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Abstract--The proteolytic activity previously reported in the faecal fluid of 
fungus-growing ants is due to the presence of three enzymes. These enzymes 
have been partially purified and characterized. One is a serine proteinase; the 
other two are metalloendopeptidases. The physical and catalytic properties of 
the enzymes reflect their adaptive role in the ants' fungus-culturing activities, 
and also suggest that they are of microbial origin. 

INTRODUCTION 
LEAF=CUTTING ants of the genus Atta  culture a fungus on fresh plant material 
collected from the surrounding forest. The ants exploit this fungus, which is 
believed to occur exclusively in attine nests, as their primary and probably sole 
food source (BELT, 1874; Mt~LLER, 1874; WHEELER, 1907; WEBER, 1972). Atta  
workers characteristically defaecate on the plant material prior to incorporating it 
into their fungus gardens (HI:BER, 1905; WEBER, 1972). In previous studies we 
have reported that the faecal material of the attine ants contains enzymes active in 
the degradation of protein, chitin, and starch (MARTIN and MARTIN, 1970a, b, 
1971; MARTIN et al., 1973). Since it was also noted that the fungus cultured by 
Atta  colombica tonsipes grows very poorly in a culture medium in which nitrogen is 
present predominantly in polypeptide form, we suggested that the faecal enzymes 
applied to the leaf fragments by the ants served an adaptive function by catalyzing 
the degradation of the substrate protein, thus facilitating fungal growth. 

This study was undertaken with the objective of establishing the biochemical 
basis for the capacity of the attine ants to excrete large quantities of enzymes, a 
trait which differentiates them from other ants and most other insects. To this end 
we have purified the faecal proteinases of Atta  texana and Atta  colombica tonsipes, 
and have characterized them with regard to certain physical, chemical, and cata- 
lytic properties. These studies have provided insight into the origins of the faecal 
enzymes, hitherto assumed to be digestive enzymes produced in the midguts of the 
ants, and have also identified several characteristics of the enzymes which con- 
tribute to their extraintestinal function. In this study we have ~lso tested the effect 
of the rectal proteolytic enzymes on the growth characteristics of the fungus in a 
culture medium in which soluble polypeptides constitute the nitrogen source, and 
have demonstrated a growth-enhancing effect. 
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MATERIALS AND M E T H O D S  
Ants 

Approximately 2 lb of live workers of _/Itta texana (Buckley) were obtained in Grant 
Parish, Louisiana. Sticks were inserted repeatedly into the corridors of a large excavated 
nest, and the ants which attached themselves to the stick were scraped into a smooth- 
sided plastic bucket, the inside of which had been sprayed with Fluororglide to prevent the 
ants from climbing out. Live workers of Atta  colombica tonsipes Santschi were obtained 
from a captive colony at the University of Michigan. 

Obtention of rectal fluid 
For small scale studies rectal fluid was obtained by removing it from dissected rectums 

with a fine capillary needle attached to a syringe. A less tedious procedure, and the only 
feasible one when large quantities of material were needed, involved inducing the ants to 
defaecate in a crystallizing dish by immersion in ether. The ether and dead ants were poured 
off, leaving the amber droplets of faecal fluid coating the bottom of the container. After 
removing the remaining traces of ether in vacuo, the rectal fluid was washed off the bottom 
of the container with a minimum volume of 0'01 M phosphate buffer (pH 7"0), or distilled 
deionized water. When very large numbers of ants were subjected to this treatment, it was 
also necessary to wash the dead ants with buffer or water in order to remove adhering faecal 
fluid. Dissection of ants treated in this fashion revealed rectums which were nearly empty, 
but midguts which were still full and intact. SDS* gels of faecal fluid obtained by the two 
methods were identical in all salient details when stained for protein, or when sliced into 
2 mm segments and assayed for proteolytically active bands. Employing either procedure 
the proteolytic activity of the rectal fluid obtained is from 50 to 70 ~ higher if the ants are 
kept for 24 hr without food or water between collection and sacrifice. 

By either method, rectal fluid was obtained which exhibited proteolytic activity (per ant) 
equivalent to 55 to 130 ng of trypsin (assayed as described below). Pooled rectal fluid could 
be kept frozen at - 20°C for 6 months without significant loss of activity. 

Purification of rectal proteases 
From approximately 2 lb of A. texana, subjected to ether immersion and subsequent 

washing with 0"01 M phosphate buffer (pH 7.00), a solution of rectal fluid exhibiting total 
proteolytic activity equivalent to 7"6 mg of trypsin was obtained. Ammonium sulphate was 
added in small aliquots to this solution at 4°C until 20 ~ saturation had been reached. 
After standing for 4 hr, the precipitate (which contained less than 1 ~ of the total proteo- 
lyric activity) was removed by centrifugation (15,000 g, 20 min) and discarded. The super- 
natant was brought to 80 ~ saturation by further addition of ammonium sulphate and 
allowed to stand for 4 hr at 4°C. After centrifugation (15,000 g, 20 rain), the precipitate was 
dissolved in a minimum volume of 0"05 M phosphate (pH 7"00), and dialyzed against the 
same buffer. The resulting solution contained 93 ~ of the total proteolytic activity of the 
original extract. 

The enzyme solution obtained above was passed through a column (2'5 x 37"5 cm) of 
Sephadex G-75 equilibrated with 0.05 M phosphate (pH 7"00). The elution profile (Fig. 1, 
Results) revealed that the proteolytic activity of the rectal fluid could be attributed to three 
enzymes of differing molecular weight, hereafter designated proteinases I, II, and III ,  in 
order of decreasing molecular weight. Subsequent references to studies on purified 
proteinase I refer to experiments utilizing fractions 23 through 28. 

* Abbreviations used: BSA, bovine serum albumin; CBZ, benzyloxycarbonyl; CHTG,  
chymotrypsinogen; CYTO C, cytochrome C; DEAE, diethylaminoethyl; DFP, diisopropyl- 
phosphofluoridate; EDTA, ethylenediamine tetraacetate; OVAL, ovalbumin; SBTI, 
soybean trypsin inhibitor; SDS, sodium dodeeyl sulphate; TCA, trichloroacetic acid; 
TLCK,  N-tosyl-L-lysyl chloromethyl ketone. 
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Fractions 35 to 65 containing proteases I I  and I I I  were pooled, dialyzed twice against 
0"01 M Tr i s -HCl  (pH 8"0) at 4°C, then applied to a column (1"5 x 20-5 cm) of DEAE-  
cellulose, previously equilibrated and washed with the same buffer. After passage of an 
inactive protein fraction through the column, two active proteinases were eluted by a linear 
NaCI gradient (Fig. 2, Results), emerging at approximately 0-13 M and 0-17 M NaCI. 
Subsequent molecular weight determinations revealed that the first peak was proteinase I I I ,  
the second one, proteinase II .  Fractions 110 to 123 (proteinase I I I )  and 145 to 160 (protein- 
ase I I) were pooled and dialyzed three times against distilled deionized water, and lyophilized. 
Subsequent references to studies on the purified proteinases I I  and I I I  refer to these pooled 
fractions. 

Electrophoresis 
Disc electrophoresis in polyacrylamide was performed at 4°C according to Davis (1964) 

using 7"5 ~ gels, p H  8"7 and 3 mA/gel  tube. For  basic proteins, the procedure of Reisfeld 
et al. (1962) was employed, using 10 % gels, pH 4.5, and 3 mA/gel tube. Prior to applica- 
tion, samples were diluted tenfold with 40 ~o sucrose. Proteins were stained with 0"25 
Coomassie brilliant blue in methanol-acetic acid-water ( 5 : 1 : 5 )  and destained with 
methanol-acetic acid-water (5 : 1-5 : 13"5). Location of proteolytic activity was achieved 
by slicing chilled gels into 2 mm segments, placing the slices in test tubes containing 3 ml of 
0"1 M phosphate buffer (pH 7"00) and 25 mg of AzocoU (Calbiochem), and incubating with 
agitation for 6 hr at 37°C. After filtration, the adsorbance of the filtrate at 520 nm was 
determined. 

Molecular weight determinations 
Calibrated gel filtration on a Sephadex G-75 column (2"5 x 37"5 cm) equilibrated with 

0"05 M phosphate (pH 7"00), standardized with BSA (67,000), OVAL (43,000), SBTI  
(21,500) and CYTO C (11,700) was carried out on purified samples of proteinases I, II ,  and 
I I I  using the procedure of ANDREWS (1964). 

Molecular weight estimation by SDS-polyacrylamide electrophoresis was carried out on 
10 ~ acrylamide-0"l ~o SDS gels according to WEBER and OsBoaY (1969). Samples were 
prepared for application by adding small volumes of enzyme solution to 100/~1 of buffer 
(0"01 M sodium phosphate, pH 7-2, 0"25~o SDS, 1.5 ~ /3-mercaptoethanol, 10~o (v/v) 
glycerol, 0'002 ~o bromophenol blue) and heating the mixture at 60°C for 15 rain. Calibra- 
tion standards were BSA (67,000), OVAL (43,000), C H T G  A (25,000) and CYTO C 
(11,700). Gels were stained with Coomassie brilliant blue. 

Proteinase assays 

Proteolytic activity was routinely assayed at 37°C, pH 7.00, with Azocoll by a modifica- 
tion of the described procedure (Calbiochem, LaJolla, California, Document 3805). A 
volume of 0"1 M cacodylate buffer, pH 7.00, calculated to result in a final volume 
for the reaction mixture of 0"5 ml after addition o f  the enzyme solution, was placed 
in a test tube (10 × 75 mm) containing 25 mg of Azocoll. The  suspension was held 
at 37°C for 3 min, afterwhich an aliquot of enzyme solution was added, the mixture agitated 
gently, and then incubated at 37°C for 30 min. The reaction was terminated by the addition 
of 2-5 ml of 10 -3 M HC1. The  tube was vortexed briefly, then centrifuged. Adsorbance of 
the supernate was read at 520 nm on a Coleman Jr. Spectrophotometer. Control values were 
obtained by substituting samples "which had been inactivated by boiling enzymatically 
active samples. This  assay was standardized using aliquots of a bovine trypsin solution of 
known concentration. Activity was proportional to trypsin concentrations up to 400 ng/ 
incubation mixture. Since a linear relationship between activity and the volume of the 
rectal fluid added to the assay mixture is also'observed in the same activity range, the proteo- 
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lyric activity of the rectal enzymes is conveniently converted to trypsin equivalents using the 
standardization plot. 

Enzymatic hydrolysis of casein (Hammerstein) was conducted at pH 7"5, 30°C, by the 
method of KUNITZ (1947) as described by RICK (1963). Activity toward acid-denatured 
hemoglobin was determined according to ANSON (1938) as modified by KATZENELLENBOGEN 
and KAFATOS (1971). Activity toward gelatin was detected by noting the effect of crude 
rectal fluid on photographic film (FRATELLO, 1958). Activity toward both native and 
denatured BSA (1 ~ solutions) was determined at pH 7'00 and 25°C by withdrawing aliquots 
from the assay mixture, effecting precipitation with cold 10 ~ TCA, filtering through a 
Millipore filter and measuring the adsorbance of the filtrate at 280 nm. Lytic activity of 
crude rectal fluid and proteinase I I I  was tested against cells of Staphylococcus aureus and 
Micrococcus lysodeickticus according to the procedure of ENSIGN and WOLFE (1965). 

Effect of inhibitors on activity 
Rectal fluid or samples of the purified enzymes were incubated with the inhibitor for 

160 min, 25°C, in a buffer (0"01 M cacodylate, pH 7"00 for DFP,  EDTA,  phenanthroline, 
HgC12; 0"01 M phosphate, pH 7"00 for SBTI,  T L C K ;  0"005 M phosphate, pH 6"00 for 
iodoacetate and p-chloromercuribenzoate). Proteolytic activity toward Azocoll was assayed 
before and after incubation. 

Dependence of activity on p H  
pH-activity profiles were obtained by assaying activity against Azocoll at various pH's :  

pH 4"5 to 5"5, 0"1 M acetate ; pH 5"5-7'5, 0"1 M phosphate for proteinase I, 0'1 M cacodylate 
for I I  and I I I ;  pH 7"5 to 9'0, 0"1 M Tris-HC1; pH 9.0 to 10.0, 0"1 M Na2COs-NaHCO~. 
Proteinase I was preincubated for 1 hr at 4°C with 0"01 M E D T A  to ensure deactivation of 
proteinase II  or I I I  which might have been present as contaminants in the preparation. 

Dependence of stability on p H  
The stability of rectal fluid proteolytic activity at various pH ' s  was determined by 

incubating aliquots of crude rectal fluid for 2"25 hr at 25°C at various pH's:  pFI 1"25 and 
1"65, 0"05 M KCI-HC1; pH 3'0 to 4"0, 0"05 M citrate-phosphate; pH 4"5 to 5"5, 0"05 M 
acetate; pH 6"0 to 7"5, 0"05 M phosphate; pH 8-0 to 9"0, 0"05 M Tris-HC1; pH 10, 0'1 M 
NaaCO3-NaHCO3. Proteolytic activity was assayed ageinst Azocoll before and after 
incubation, and results are reported as percentage activity remaining after incubation. 
Samples of proteinases I I  and I I I  and of rectal fluid were also incubated for longer periods 
(20 and 40 hr) at pH's  5'7 and 6"0. 

Determination of crop, midgut and rectal fluid p H  
The pH's  of crop, midgut, and rectal fluids, obtained by dissection of 10 to 15 live 

workers of A. texana, were determined using a microelectrode (Instrumentation Labora- 
tories) connected to a Coming Model 12 pH Meter. 

Amino acid esterase activity 
Amino acid esterase specificity was determined by measuring initial rates of hydrolysis of 

various substrates using a Radiometer TT1 pH Stat. Proteinase I was preincubated for 1 hr 
with 0"01 M E D T A  to ensure deactivation of proteinases II  or I I I  which might have been 
present as contaminants in the preparation. Assay mixtures (total volume, 4 ml) containing 
10 -3 M substrate, 2"5 x 10 -4 M phosphate, 0"1 M KC1, and 2"5 ~ acetonitrile were adjusted 
to pH 7-00. The reaction was started by adding an aliquot of the enzymatically active sample, 
and the volume of base (5 x 10 -3 M NaOH) required to maintain the pH at 7"00 was recorded 
manually as a function of time. Linear addition of base was observed up to 10 ~o reaction. 
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The  following substrates were obtained from Cyclo Chemical: N-benzoylglycine methyl 
ester, N-benzoyl-L-histidine methyl ester, N-benzoyl-L-methionine methyl ester, N-CBZ-  
L-alanine methyl ester, N-~-acetyl-L-lysine methyl ester. The  following substrates were 
kindly provided by Professor JuLEs A. Sn_~ER, University of Michigan: N-benzoyl-L- 
arginine ethyl ester and N-acetyl-L-tyrosine ethyl ester. The  following N-CBZ-L-amino 
acids were obtained from Nutritional Biochemicals: N-CBZ-L-valine, N-CBZ-L-leucine, 
N-CBZ-L-phenylalanine, N-CBZ-L-proline, N-CBZ-L-hydroxyproline, N-CBZ-L-serine, 
N-CBZ-L-threonine, N-CBZ-L-tryptophan, and N-CBZ-L-asparagine. To methanolic 
solutions of each of the above N-CBZ-amino acids was added an ethereal solution of dia- 
zomethane (generated from Diazald) until nitrogen evolution ceased and the yellow colour of 
diazomethane persisted. After removal of ether at reduced pressure, the product methyl 
ester was recrystallized from water. Purity was established by T L C  on silica gel plates 
developed in chloroform : methanol (9 : 1) or chloroform : methanol : acetic acid 
(8"5 : 1 : 0"5). 

Using the same general procedure, while maintaining a different constant pH, a pH 
profile for the activity of proteinase I toward N-benzoyl-L-methionine methyl ester was 
obtained. 

Amidase activity 
Amidase activity was examined in proteinases I I  and I I I  by incubating N-CBZ-L- 

tyrosyl leucine amide (10 -3 M) in 0.5 ml of cacodylate buffer (0"1 M, pH 7"00) containing 
1 0 ~  dimethylformamide. The hydrolysis was followed by conducting ninhydrin deter- 
minations (MooRE and STEIN, 1958) on 50 /xl aliquots removed from the incubation mixture. 
When the reaction was complete, the reaction mixture was lyophilized, dissolved in ethanol 
and applied to a silica gel T L C  plate. The  plate was developed with n-butanol : acetone • 
acetic acid : 5 ~ ammonia (4"5 : 1"5 : 1 : 2). Products of hydrolysis were identified by com- 
parison with authentic samples of N-CBZ-tyrosine (visualized by a Fast B Blue spray) and 
leucine amide HC1 (visualized by a ninhydrin spray). 

Digestion of insulin A-chain (oxidized) 
Three mg of oxidized insulin A chain (Schwarz/Mann), purified by Sephadex G-25 

filtration, was dissolved in 1"25 ml of 0"01 NI cacodylate buffer (pH 7"00) containing 10 -a M 
CaC12 and about 50/~g trypsin equivalents of proteinases I, II ,  or I I I .  The reaction mixtures 
were incubated at 37°C, and the liberated free amino groups were followed using the photo- 
metric ninhydrin procedure of MOORE and STEIN (1958). For  proteinase I, digestion was 
allowed to continue until no further increase in free amino groups was observed. Since 
preliminary experiments had indicated that for both proteinases II  and III, two peptide 
bonds were hydrolyzed at a fast rate followed by a much slower hydrolysis of at least two 
more peptide linkages, the digestion was terminated (by the addition of a drop of glacial 
acetic acid) when the ninhydrin determination indicated that two peptide bonds had been 
hydrolyzed. Reaction mixtures were applied as a narrow band across the middle of 20 x 
20 cm thin layer cellulose sheets which had been sprayed and equilibrated with pyridine : 
acetic acid : water (2 : 20 : 178, pH 3"5). Electrophoresis was conducted at 200 V for 1"5 hr 
in the above buffer. After drying overnight, peptide bands were located by cutting horizontal 
strips from each border and dipping them in 1 ~ ninhydrin-0.1 ~o cadmium acetate in 
acetone (HEILMAN et al., 1957). For  proteinases I I  and I I I ,  the single peptide which 
migrated to the cathode was eluted with 50 ~o acetic acid, hydrolyzed in 6 N HC1, and the 
hydrolyzate subjected to amino acid analysis. 

Fungal growth studies 
Growth was determined in a shaken liquid culture (180 rev/min, 25°C) in 50 ml of 
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Sabouraud's broth (Nutritional Biochemieals Corp.), sterilized by autoclaving at 120°C 
for 20 rain. Flasks were inoculated with 1 ml of a seed culture of the fungus grown by 
A. c. tonsipes, homogenized for 10 sec in a Waring blender. After inoculation, aliquots of 
crude rectal fluid from A. c. tonsipes, purified rectal proteinases from .4. c. tonsipes, or 
Sigma Type VI fungal protease were added through Millex filter units or Swinney adapters. 
After 12 days of growth, the cultures were filtered, and the recovered mycelial mats dried for 
6 hr at 60°C then weighed. 

RESULTS 

Purification o f  rectal proteinases 

Rectal fluid derived from approximately two pounds of A t t a  texana exhibited 
total proteolytic activity equivalent to 7.6 mg of trypsin. Chromatography on 
Sephadex G-75 of an active fraction obtained by ammonium sulfate precipitation 
revealed that the activity of the rectal fluid is derived from three separate enzymes 
(Fig. 1). The first enzyme to be eluted (proteinase I) accounts for about 2 0 ~  of 
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FIG. 1. Gel permeation of faecal proteinases precipitated by (NH4)~SO4 on Sephadex 
G-75 equilibrated with 0"05 M phosphate, pH 7"00. , O.D. at 280 nm; 

O--O, activity toward Azocoll. 

the total activity, the second (proteinase II) for 30 to 35 ~ of the total activity, and 
the third (proteinase III)  for 45 to 50~o. 

Further purification of proteinases II  and I I I  was achieved by pooling the 
fractions from the Sephadex G-75 column containing these two enzymes, and 
subjecting the reconstituted mixture to chromatography over a DEAE-cellulose 
column, eluting with a linear NaC1 gradient (Fig. 2). Analysis for proteolytic 
activity of gel slices following electrophoresis revealed only one active band in the 
preparations of each of the proteinases II  and III .  Neither of the preparations was 
concentrated enough to detect absorption at 280 nm, although the presence of 
protein could be demonstrated using the Folin-Ciocalteau reagent. 
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FIG. 2. Chromatography of combined fractions 35 to 65 derived from the Sephadex 
G-75 column (Fig. 1) on DEAE-cellulose, eluting with 0"01 M Tris-HC1, pH 8"0. 
The sample was equilibrated with the buffer by dialysis prior to application to the 
column. After 60 fractions had been collected, the ionic strength of the eluting 
buffer was increased by means of a linear NaCI gradient. The first enzyme to elute 
corresponds to protease III from the Sephadex G-75 column, the second to protease 
II. , O.D. at 280 nm; El--[], O.D. at 700 nm, Folin-Ciocalteau protein 
determination (LowRY et al., 1951); ©--©, proteolytic activity toward Azocoll; 

- -- - NaC1 gradient. 

Fractionation of the rectal fluid derived from Atta colombica tonsipes by the same 
procedure revealed the presence of the same three enzymes. Since the amount of 
material available from A. texana was much greater than from A. c. tonsipes, the 
characterization of the rectal enzymes was directed primarily at those derived from 
the former species, and unless otherwise stated, the results described and discussed 
below all refer to the enzymes of texana. 

Physical properties of the proteinases 
Molecular weights. SDS-polyacrylamide gel electrophoresis (Fig. 3a) indicated 

mol. wt of 41,700 and 14,900 for proteinases II and III, respectively. A calibrated 
gel filtration on Sephadex G-75 (Fig. 3b) indicated mol. wt of proteinases I, II, and 
III  of 70,000, 40,800, and 15,500, respectively. The value obtained for proteinase I 
must be regarded only as a rough estimate, since mol. wt in this high range are only 
approximately determined by this procedure (ANDREWS, 1964). 

Electrophoretic behavior. Both proteinases II and III  migrated as anodic 
bands in polyacrylamide gels at pH 8.7 with Rm's of 0.73 and 0.61, respectively. 
Electrophoretic analysis of crude rectal fluid, from both A. texana and A. c. 
tonsipes, revealed two proteolytically active bands corresponding to proteinases II 
and III.  Proteinase I could not be located eleetrophoretically in crude rectal fluid. 
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Fro. 3. The mol. wt of proteinases I, II and III as determined by (a) calibrated 
SDS-polyacrylamide gel electrophoresis and (b) calibrated Sephadex G-75 gel 

filtration. 

Whether  this is because proteinase I is denatured, migrates with proteinases I I  or 
III ,  or is a basic protein could not be ascertained, since insufficient purified protein- 
ase I was available for the requisite experiments. 

Enzymological studies 
Scope of proteolytic activity. Faecal fluid readily degrades typical protein 

substrates such as casein, gelatin, acid-denatured haemoglobin, and BSA. Rectal 
fluid hydrolyzes native BSA 60 to 70 ~ as rapidly as it hydrolyzes denatured BSA. 
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FIC. 4. Proteolytic activity toward Azocoll of proteinases I, II, and III at various 
pH's. Proteinases II and III exhibit such similar pH profiles that a single curve has 

been drawn through the points corresponding to these two enzymes. 
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The hydrolysis of Azocoll, an insoluble derivatized protein from hide, serves as a 
convenient and sensitive assay for the faecal enzymes. 

Effect of pH on proteolytic activity. The rectal fluid exhibits its maximum 
activity toward Azocoll between pH's of 6.5 and 9.0. This broad activity maximum 
results from the summation of the pH profiles of the component enzymes (Fig. 4). 
Proteinase I is optimally active under weakly alkaline conditions, whereas protein- 
ases II  and III,  which have similar pH profiles, exhibit maximum activity under 
weakly acidic or neutral conditions. 

Effect of pH on the stabilities of the proteinases. The rectal proteinases are 
remarkably stable in the pH range between 5.0 and 7.5 (Fig. 5). Even after 40 hr 
at pH 5.7 at 25°C, conditions resembling those encountered in the ant's gut, where 
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FIQ. 5. Stability of recta] fluid proteolytic activity at various pH's. J~iquots of crude 
rectal fluid were incubated for 2"25 hr  at 25°C in appropriate buffers (See Materials 
and Methods) .  Proteolytic activity was assayed toward Azocoll before and after 

incubation. 

the pH's of the crop, midgut and rectum are approximately 7.2, 6-5, and 5.8, 
respectively, rectal fluid, diluted 3- or 4-fold with water, showed a loss of only 
15 7O of its original activity. Fractions containing purified proteinases II  and I I I  
retained at least 90 ~o of their original activity when incubated at pH 6.0 for 20 hr. 
These incubation times are considerably longer than the residence time of material 
in the ant's gut (unpublished studies of J. S. MARTIN and M. M. MARTIN). 

Effect of inhibitors on activity. Preincubation of the crude rectal fluid with DFP 
resulted in a 207o loss of proteolytic activity (Table 1). Preincubation with EDTA 
caused a loss of 80 7o of activity. When both inhibitors were present in the pre- 
incubation mixture, 100 ~o loss of proteolytic activity was observed. 

When proteinase I was similarly investigated, total inhibition of activity was 
caused by DFP, whereas EDTA had no inhibitory effect. By contrast, proteinases 
II  and I I I  were unaffected by DFP but were completely inhibited by EDTA. Also, 
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TABLE 1 - - E F F E C T  OF INHIBITORS ON PROTEOLYTIC ACTIVITY OF CRUDE RECTAL FLUID AND 

PURIFIED PROTEINASES I, n AND III 

Residual activity (%) 

Inhibi%or (Cone., M) Rectal fluid I II III 

None 100 100 100 100 

DFP (10 -3 ) 80 0 i00 100 

EDTA (10 -2 ) ~0 100 0 0 

1,10-Phenanthroline (10 -3 ) -- 100 <5 <5 

1,10-Phenanthroline (10 -3 ) 3 
followed by Zn(NO3)2(Sxl0- ) . . . .  74 80 

HgCl 2 (10 -5 ) . . . .  47 52 

HgCI 2 ( 5x10-5 ) . . . .  13 17 

HgCl 2 ( 10-4 ) . . . .  0 0 

Iodoacetate (i0 -3 ) -- >00 >90 >00 

~-Chloromercuribenzoate (10 -3 ) -- >90 >90 >90 

SBTI (10 -5 ) 100 . . . . .  

TLCK (Sx10 -3 ) 100 . . . . .  

proteinases II and III, but not I, were over 95 ~ inhibited by 1,10-phenanthroline. 
The addition of Zn (NOs) 2 following 1,10-phenanthroline treatment regenerated 
between 74 and 8 0 ~  of the proteolytic activity in proteinases II and III. 

Both proteinases II and III  were inhibited by high concentrations of mercuric 
ions. Complete inhibition was effected by preincubation with 10-4M HgCI~, 
whereas only about 5 0 ~  inhibition resulted with 10 -5 M HgC12. The suscepti- 
bility of these proteinases to mercuric ion inhibition is greater than that reported 
for trypsin (GREEN and NEURATH, 1953) but considerably less than observed for 
the sulphydryl proteinase bromelain, where a 1 : 1 reaction has been demonstrated 
(MuRACHI and NEURATH, 1960). 

Iodoacetate and p-chloromercuribenzoate had only small inhibitory effects 
(< 10~)  on all three proteinases. SBTI and TLCK,  both specific inhibitors of 
trypsin, did not effect the activity of crude rectal fluid. 

Specificity. Crude rectal fluid was observed to catalyze the hydrolysis of esters 
of N-substituted amino acids. Studies on the purified enzyme preparations revealed 
that this activity is due exclusively to proteinase I, the DFP-sensitive enzyme. A 
comparison of the rates of hydrolysis of a series of N-substituted amino acid esters, 
catalyzed by proteinase I, reveals that this enzyme does not exhibit high substrate 
specificity, but rather possesses broad, general catalytic properties (Table 2). Of 
particular relevance is the lack of any preference for derivatives of lysine, arginine, 
phenylalanine, tyrosine and tryptophan, the preferred substrates of typical trypsin 
and chymotrypsin-like proteinases. Prolonged digestion of the oxidized insulin 
A chain by proteinase I, followed by electrophoresis, revealed eight major bands 
and many minor bands, further emphasizing the broad specificity of this enzyme. 
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T A B L E  2 - - R E L A T I V E  RATES OF HYDROLYSIS OF N-SUBSTITUTED AMINO ACID ESTERS IN THE 

PRESENCE OF PROTEINASE I 

Substrates Relative Rate 

N-Benzoylglyeine methyl ester 

N-CBZ-L-alanine methyl ester 

N-CBZ-L-valine methyl ester 

N-CBZ-L-leucine methyl ester 

N-CBZ-L-se~ine methyl ester 

N-CBZ-L-threonine methyl este? 

N-CBZ-L-asparaglne methyl ester 

N-Aeetyl-L-lysine methyl estem 

N-Banzoyl-L-arginine ethyl ester 

N-Benzoyl-L-histidine methyl ester 

N-Benzoyl-L-m~thionine methyl e~ter 

N-CBZ-L-phenylalanine methyl ester 

N-Aeetyl-L-ty~osine ethyl ester 

N-CBZ-L-tryptophan methyl ester 

N-CBZ-L-pro!ine methyl ester 

N-CBZ-L-hydPo×yproline methyl este~ 

3 .5  

1 6 . 8  

1 0 , 6  

2 9 . 5  

~ 3 . 1  

3 .4  

7 .8  

9 .7  

39 .8  

15.8 

I00.0 

5 8 . 2  

6 8 . 5  

3 0 . 9  

Ii.0 

2.1 

The dependence of the rate of hydrolysis of N-benzoyl L-methionine methyl ester 
exhibits a maximum between 8 and 9, and resembles the pH profile for the activity 
of proteinase I toward Azocoll. 

The enzymatic hydrolysis of the oxidized insulin A chain by proteinases II and 
III gave identical initial cleavage products. Both enzymes caused the rapid 
hydrolysis of two peptide bonds followed by a much slower cleavage of at least two 
more bonds. If the reaction is stopped following the hydrolysis of the two labile 
bonds, and the reaction mixture subjected to thin-layer electrophoresis on cellulose 
at pH 3.5, two major peptide bands and several minor bands migrate to the anode 
while only one peptide migrates to the cathode. The single peptide which migrates 
toward the cathode was isolated and found to contain leucine, tyrosine and 
glutamic acid or glutamine. From a consideration of the amino acid sequence 
in the A-chain of insulin, this finding strongly suggests that the labile peptide 
bonds are serine(12)-leucine(13) and glutamine(15)-leucine(as) and suggestsa speci- 
ficity for peptide bonds in which the amino group is contributed by a leucine 
residue. 

The specificity of proteinases II and III was further probed using the synthetic 
substrate N-CBZ-L-tyrosyl-L-leucine amide. Proteinase II hydrolyzed this 
substrate at an initial rate approximately one eighth the rate observed for the 
hydrolysis of the insulin A-chain. Proteinase III accomplished the hydrolysis of 
this substrate at a much slower rate than proteinase II, and indeed it is even 
possible that the activity observed in the proteinase III preparation was due to 
contaminating traces of proteinase II. No exopeptidase activity for either protein- 
ase II or III was detected using N-benzoyl-L-phenylalanine or L-leueine amide as 
substrates. Nor did proteinase III effect the lysis of Staphylococcus aureus or 
Micrococcus lysodeickticus cells. 
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Fungal growth studies 
The addition of crude rectal fluid derived from the ant Atta columbica tonsipes 

to a sterile shaken liquid culture of its natural fungus in Sabouraud's dextrose broth 
significantly increases the extent of fungal growth over a 12-day period (Table 3). 
The quantity of rectal fluid added to 50 ml of culture medium was roughly com- 
parable to the amount which can be obtained from 50 to 100 ants. Similar growth 
enhancement resulted from the addition of a solution of the three rectal proteinases 
prepared by combining suitable fractions from the Sephadex G-75 gel filtration 
step in the purification procedure, and from the addition of a non-specific protein- 
ase derived from Streptomyces griseus (Sigma Type VI Fungal Protease). 

TABLE 3 - - T H E  EFFECT OF RECTAL FLUID, PURIFIED RECTAL PROTEINASES AND A NON-SPECIFIC 

PROTEINASE FROM SD'eptomy¢~$ g~'{$eu$ ON THE GROWTH OF THE FUNGUS CULTURED BY At$~ 

colomb{Ea ton${pe$ IN SHAKEN LIQUID CULTURE* 

Matemlal added Trypsin equivalents D~y weight S.E.M.(N) 
to eultuPe added to eultdre mycelia (mg) 
medium medium (,g/m !) 

eun I: 
None 0.00 24.7 8.9 (13) 

CPude ~eotal 
fluid . 0.I0 300.4 19.1 (5) 

Combined 
chromatographic 
fractions 
containing 
pmoteinases I, 
II, and III O.OS 313.8 20.6 (4) 

Run 2: 

None 0.00 7.i ~ . 9  (1O) 

C~ude mectal 
fluid 0.i~ 198.5 3~.I (6) 

S~gma type VI 
fungal protease 0.16 253.2 ~9.2 (11) 

*Culture medium consisted of 50 ml of Sabouraud's dextrose broth, shaken 
fop 12 days at 180 ~.p.m. at 25°C. 

DISCUSSION 

General characteristics o/the faecal proteinases 
The proteolytic activity of the faecal fluid of Atta texana and A. colombica 

tonsipes is attributable to three enzymes which are conveniently separated by gel 
filtration on Sephadex G-75. 

These three enzymes, either separately or together, exhibit remarkable stability 
in the pH range from 5.0 to 7-5, a range which includes the pH normally encountered 
in the ant's gut, where pH's of 7-2 ,6.5 and 5.8 were determined in the crop, 
midgut, and rectum, respectively. This high stability is obviously relevant to the 
persistence of the enzymes in the rectal fluid of the ant. Indeed it seems clear that 
resistance to mutual or autodigestion is a requisite property of any set of enzymes 
destined to perform an adaptive catalytic function after being excreted by the 
organism, and it is gratifying to see such stability reflected in vitro. 
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The broad pH optimum between 7 and 9 for the activity of the rectal fluid, and 
the relatively high activity at pH's down to 5.5, would also seem to be of adaptive 
significance, since it would permit the rectal fluid to perform its extraintestinal 
catalytic function on a variety of natural substrates relatively independent of their 
intrinsic physiological pH's. 

The observed broad catalytic activity of the rectal fluid and its component 
proteinases is also in accord with the proposed role of these enzymes, and would 
appear to reflect adaptive properties of the enzymes. These enzymes must degrade 
proteins of diverse origin and structure for subsequent metabolic utilization by the 
fungus. Clearly then, enzymes with broad, general activity will be better suited to 
perform this function than enzymes with narrow specificities. 

Finally, we have demonstrated that the fungus of A. c. tonsipes will grow 
considerably faster in Sabouraud's dextrose broth, a culture medium in which the 
nitrogen source consists of soluble polypeptides derived from the partial enzymatic 
hydrolysis of natural proteins, if small amounts of the ants' rectal fluid are added. 
That this effect is due to the proteolytic activity of the rectal fluid is made manifest 
by noting that a comparable growth-enhancing effect results from the addition of a 
mixture of the three purified rectal proteinases, or by the addition of a general 
non-specific proteinase derived from the bacterium, Streptomyces griseus. 

Enzymological characterization of the fecal proteinases 
Proteolytic enzymes are commonly divided into four classes (NEu~TrI et al., 

1967; MAHLER and CORDES, 1966): acid proteinases, sulphydryl proteinases, 
serine proteinases, and metallopeptidases. 

Proteinase I is clearly a serine proteinase. It is inhibited by DFP, but not by 
iodoacetate, p-chloromercuribenzoate, or EDTA. Furthermore the enzyme has an 
alkaline pH optimum for both protein and amino acid ester substrates in common 
with other members of this group. Proteinase I, with a mol. wt of approximately 
70,000, appears to be somewhat larger than the typical members of this class, which 
generally have mol. wt which fall in the 20,000 to 35,000 range. However, higher 
mol. wt have been reported for a number of serine proteinases, including one 
isolated from the gut of the adult beetle, Tenebrio (ZWILLING, 1968), and several 
isolated from microbial sources (MARTIN et al., 1962; MORIHARA and TSOZUKI, 1969). 

Certain other properties of proteinases I clearly set it apart from other animal 
proteinases of this class, and in particular from the enzymes derived from inverte- 
brates. All of the serine proteinases previously reported from insects have specific- 
ities similar to mammalian trypsin and chymotrypsin, despite a diversity of 
physical properties (BROOKES, 1963; APPLEBAUM et al., 1964; LECADET and 
DEDONDER, 1966; FREEMAN, 1967; KAFATOS et al., 1967a, b; ZWILLING, 1968; 
GOODING and HUANG, 1969; SONNENBORN et al., 1969, BONGER; and NOGGE, 1970; 
HRUSKA and LAW, 1970; CHEUNG and GOODING, 1971; HAGENMAIER, 1971; 
KATZENELLENBOGEN and KAFATOS, 1971; YANG and DAVIES, 1971a, b; FELDSTEO, 
1973). Proteinase I, however, does not exhibit the characteristic specificity of 
trypsin or chymotrypsin. Nor is it inhibited by SBTI or TLCK, two specific 
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trypsin inhibitors. On the other hand, proteinase I does resemble typical serine 
proteases of microbial origin. Microbial enzymes of this class characteristically 
exhibit high catalytic activity toward protein substrates, and broad catalytic activity 
toward N-substituted amino acid esters, without showing high specificities for the 
peptide bonds preferred by typical animal trypsins or chymotrypsins (Sa_r~GER et al., 
1955; MARTIN et al., 1962; MORIHARA and TSUZUKI, 1969). These are precisely 
the catalytic properties observed in proteinase I. 

Proteinases II and III  are metalloendopeptidases. Both enzymes are inhibited 
by the metal chelators EDTA and 1,10-phenanthroline, but are insensitive to DFP 
and the thiol reagents, iodoacetate and p-chloromercuribenzoate. The metal ion 
required for activity by proteinases II and III  appears to be zinc, since the addition 
of zinc nitrate to 1,10-phenanthroline-inhibited samples restores activity. In 
common with other endopeptidases of this class, both proteinases II and III  
exhibit pH optima near neutrality and do not exhibit any esterolytic activity 
toward N-substituted amino acid esters. Enzymes of this type generally have 
tool. wt in the range 35,000 to 50,000. Proteinase II, with a tool. wt of about 41,000, 
appears to be typical. Proteinase III has a somewhat lower mol. wt (15,000), but 
other metalloendopeptidases of similar low mol. wt have been reported (JACKSON 
and WOLFE, 1968). 

In general, proteinases of this group preferentially cleave peptide bonds in which 
the amino acid residue contributing the amino group bears a hydrophobic side 
chain (MATSUBARA et aL, 1966; FEDER and LEWIS, 1967; MILLET and ARCHER, 
1969). Both proteinases II and III exhibit similar specificity and effect preferential 
cleavage of the insulin A-chain at the serine(12)-leucine(1z) and glutamine(15)- 
leucine(l~) bonds. Proteinase II also hydrolyzes the peptide bond of the synthetic 
substrate, N-CBZ-L-tyrosyl-L-leucine amide, a substrate which is similarly 
attacked by a number of other neutral metalloendopeptidases. Proteinase III, on 
the other hand, hydrolyzes this substrate slowly if at all. In this connection it is 
noteworthy that the metalloendopeptidase from Myxobacter AL-1, which also has 
a low mol. wt (14,000) in common with proteinase III, also fails to hydrolyze 
similar synthetic substrates although it readily hydrolyzed the insulin B-chain 
(JACKSON and WOLFE, 1968). 

Metalloendopeptidases are commonly produced by bacteria and fungi 
(BERGKVlST, 1963; MCCONN et al., 1964; HIRAMATSU, 1967a, b; MORIHARA el al., 
1967, 1968 ; NARAHASHI et aL, 1968; DAY et al., 1968; MATSUBARA, 1970), but only 
rarely have they been isolated from invertebrate sources. Even in those few cases in 
which enzymes of this class have been detected in insects, their production by 
endosymbiotic microorganisms remains a very plausible possibility. A metallo- 
endopeptidase has been detected in larvae of the webbing cloths moth, but endo- 
symbiotic bacteria appear to be the most likely origin of this enzyme (WARD, 1972). 
An enzyme of this class is produced by a strain of Serrat ia which lives as an endo- 
symbiont within the gut of the silkworm (MIYATA et al., 1971). Metalloendopeptid- 
ase activity has also been detected in the sphingid moth Manduca sexta (BADE and 
SHOUKIMAS, 1974) and possibly in the honey-bee (GIEBEL et  al., 1971). 
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The origin of the faecal proteinases 

T h e  results of this s tudy strongly suggest that the proteolytic enzymes in the 
faecal material of A.  texana are of microbial origin. Th is  conclusion was quite 
unanticipated, since it had been our bias that  these enzymes were probably 
digestive enzymes secreted in the midgut  and concentrated in the rectum. 

A priori it is possible to envision two plausible origins for these enzymes, 
microbial endosymbionts,  and the fungus cultivated and consumed by the ants. 
The re  is ample precedent  for the secretion of enzymes by  symbiotic micro-  
organisms living within the guts of insects, al though the presence of endosymbionts  
in ants appears to be much  less common than in some other families (JuNGF.N, 1968). 
Likewise, the possibility that  the enzymes are present in the fluid within the fungal 
hyphae upon which the ants feed, but  are not secreted into the medium,  is entirely 
plausible. Studies soon to be reported will clarify unambiguously the origin of 
these interesting enzymes. 
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