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Pepsin-like Enzyme in 

Larvae of Stable Flies 

Abstract. A pepsin-like enzyme has been 
found in larvae of the stable fly. The ac- 
tivity is detectable in homogenates of 
whole larvae and in homogenates of iso- 
lated midguts, the latter of which possess 
a pH environment low enough to support 
a peptic enzyme. The pH optimum of the 
activity was determined to be 2.4. 

Prior to the work of Greenberg and 
Paretsky (1), it was assumed that the 
enzyme pepsin was absent from insects, 
and indeed, was restricted to vertebrates. 
However, these workers showed that a 
pepsin-like activity is present in all three 
larval stages of the house fly. Although 
Champlain and Fisk (2) were unable to 
detect pepsin in homogenates of whole, 
adult, blood-fed stable flies, we felt that 
the results of Greenberg and Paretsky 
warranted a closer investigation in other 
stages of the stable fly, and also in the 
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Abstract. A pepsin-like enzyme has been 
found in larvae of the stable fly. The ac- 
tivity is detectable in homogenates of 
whole larvae and in homogenates of iso- 
lated midguts, the latter of which possess 
a pH environment low enough to support 
a peptic enzyme. The pH optimum of the 
activity was determined to be 2.4. 

Prior to the work of Greenberg and 
Paretsky (1), it was assumed that the 
enzyme pepsin was absent from insects, 
and indeed, was restricted to vertebrates. 
However, these workers showed that a 
pepsin-like activity is present in all three 
larval stages of the house fly. Although 
Champlain and Fisk (2) were unable to 
detect pepsin in homogenates of whole, 
adult, blood-fed stable flies, we felt that 
the results of Greenberg and Paretsky 
warranted a closer investigation in other 
stages of the stable fly, and also in the 

expected site of protein digestion, the 
midgut. The present report (3) summar- 
izes the results of a study of a pepsin- 
like enzyme in the stable fly, Stomoxys 
calcitrans (L.), and the house fly, Musca 
domestica (L.). 

Fully mature, third instar larvae, 
reared on CSMA medium after the 
method of Champlain et al. (4) were 
used throughout. Homogenates of whole 
larvae (final concentration 10 per milli- 
liter) or dissected midguts (final con- 
centration 50 per milliliter) were pre- 
pared with a Teflon-Pyrex tissue grinder 
in glycine-NaOH buffer (pH 2.5) in the 
cold, and the cuticular debris was re- 
moved by centrifugation. Homogenates 
were stored frozen before use. Estimation 
of pepsin-like activity was made essen- 
tially by the method of Fisk and Sham- 
baugh (5) by incubating 0.1 ml of ho- 
mogenate with 0.9 ml of glycine-NaOH 
buffer (pH 2.5) and 0.25 ml of sulfanilic 
acid azoalbumin substrate (6) at 37? C 
for 2 hours. Analysis of the diazotized, 
colored amino acid or peptide fragments, 
released in direct proportion to enzyme 
activity (5), was accomplished with a 
Klett-Summerson photoelectric color- 
imeter with the 420-mEi filter. Controls 
consisted of reaction mixtures containing 
homogenate which had been placed in a 
boiling water bath for 5 minutes prior 
to assay, and also of reaction mixtures in 
which the homogenate was replaced by 
an equal volume of buffer to determine 
autolysis and residual color of the sub- 
strate. Although the investigation was 
primarily qualitative, the same wet 
weight of tissue, or number of midguts 
or whole larvae, was used for comparable 
assays. 

Table 1 is a summary of the results, 
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Table 1. Results of tests confirming presence of pepsin-like activity in Musca domestica 
(L.) and showing similar activity in third instar larvae of Stomoxys calcitrans (L). Ex- 
cept as noted, activities are averages of seven replicates, while boiled homogenate or 
homogenateless mixtures represent two replicates. 

No. of Reading increase Reding 
whole -------------due to 

Enzyme source insects Boiled active homoge- 
or guts per Active homoge- homoge- nateless 
replicate mixture* ate nate mixture 

Normal larvae 
Musca 

Whole larvae 1 44.3 41.5 2.8 
Midguts 5 37.2 20.9 16.3 

Stomoxys 
Whole larvae 1 43.9 36.5 7.4 21.0 
Midguts 5 32.8 21.0 11.8 19.9 
Midguts 5 23.7 13.4 10.3 8.5 
Midguts 5 18.4 12.0 6.4 8.5 

Axenic larvae 
Stomoxys 

Whole larvae 4 16.5tf 0 16.5 
Fore and Midguts 4 18.3F? 0 18.3 

* Klett units (Klett-Summerson photoelectric colorimeter with 420-mi filter). 
t Klett units derived from optical density readings with Spectronic 20 colorimeter at 440 mlx. 
$ Readings made with boiled homogenate tubes arbitrarily set at 0. 
? Activity readings here represent just six replicates. 
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which confirm the presence of a pepsin- 
like enzyme in both whole larvae and 
midguts of Musca domestica and Stom- 
oxys calcitrans. There is a small but 
consistent increase in Klett-Summerson 
colorimeter units in the unaltered mix- 
tures compared with the values obtained 
for boiled homogenate mixtures or with 
the residual color of the substrate alone. 
Variations occurred from preparation to 
preparation. An additional series of ex- 
periments was carried out in which the 
Folin-Ciocalteau technique employed by 
Greenberg and Paretsky was followed. By 
this technique we showed that larvae 
of both species possessed nearly equal 
pepsin-like activities. A later comparison 
of the activities of homogenates from 
third instar larvae, pupae, and adult 
stable flies showed that the larvae had 
the most activity, followed closely by the 
pupae, but with the adults quite low. 

To insure that the enzyme activity was 
not due to microorganisms, tests were 
repeated with axenic larvae (7). Essen- 
tially the same results were obtained (see 
Table 1). Sterility checks on represen- 
tative samples of media and larvae 
showed them to be negative for bacteria, 
yeasts, and molds. 

It was also necessary to determine 
whether the larval stable fly possessed an 
alimentary pH acid enough to support 
peptic activity. An experimental proce- 
dure was followed (8) in which young 
third instar larvae were reared on en- 
riched artificial medium plus pH indi- 
cator dyes. The larvae fed for 2 days 
and were then dissected to determine 
pH. The pH of the medium itself was 
also noted. 

The results of the pH tests of the di- 
gestive tract clearly indicated that the 
anterior portion of the midgut, and part 
of the mid portion of the midgut actually 
could provide a suitable pH environ- 
ment for peptic activity. The following 
pH ranges were recorded: anterior mid- 
gut, 2.8 to 3.0; middle midgut, 2.8 to 
4.8; posterior midgut, 6.8 to 7.9; hind- 
gut, 7.9 to 9.6. These conditions pre- 
vailed although the food itself was above 
pH 6.8 before ingestion. 

The pH optimum was determined for 
the pepsin-like activity by measuring 
both pH and increase in Klett reading 
after 2 hours' incubation of reaction 
mixtures buffered at 0.3 pH intervals 
between pH 1.0 to 3.1. The highest ac- 
tivity was found at pH 2.4, but the ac- 
tivity was only slightly less at pH 2.8. 
Activity was lowest below pH 1.3. These 
results are similar to those of Greenberg 
and Paretsky (1) who found the opti- 
mum to be pH 2.5 in both whole homo- 
genates and dissected guts of the house 
fly. 
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At present it is not known whether the 
enzyme activity is similar to true gastric 
pepsin of higher animals or is a cathep- 
sin acting at low pH. It is also unknown 
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whether the observed activity has a func- 
tional significance in the alimentary 
tracts of these insects. A series of tests 
with homogenates made from larvae 
from which the alimentary tracts had 
been removed were negative for pepsin- 
like activity, indicating that the gut tis- 
sue is the principal source of the en- 
zyme. 
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Biogenesis of Nicotine 

Abstract. Radioactive nicotine was syn- 
thesized by Nicotiana rustica L. which was 
fed sodium acetate-l-C14, sodium acetate- 
2-C14, sodium pyruvate-1-C14, or sodium 
pyruvate-3-C14. Acetate-2-C" and pyru- 
vate-3-C14 were converted to nicotine with 
the least dilution of radioisotope, whereas 
pyruvate-l-C14 was incorporated with a 
relatively large dilution. When acetate- 
1-C14 was administered to the plants the 
nicotine contained C14 only in the pyrroli- 
dine ring. After acetate-2-C14 was fed, C14 
was located in both the pyrrolidine and 
pyridine rings. 

Biogenetic pathways for the synthesis 
of the pyrrolidine and N-methyl groups 
of nicotine in tobacco plants have been 
firmly established (1, 2). Although Daw- 
son et al. (3) have demonstrated the 
incorporation of the pyridine ring of 
nicotinic acid into nicotine, the de novo 
biogenesis of the pyridine ring of nicotine 
or other pyridine compounds in higher 
plants has not been elucidated. It has 
been shown that nicotinic acid is synthe- 
sized from tryptophan in several micro- 
organisms and animals (4). However, 
higher plants do not appear to be capa- 
ble of synthesizing the pyridine ring sys- 
tem of nicotine, trigonelline, or niacin 

whether the observed activity has a func- 
tional significance in the alimentary 
tracts of these insects. A series of tests 
with homogenates made from larvae 
from which the alimentary tracts had 
been removed were negative for pepsin- 
like activity, indicating that the gut tis- 
sue is the principal source of the en- 
zyme. 

EDWARD N. LAMBREMONT* 
FRANK W. FISK 

SHAHID ASHRAFI 

Department of Zoology and Entomology, 
Ohio State University, Columbus 

References and Notes 

1. B. Greenberg and 0. Paretsky, Ann. Entomol. 
Soc. Am. 48, 46 (1955). 

2. R. A. Champlain and F. W. Fisk, Ohio J. Sci. 
61, 52 (1956). 

3. This research was supported by grant E-485 
(C4) from the National Institutes of Health, 
U.S. Public Health Service. 

4. R. A. Champlain, F. W. Fisk, A. C. Dowdy, 
J. Econ. Entomol. 47, 940 (1954). 

5. F. W. Fisk and G. Shambaugh, Ohio J. Sci. 
52, 80 (1952). 

6. R. M. Tomarelli, J. Charney, M. L. Harding, 
J. Lab. Clin. Med. 34, 428 (1949). 

7. B. Greenberg, Can. Entomologist 86, 527 
(1954). 

8. D. F. Waterhouse, Australia, Commonwealth 
Council Sci. Ind. Research Pam. No. 20 (1940), 
p. 7. 

* Present address: U.S. Department of Agricul- 
ture, Entomology Research Branch, Agricul- 
tural Center, University Station, Baton Rouge, 
La. 

12 January 1959 

Biogenesis of Nicotine 

Abstract. Radioactive nicotine was syn- 
thesized by Nicotiana rustica L. which was 
fed sodium acetate-l-C14, sodium acetate- 
2-C14, sodium pyruvate-1-C14, or sodium 
pyruvate-3-C14. Acetate-2-C" and pyru- 
vate-3-C14 were converted to nicotine with 
the least dilution of radioisotope, whereas 
pyruvate-l-C14 was incorporated with a 
relatively large dilution. When acetate- 
1-C14 was administered to the plants the 
nicotine contained C14 only in the pyrroli- 
dine ring. After acetate-2-C14 was fed, C14 
was located in both the pyrrolidine and 
pyridine rings. 

Biogenetic pathways for the synthesis 
of the pyrrolidine and N-methyl groups 
of nicotine in tobacco plants have been 
firmly established (1, 2). Although Daw- 
son et al. (3) have demonstrated the 
incorporation of the pyridine ring of 
nicotinic acid into nicotine, the de novo 
biogenesis of the pyridine ring of nicotine 
or other pyridine compounds in higher 
plants has not been elucidated. It has 
been shown that nicotinic acid is synthe- 
sized from tryptophan in several micro- 
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ble of synthesizing the pyridine ring sys- 
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nicotine in tobacco plants (7) but did 
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not ascertain the location of the radioac- 
tivity in the nicotine molecule. Leete 
et al. (8) also demonstrated incorpora- 
tion of acetate-2-C14 into nicotine and 
indicated that the radioactivity was ran- 
domly distributed in the alkaloid. 

This report is a study of the incor- 
poration of acetate-l-C14, acetate-2-C14, 
pyruvate-l-C14, and pyruvate-3-C14 into 
nicotine in tobacco plants and presents 
data of a preliminary degradation to dis- 
cover the location of radioactivity in 
nicotine following the feeding of radio- 
active acetate. 

Intact Nicotiana rustica L. were pre- 
pared for hydroponic administration of 
the C'4-labeled substrates as described 
in an earlier report (5). Each plant was 
fed 2.44x 10-5 mole of a given com- 
pound which had a specific activity of 
4.10 x 108 count/min per millimole. The 
plants were harvested 7 days after ad- 
ministration of a labeled compound, and 
the nicotine was purified and isolated as 
the dipicrate (9). 

Nicotine was degraded by oxidation 
with neutral potassium permanganate to 
yield nicotinic acid, potassium bicar- 
bonate, and methylamine (10). In this 
procedure 3 moles of potassium bicar- 
bonate were formed from the 3-, 4-, and 
5-carbons of the pyrrolidine ring. The 
nicotinic acid was then decarboxylated, 
and the carboxyl carbon, which originally 
was the 2-carbon of the pyrrolidine ring 
of nicotine, was obtained as barium car- 
bonate (11 ). The pyridine resulting from 
the decarboxylation was recovered as the 
picrate. The N-methyl group of nicotine 
was obtained by treatment of the alka- 
loid with hydriodic acid and conversion 
of the resulting methyl iodide to methyl- 
triethylammonium iodide (9). 

The radioactivity of each compound 
was determined with a windowless flow 
counter, and all counts were corrected 
for self-absorption. 

The extent of incorporation of labeled 
substrates into nicotine is shown in Table 
1. Acetate-2-C14 and pyruvate-3-C14 
were converted to nicotine with the least 
dilution, whereas pyruvate-l-C14 was in- 
corporated only to a relatively small ex- 
tent. These results indicated that pyru- 
vate was metabolized to acetate for the 
most part before it was incorporated into 
nicotine. However, the extent of conver- 
sion of pyruvate-3-C14 and the small but 
significant incorporation of C14 from 
pyruvate-l-C14 are an indication that not 
all pyruvate was converted to acetate be- 
fore it was utilized for nicotine synthesis. 

Nicotine which was synthesized in 
plants fed acetate-l-C14 and acetate- 
2-C14 was partially degraded to deter- 
mine the location of Ct4 in the mol- 
ecule in each case. The results of 
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Table 1. Incorporation of several labeled 
precursors into nicotine in tobacco plants. 

Nicotine 

Substrate dipDilution (105 count/ 
min mmole) 

Acetate- 1-C14 4.50 911 
Acetate- 1-C14 4.18 981 
Acetate-2-C14 7.47 550 
Acetate-2-C14 12.70 323 
Pyruvate- 1-C14 0.49 8370 
Pyruvate-3-C14 16.90 243 
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pyrrolidine ring. The remaining C14 was 
located in the barium carbonate obtained 
from the 3-, 4-, and 5-carbons of the pyr- 
rolidine ring. Previous studies, in which 
nicotine was degraded following admin- 
istration of ornithine-2-C14 (12) and 
glutamate-2-C14 (1), have shown C14 in 
the alkaloid to be equally distributed 
between positions 2 and 5 of the pyrroli- 
dine ring. The precursors of the pyrroli- 
dine ring therefore appear to pass 
through a symmetrical intermediate dur- 
ing the synthesis of nicotine. Since ace- 
tate was probably incorporated first into 
glutamate by way of the tricarboxylic 
acid cycle, the quantity of the C14 in the 
2- and 5-carbons of the pyrrolidine ring 
should be equal. In the present study 
one-half the C14 in nicotine obtained 
from plants fed acetate-l-C14 was found 
in position 2 of the pyrrolidine ring. It 
is postulated, therefore, that the remain- 
ing C14 resides in position 5 of the pyr- 
rolidine ring. Essentially no C14 was in- 
corporated into the pyridine ring when 
plants were fed acetate-l-C14. In con- 
trast, radioactive carbon in the nicotine 
from plants fed acetate-2-C14 was lo- 
cated in both rings. The pyrrolidine ring 
contained about 60 percent of the total 
C14 in the molecule. If one again as- 
sumes an equal distribution of radioac- 
tivity between carbons 2 and 5, these 
positions contained about 20 percent of 

Table 2. Distribution of C14 in nicotine 
from plants fed sodium acetate-l-Cl4 and 
sodium acetate-2-C14. 

Specific activity 
(103 count/min 

Compound mmole) 

Acetate- Acetate- 
1-C14 2-C14 

Nicotine dipicrate 9.3 21.0 
Barium carbonate* 3.7 8.6 
Nicotinic acid 4.5 9.3 
Methyltriethyl- 
ammonium iodide 0.1 0.6 

Barium carbonatet 4.4 1.8 
Pyridine picrate 0.4 8.6 
* Barium carbonate from the 2-, 3-, and 4-carbons 
of the pyrrolidine ring. The specific activity was 
multiplied by 3. 
t Barium carbonate resulting from the decarboxy- 
lation of nicotinic acid. 
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