depends on the diazotization of
p-nitroaniline yielding a green color in
the presence of substituted malonic
acids. The patient excreted 800 to 1200
mg of methylmalonic acid per 24 hours

* (Fig. 3) on this regimen. However,
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Fig. 3. Effect of parenteral vitamin Biz administration on methylmalonic acid excretion
(left ordinate) and propionate-3-C* oxidation by isolated leukocytes (right ordinate);
nanomoles of C*0, per 10° cells every 3 hours in a patient with methylmalonic
aciduria. Each arrow represents single daily injection of vitamin Biz. Increasing the
amount of vitamin By administered to 4 mg/day failed to depress urinary methyl-

malonic acid further.
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when he was given 1 mg of vitamin B,,
a day intramuscularly, methylmalonic
acid excretion fell to 220 to 280 mg/
day, and returned to values before treat-
ment only after the injections were
stopped. Coincident with this change in
methylmalonic acid excretion was an
effect on propionate oxidation by iso-
lated leukocytes (Fig. 3). Whereas
C1Q, production from labeled propio-
nate was negligible during control peri-
ods, oxidation was observed on four
separate occasions while the patient
was receiving the vitamin or shortly
thereafter.

These effects of vitamin B,, are sig-
nificant for three reasons. First, they
provide evidence (albeit indirect) for
a defect in methylmalonyl CoA isomer-
ase, because it is the only enzyme in the
involved pathway which requires a
cobamide coenzyme. Second, they dem-
onstrate a vitamin B,, “dependency”
state in man, as distinguished from
vitamin B,, deficiency. There are pre-
cedents in microbial and mammalian
systems for such coenzyme dependency.
Bonner et al. (8) described tryptophan
synthetase mutants in Neurospora
crassa which could convert indoleglycer-
olphosphate to indole only in the pres-
ence of added pyridoxal phosphate, a
cofactor for tryptophan synthetase.
They suggested that the mutation af-
fected that portion of the tryptophan
synthetase genome concerned with
catalytic activities involving pyridoxal
phosphate.

Frimpter (see 9) reported that ad-
ministration of vitamin By to patients

with cystathioninuria, an inborn error

due to a defect of a pyridoxal phos-
phate-dependent enzyme, cystathionase,
reduced cystathionine excretion. He
also noted that addition of pyridoxal
phosphate in vitro enhanced the cysta-
thionase activity of liver homogenates
from patients with cystathioninuria.
Similar findings in vivo and in vitro
have been reported by Tada and associ-
ates (/0) in patients with xanthurenic
aciduria, an inborn error due to a mu-
tation of a B-dependent enzyme. These
and other syndromes which respond to
vitamin B, administration (/1) are not
due to vitamin B, deficiency and may
reflect apoenzyme mutations which re-
duce their affinity for pyridoxal phos-
phate.

In like manner, the observed vita-
min B, dependency in our patient
can be explained if the mutant methyl-
malonyl CoA isomerase apoenzyme has
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a very low affinity for its cobamide co-
enzyme and if, at maximum concentra-
tion of coenzyme (as after administra-
tion of 1 mg of vitamin B,, daily),
appreciable binding of coenzyme and
of substrate occur with partial restora-
tion of catalytic function. The mecha-
nism of such a proposed apoenzyme-
coenzyme interaction is obscure but
might involve interaction of enzyme
subunits or an allosteric effect on a
single polypeptide. The observed vita-
min B,, dependency could also reflect
abnormalities in vitamin B,, transport
or conversion of the vitamin to its
active coenzyme form, but this possi-
bility seems much less likely.

Finally, vitamin B,, administration
‘may be useful therapeutically in pa-
tients with methylmalonic aciduria,
which may not be a rare inborn error,
the disorder having been described in
three countries in less than 1 year
(3, 4, 12). This disorder could be de-
tected by urinary screening techniques
in newborns, and treatment with large
doses of vitamin B,, could prevent the
characteristic and potentially lethal epi-
sodes of keto-acidosis.

LeoN E. ROSENBERG
ANNE-CHARLOTTE LILLJEQVIST
YuJeEN Epwarp Hsia
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Connecticut 06510
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Frame Shift Mutations near the Beginning of the
Lysozyme Gene of Bacteriophage T4

Abstract. A pair of frame shift mutations in the lysozyme gene of bacterio-
phage T4 results in the substitution of a glutamyl-tyrosyl sequence for the as-
paragine residue that is the penultimate amino-terminal amino acid in the lyso-
zyme of the wild-type strain. One of the mutations has been identified as the
insertion of two bases, the other as the insertion of a single base.

Earlier (I-3) we compared amino
acid sequences of lysozyme produced by
strains of phage T4 carrying pairs of
frame shift mutations to that of the
wild-type strain. In all cases we found
a sequence of amino acids changed;
our results thus confirm Crick’s (4)
theories regarding the general nature
of the genetic code. In addition, we

have been able to identify the mutations
and to assign codons, proposed on the
basis of studies in vitro (5, 6), to the
amino acids within the regions of
change.

We now describe the analysis of
a strain carrying two frame shift
mutations near the amino-terminal end
of the lysozyme molecule. The analysis
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Fig. 1. Elution patterns of tryptic digests of e* and eJ16eJD12 lysozymes. Tryptic di-
gests of lysozyme oxidized by performic acid were applied to a Dowex-50 column (0.9
by 150 cm) and eluted by a gradient of pyridine acetate buffer of increasing pH and
pyridine concentration by means of an eight-chamber Varigrad apparatus (I). Frac-
tions of 4.0 ml were collected, and portions from alternate tubes were hydrolyzed with
alkali and treated with ninhydrin; the absorbance at 570 nm was measured. :

807



