
sporin C, produced as much enzyme as 
the parental strain. We have no evi- 
dence for any causal relation between 
the purine auxotrophy of this mutant 
and the reduced-temperature sensitivity 
of its penicillinase-repression system. 
Five other mutants requiring either a 
purine or pyrimidine base responded 
to heat like the parental strain. 

The properties of the penicillinase 
system described in this report should 
be useful in the further study of the 
physiology and genetics of the regula- 
tion of this enzyme (12). 

Note added in proof. Recent work 
indicates that the special properties of 
the 55C1-P1 mutant are related to its 
auxotrophy. Penicillinase formation in 
this strain is derepressed by heat in 
cells grown in nutritionally optimal, 
but not in suboptimal, concentrations 
of adenosine and guanosine. Failure to 
obtain derepression in cells grown in 
tryptic digest broth (Table 1) is due 
to this mechanism, as shown by in- 
creased growth rate and derepression 
in cells grown in broth supplemented 
with adenosine and guanosine. 
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Biosynthesis of Vitamin A with Rat Intestinal Enzymes 

Abstract. Vitamin A is synthesized from /3-carotene in cell-free homogenates 
of rat intestinal mucosa, the biosynthetic enzymatic activity being present in the 
soluble protein fraction of the homogenate. Also required are a heat-stable factor 
in the particulate fraction, molecular oxygen, and bile salts. The reaction is stim- 
ulated by glutathione. The product, obtained in yields of up to 50 percent, has 
been identified as vitamin A aldehyde (retinal) by way of its semicarbazone deriva- 
tive. The reaction mechanism involves the central cleavage of /3-carotene into two 
molecules of retinal. 
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The conversion of 8/-carotene to vi- 
tamin A was first demonstrated by 
Moore, who fed /8-carotene to vitamin 
A-deficient rats (1). Since then it has 
been established that the intestine is 
the major site of this conversion. Thus, 
retinyl ester (2), but not /3-carotene, 
appears in the mesenteric or thoracic- 
duct lymph of rats and pigs given test 
meals of /-carotene (3, 4). Retinyl ester 
predominates in the thoracic-duct 
lymph of human subjects fed test 
meals of labeled /8-carotene (5). The 
conversion of labeled /3-carotene into 
retinyl ester has also been demon- 
strated during experiments with iso- 
lated rat intestinal loops in vivo and 
during studies in vitro with rat in- 
testinal slices (6). 

Studies on the mechanism of vita- 
min A biosynthesis have been greatly 
limited by the lack of a cell-free 
system capable of mediating the con- 
version of /8-carotene to vitamin A. 
Information available on the reaction 
mechanism and other details of retinol 
formation has been reviewed (7). The 
two major hypotheses have continued 
to be: (i) central fission of 8-carotene 
resulting in two molecules of vitamin 
A, and (ii) oxidative attack at a site 
other than the central double bond of 
/3-carotene, with 'the eventual forma- 
tion of one molecule of vitamin A 
per molecule of carotene. 

We now report the active conver- 
sion of /3-carotene to retinal with cell- 
free homogenate fractions from rat in- 
testinal mucosa. Mucosal scrapings of 
rat duodenum and jejunum were ho- 
mogenized, in a Potter-Elvehjem ho- 
mogenizer with a loose-fitting teflon 
pestle, in 0.1M potassium phosphate 
buffer, pH 7.7, containing 30 mM 
nicotinamide and 4 mM MgCl2. After 
centrifugation of the homogenate at 
2000g for 20 minutes, the supernatant 
fraction (designated S-2) showed en- 
zymatic activity for the conversion of 
/3-carotene to retinal. Further centrifu- 
gation of the S-2 at 104,000g for 60 
minutes resulted in the separation of 
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soluble and particulate fractions, both 
of which were almost completely in- 
active when tested individually (8). 
The combination of soluble plus par- 
ticulate fractions, however, was fully 
as active as the unfractionated S-2. 

The activity of the combined soluble 
and particulate fractions was only 
slightly reduced after heating the par- 
ticulate fraction at 95? to 100?C for 
20 minutes. There was complete loss 
of enzymatic activity after 'heating the 
soluble fraction at 64?C for 55 sec- 
onds. The soluble fraction contains the 
enzyme (or enzymes) responsible for 
retinal biosynthesis, and this enzyme 
has been partially purified by precipi- 
tation with ammonium sulfate between 
25 and 45 percent saturation. The par- 
ticulate fraction appears to provide a 
necessary factor which is not an en- 
zyme. This factor can be extracted 
from the particulate fraction with 90 
percent acetone; it has not yet been 
identified. 

The enzyme preparations were incu- 
bated with C14-f/-carotene, produced 
biosynthetically from C'4-acetate by 
the fungus Phycomyces blakesleeanus, 
as substrate. The reaction was 'allowed 
to proceed in the dark at 37?C with 
room air as the gas phase. At the end 
of 1 to 2 hours the incubation mix- 
tures were extracted with 20 volumes 
of chloroform-methanol (2:1, by vol- 
ume), and then 5 volumes of 0.01N 
H2SO4 were added. The lower chloro- 
form phase was collected and evapo- 
rated, and the total lipid extract so 
obtained was chromatographed on col- 
umns of alumina (Woelm, activity 
grade III). Five fractions were col- 
lected, containing, respectively, ,/-caro- 
tene, retinyl esters, retinal, retinol, and 
more polar compounds including reti- 
noic acid (4, 9). 

With the complete system as de- 
scribed in Table 1, 8/-carotene can be 
converted to retinal with a usual yield 
of 30 to 50 percent. There was an 
absolute requirement for molecular 
oxygen and an almost absolute require- 
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Table 1. Cofactor requirements?for the biosynthesis of vitamin A. The complete system con- 
tained 11 mg of soluble protein (104,000g" supernatant), and an equivalent amount of 
washed cell particles (sedimented between 2000g and 104,000g); 200 umole of potassium phos- 
phate buffer, pH 7.7; 36 gsmole of nicotinamide; 4.8 /mole of MgCl; 12 /Amole of sodium 
taurocholate; and 10 ,umole of glutathione. a-Tocopherol (1 mg) was added in solution in 
25 ,ul of acetone, and then substrate C14-p-carotene (0.7 jug, about 1100 count/min) in 50 tzl 
of acetone was added. Final volume, 2 ml. Fx, fraction (after column chromatography); 
EDTA, ethylenediaminetetraacetate. 

Distribution of C'4 after 75 min incubation (percent) 

Omission from or addition Fx 1 Fx 2 Fx 3 Fx 5+6 
to complete system (1-caro- (retinyl (retinal) (retinol) (polar; 

tene) ester) acids) 

None 47 1 45 4 4 

Minus enzyme" 87 2 5 3 

Minus O2 (argon as gas phase) 89 2 3 3 4 

Minus bile salt 83 2 9 3 3 

Minus glutathione 64 2 25 4 5 

Plus EDTA (20 ,mole) 51 2 38 4 5 

Plus ascorbic acid (20 ,mole) 44 2 43 5 8 

* Minus both the soluble protein and the cell particles. 
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ment for bile salt for the conversion 
of (3-carotene to retinal. The require- 
ment for bile salt was relatively non- 
specific since comparable yields of 
retinal have been obtained with so- 
dium glycocholate (6 mM), cholate 

(6 mM), and deoxycholate (3 mM). 
Sodium dehydrocholate or lithocholate 
were ineffective in this system. The 
system was stimulated substantially by 
the addition of glutathione and was 
not affected by the addition of ethylene- 
diaminetetraacetate (10 mM) or as- 
corbic acid (10 mM). There was no 
requirement for the addition of reduced 
or oxidized pyridine nucleotides. 

The product of the reaction has been 
identified as retinal by addition of pure 
unlabeled retinal, followed by forma- 
tion of the semicarbazone derivative 
(10). This was recrystallized four times 
without significant change in its specific 
radioactivity. The melting point of the 
recrystallized derivative was 189? to 
190?C. Eighty-five percent of the radio- 
activity in column fraction 3 was estab- 
lished to reside in retinal by this pro- 
cedure, after an incubation in which 
29 percent of the radioactivity was re- 
covered in fraction 3 (retinal) after 
column chromatography. 

Calculations based on the stoichiom- 
etry of our - results indicate that most 
of the reaction-product retinal must 
have arisen by central cleavage of the 
substrate f,-carotene into two mole- 
cules of retinal. Thus, in one experi- 
ment three incubations were conducted 
without enzyme or with inactivated 
enzyme, and four incubations were 
conducted simultaneously with active 
enzyme. The same amount of sub- 
strate was added to each of the seven 
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incubation flasks. After incubation, 
1029 ? 13 count/min (11) were re- 
covered in column fraction 1 (caro- 
tene) and 55 ? 9 count/min in frac- 
tion 3, from the three flasks without 
active enzyme. After incubation with 
active enzyme, 535 ? 28 count/min 
were recovered in fraction 1 and 
460 ? 20 count/min in fraction 3. 
These results are not consistent with 
the possibility that only one mole- 
cule of retinal is formed from one 
molecule of (f-carotene. 

During the biosynthesis of vitamin 
A, therefore, (3-carotene presumably 
reacts with molecular oxygen, and this 
reaction is followed by the cleavage 
of the central double bond to form 
two molecules of retinal. Retinal is 
then reduced to retinol, which is sub- 
sequently esterified, mainly with pal- 
mitic acid (4, 5). Glover, Good- 
win, and Morton have demonstrated 
the ready reduction of retinal to 
retinol by the intestinal wall in vivo 
(12), and experiments in our labo- 
ratory have demonstrated that this 
reaction is mediated by a soluble pro- 
tein, in the intestinal mucosal ho- 
mogenate, which requires the reduced 
form of nicotinamide adenine dinu- 
cleotide as cofactor. The newly formed 
retinyl ester ;is then mainly incorpo- 
rated into lymph chylomicrons (4, 5) 
and is subsequently transported by 
way of the intestinal lymphatics, to 
eventually enter the vascular compart- 
ment. 
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Trend Curves of the Rate of 

Species Description in Zoology 

Abstract. Trend charts of approxi- 
mately 0.4 percent of the animal king- 
dom indicate that the describing and 
naming of species, "alpha taxonomy," 
is far from completed. 

Abelson (1) expresses a widely held 
opinion in saying that "work on the 
descriptive features of gross morpholo- 
gy has largely been completed, and the 
rate of discovery and description of 
new species has slackened." Blackweld- 
er (2), however, says that "it must be 
recognized that the job of making 
known the animals of the earth is so 
far from finished that we don't yet 
know even the general pattern of rela- 
tive abundance of all the major 
groups." The conflict here calls for 
some kind of factual background that 
so far seems to be lacking. 
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Species Description in Zoology 

Abstract. Trend charts of approxi- 
mately 0.4 percent of the animal king- 
dom indicate that the describing and 
naming of species, "alpha taxonomy," 
is far from completed. 

Abelson (1) expresses a widely held 
opinion in saying that "work on the 
descriptive features of gross morpholo- 
gy has largely been completed, and the 
rate of discovery and description of 
new species has slackened." Blackweld- 
er (2), however, says that "it must be 
recognized that the job of making 
known the animals of the earth is so 
far from finished that we don't yet 
know even the general pattern of rela- 
tive abundance of all the major 
groups." The conflict here calls for 
some kind of factual background that 
so far seems to be lacking. 

A few years ago I started to com- 
pile numerical data concerning the rate 
of description of species in some insect 
groups. The results were so encourag- 
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