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1. SUMMARY 

Mixed populations of human gut bacteria de- 
graded casein by producing a variety of cell-bound 
and extracellular proteolytic enzymes. Casein was 
initially hydrolysed to TCA soluble peptides which 
were subsequently broken down to volatile fatty 
acids, ammonia,  dicarboxylic acids and a range of 
phenolic compounds. Amino acids did not accu- 
mulate to any extent during casein breakdown, 
suggesting that the rate of peptide hydrolysis was 
the limiting step in protein utilisation by these 
bacteria. Similar fermentation products were pro- 
duced from bovine serum albumin, however, the 
insoluble protein collagen was considerably more 
resistant to degradation by the colonic microflora, 
as evidenced by the reduced quantities of fermen- 
tation end-products formed. 

2. I N T R O D U C T I O N  

The large intestine of man contains a luxuriant 
and diverse microflora, cell population densities of 

* To whom correspondence should be addressed. 

which are estimated to be in excess of 10 ~2 cel ls /g 
gut contents [1]. The vast majority of these bacteria 
are strictly anaerobic and arc generally non- 
fastidious with respect to their nutritional require- 
ments. In recent years, the formation of volatile 
fatty acids (VFA) by the colonic microflora has 
been a subject of considerable interest to gut 
physiologists, especially in relation to the fermen- 
tation of non-starch polysaccharides or "dietary 
fibre' [2,3]. VFA are physiologically active in the 
large intestine, and butyrate in particular is re- 
quired to maintain the health of epithelial cells 
lining the gut [4]. In marked contrast to the fer- 
mentation of polysaccharides, the breakdown of 
nitrogenous compounds by gut bacteria has re- 
ceived little attention. This is somewhat surpris- 
ing, as substantial quantities of protein enter the 
colon daily (0.5 4.0 g N /day ) ,  in undigested food 
residues, small intestinal secretions and shed epi- 
thelial cells [5]. Unlike the caecum, the colon is 
largely a nutrient and energy deficient environ- 
ment where bacterial growth is slow, and where 
protein may be an important source of ferment- 
able carbon. It is therefore of interest to ascertain 
the mechanisms by which proteins are degraded 
by the gut microflora and to establish the identity 
of the major fermentation end products formed 
during this process. 
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3. MATERIALS AND METHODS 

3. 1. Material.s 
Washed faecal bacterial cells were obtained by 

hornogenising 50 g of fresh faeces in 0.1 M 
anaerobic phosphate buffer (pH 7.0) to produce a 
10q (w/v)  faecal slurry. The slurry' was then 
centrifuged at 1 5 0 0 x g  for 15 rain to remove 
particulate material. The resulting cell suspension 
was centrifuged at 20000 x g for 30 min to obtain 
a cell pellet which was subsequently resuspended 
in phosphate buffer. This procedure was repeated 
to yield a washed cell pellet. The washed cells 
~ere lhcn resuspended in 750 ml phosphate buffer 
and maintained under anaerobic conditions until 
use .  

3.2. Growth of,gut bacteria on protein 
Aliquots (250 ml) of washed cell suspension 

wcre added to 1-1 reaction vessels (Gallenkamp) 
which contained 250 ml of a medium which had 
the following composition: K , H  PO,~. 16.0 g; 
KHzP(),~, 12.0 g: Na | ICO> 10.0 g: CaCI2- 2H,O, 
0.2 g: MgS()4-7H:O, 0.8 g: NaCI, 7.0 g: either 
casein (BDH), bovine serum albumin (Sigma) or 
collagen (Sigma). 20.0 g: cysteine. 1.2 g: menad- 
lone. 2 rag: haemin, 100 nag: biotin, 40 p,g: p- 
aminobenzoic acid, 100 p,g, vitamin BI_,, 100 gg: 
thiamine, 200 p.g: distilled water, 1 1. The mineral 
salts medium had been previously autoclaved then 
cooled under high purity nitrogen gas (Air Prod- 
ucts), thc filter-~,lerilised vitamins were added when 
the medium had cooled. Anaerobic conditions were 
maintained bv ~,parging cultures with high purity' 
nitrogen and cultures were stirred continuously. 
Incubation temperatures were 37o( ̀  and culture 
plI (7.0) was controlled using a Modular Fer- 
menter pH ('ontroller (Gallenkamp). Samples (4 
ml) for chemical analyses and cell counts were 
taken at O. 3, 6, 12, 24, 48 and 72 h. 

3.3. ( 'e l l  c.unts  
('ulture cell population densities were 

term)ned bv direct counting methods [6]. 
de- 

3. 4. ( hemu 'a l  analvse.s 
Prior to analysis, cells were removed by centri- 

fugation at 27000 × g for 8 rain. Proteins (insolu- 
blc in 10r; (,a/v) trichloroacetic acid (TEA)) and 

peptides (soluble in 10% (w/v) TCA) were de- 
termined by the method of Lowry et al. [7]. Am- 
monia was measured by the phenol-hypochlorite 
method of Solorzano [81. VFA and dicarboxylic 
acids were detected by gas chromatography using 
procedures described by Holdeman et al. [9]. Free 
amino acids were determined using an LKB 4151 
Alpha Plus Amino Acid Analyser. Phenols and 
indoles were separated by HPLC (LKB) using an 
Aminex HPX 874 ion exclusion column (Bio-Rad) 
and were detected at 210 nm with an LKB Varia- 
ble Wavelength Monitor, using methods described 
by Adams et al. [10]. 

d. 5. Prolea.s'e a,~xav.~ 
The use of azocasem as a proteolytic substrate 

has been validated in a number of studies [11-13J 
and measurements of cell-bound and extracellular 
proteolytic activity' were carried out using this 
substrate as follows: 40-ml samples were removed 
from fermenters at 0, 24, 48 and 72 h, and centri- 
fuged at 20 000 × g for 30 rain to yield a bacterial 
pellet and a cell-free supernatant. The latter was 
retained for measurement of extracellular proteo- 
lyric activity' and after washing and recentrifuga- 
tion. the bacterial pellet was resuspended in 20 ml 
anaerobic phosphate buffer for determination of 
cell-bound proteolytic activity. Aliquots (1 ml) of 
sample were then dispensed in duplicate into 1.5 
ml capacity Eppendorf tubes and mixed with 0.2 
ml 0.1 M phosphate buffer pH 7.0. Reactions were 
initiated by the addition of 0.3 ml azocasein stock 
solution which gave an initial substrate concentra- 
tion of 10 mg/ml.  The capped tubes were then 
incubated at 370( ̀  for 2 h. Reactions were 
terminated by, transferring the tube contents into 
centrifuge tubes containing 1 ml of a 10% (w/v) 
solution of TeA.  Control tubes were incubated as 
above but without azocasein, which w, as added 
after inactivation of the sample with "ICA. In- 
activated samples were allowed to stand for 30 
min prior to centrifugation at 27000x  g for 8 
min, thereafter 1 ml of supernatant was mixed 
with an equal volume of 1.0 M NaOH and the 
absorbance of this solution was read at 450 nm. 

3.6. Fffect o f  proteolvtic inhibitors 
Protease assays were carried out as previously 
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described except that the phosphate buffer con- 
tained the following protease inhibitors, final as- 
say concentrations of which are given in parenthe- 
ses. Phenylmethy lsu l fony l f luor ide  (3 mM),  
pepstatin A (50 p~g/ml), thimerosal (5 mM), 
iodoacetate (5 mM), EDTA (5 raM), cysteine (2 
raM), soybean trypsin inhibitor I-S (100 p~g/ml), 
chymostatin (250 ~g/ml) .  

4. RESULTS A N D  DISCUSSION 

4.1. Breakdown of casein 
Casein was rapidly degraded by human gut 

bacteria (Fig. 1) with approx. 67% of protein being 
hydrolysed to TCA-soluble peptides. Only about 
60% of the casein was utilised by the microflora 
however, as shown by the increase in TCA-soluble 
peptides. Free amino acids did not accumulate to 
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Fig. l. Hydrolysis of casein by human gut bacteria grown 
under anaerobic conditions in batch culture at 37°C. Protein 
(e). TCA-soluble peptides (O). 
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any extent, as concentrations in culture effluent 
remained  relatively cons tan t  (1 -2.5 m M )  
throughout the incubation (Fig. 2), indicating that 
peptide hydrolysis was the limiting step in protein 
utilisation. In contrast, large quantities of VFA 
and NH~" were produced (22.4 mM and 30.0 mM, 
respectively). Bacterial cell population densities 
(Fig. 3) increased 3-fold during the first 12 h of 
incubation (2.4 × l0 ~ ml-7.9 × 109/ml) showing 
that casein could support the growth of assacc- 
harolytic bacterial species, which in the large gut 
comprise a substantial proportion of the micro- 
flora [14,15]. 

4.2. Proteolytic activities 
Proteolytic activity in casein grown cultures 

was both cell-bound and extracellular in nature 
(Fig. 3) and studies with specific protease inhibi- 
tors (Table 1) demonstrated that cell-bound pro- 
teolytic activity was particularly sensitive to the 
serine protease inhibitor PMSF (83.2% inhibition) 
and the cysteine protease inhibitor thimerosal 
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Fig. 2. Fermentation end products formed by gut bacteria 
grown on casein as sole carbon and nitrogen source. NH4 (e), 
VFA (B), free amino acids (0). 
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Fig. 3. Proteolytic activities and cell population densities in 
cultures of gut bacteria grown with casein as sole carbon and 
nitrogen source. Cell numbers ( , ) .  cell-bound activity (e). 
extracellular activity (O). 

(36.5% inhibi t ion) .  Extracel lu lar  pro teoly t ic  activ- 
i ty was mainly  sensit ive to the meta l lopro tease  
inhib i tors  E D T A  (80.1% inhibi t ion)  and  cyste ine  
(44.6% inhibi t ion) .  Thimerosa l  and chymos ta t in  
(41.5 and 35.1% inhib i t ion  respectively)  also sig- 

nif icant ly  inhibi ted  ext racel lu lar  activity.  The  
aspar t ic  p ro tease  inhib i tor  peps ta t in  A and 
soybean  t rypsin  inhib i tor  I-S had litt le effect on 
ei ther  ce l l -bound or  ext racel lu lar  pro teoly t ic  activ- 
ity. These results are in general  agreement  with 
our  earl ier  work [16] which showed that  in faeces, 
ce l l -bound  bacter ia l  pro teoly t ic  enzymes were 
mainly  serine and cysteine proteases,  whilst pro-  
teolyt ic  enzymes in faecal water  were a mixture  of 
cyste ine  proteases ,  meta l lopro teases  and serine 
proteases .  

4. 3. Fermentation products 
Results  in Table  2 show that  on the basis of 

quan t i ty  of fe rmenta t ion  produc ts  formed,  washed 
suspens ions  of  faecal bacter ia  could extensively 
degrade  soluble pro te ins  such as casein and BSA, 
but  that the insoluble  pro te in  col lagen was consid-  
e rab ly  more  res is tant  to b reakdown.  Solubi l i ty  
therefore  appears  to be an impor t an t  factor  in 
pro te in  b reakdown,  and in this respect  prote in  
degrada t ion  resembles  the b reakdown  of polysac-  
char ides  by the gut microf lora  [17]. Unl ike  poly-  
sacchar ide  fermenta t ion ,  however,  the end prod-  
ucts of  pro te in  b r eakdown  are cons iderab ly  more 
complex.  Da ta  presented  in Table  2 show that 
aceta te  was the major  VFA p roduced  by casein 
(12.0 mM),  BSA (9.5 mM),  and collagen (2.9 mM) 
grown cul tures  a l though prop iona te ,  bu ty ra te  and 
the b ranched-cha in  acids i sobutyra te  and 2-me- 
t h y l b u t y r a t e / i s o v a l e r a t e  were also formed in sub- 
s tant ia l  amounts .  Branched-chain  V F A  accounted  

Table 1 

Effect of specific inhibitors on extracellular and cell-bound proteolytic enzymes produced by mixed populations of human gut 
bacteria grown in batch culture with casein at 37°C 

Proteolytic inhibitor Class of protcase inhibited % Inhibition of protcolytic activity ~ 

Extracellular ('ell-bound 

Phenylmethylsulfonylfluoride (PMSF) Serine and some cysteine 26.5 83.2 
proteases 

Soybean trypsin inhibitor I-S Trypsin 11.2 8.1 
Chymostatin Chymotrypsin 35.1 25.4 
Pepstatin A Aspartic proteases 10.0 2.1 
Thimerosal Cysteine proteases 41.5 36.5 
Iodoacetate Cysteine proteases 15.0 18.7 
Cysteine Metalloproteases 44.6 10.0 
EDTA Metalloproteases 80.1 1 ] .2 

Inhibition data are given as mean of values obtained from each sampling period. 
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for about 20% of total VFA produced by casein 
and BSA-grown cultures. Concentrations of VFA 
in faeces range between 46-85 mM [18] and are 
considered to arise mainly from the fermentation 
of plant cell wall polysaccharides such as cellulose, 
pectins and hemicelluloses. Our results show how- 
ever that large quantities of VFA are produced by 
gut bacteria growing on protein (approximately 
29% of the casein utilised was converted to VFA) 
which would suggest that protein may similarly be 
an important source of VFA in the colon. Whilst 
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dicarboxylic acids were minor products of protein 
breakdown, phenolic compounds (particularly hy- 
droxyphenylacetate and phenylpropionate) were 
major fermentation end-products (Table 2). For- 
mation of phenolic and indolic compounds in the 
large gut results from bacterial action on phenyl- 
alanine, tyrosine and tryptophan [19]. It has long 
been recognised that production of these metabo- 
lites is associated with dietary protein intake [20] 
although their physiological effect in man remains 
unclear. 

Table 2 

Fermentation products formed by gut bacteria grown with either casein. BSA or collagen (10 mg/ml )  as sole source of carbon and 
nitrogen 

Bacteria were grown in batch culture at 37°C under anaerobic conditions for 72 h. 

Fermentation products (mM) Protein substrate a 

Casein BSA Collagen 

1. VFA 
Formate ND b 1.4 ND 
Acetate 12.0 9.5 2.9 
Propionate 3.1 1.1 1.0 
Isobutyrate 2.0 1.4 0.5 
Butyrate 2.3 2.9 0.1 
2-methylbutyrate/isovalerate 2.7 1.4 0.5 
Valerate 0.1 0.1 0.1 
lsocaproate N D 1.0 0.5 
Caproate 0.2 0.4 0.2 
Caprylate T " 1- ND 

Total 22.4 19.2 5.8 

2. Dicarboxylic acids 
Oxaloacetate N D 0.4 N I) 
Malonate 0.1 ND ND 
Methylmalonate 0.1 N D N D 
Fumaratc 0.2 N D N D 
Succinate 2.2 0.3 0.3 

Total 2.6 0.7 0.3 

3. Phenolic and indolic compounds 
Hydroxyphenylacetate 1.8 1.1 NI)  
Phenylacetate 0.5 0.5 ND 
Phenyllactate ND 0.6 N D 
Phenylpropionate 2.5 0.7 0.3 
Phenol 1.1 0.4 N D 
Indolylpropionate 0.3 0.1 N D 

Total 6.2 3.4 0.3 

" Mean values obtained from 3 experiments. 
t, ND, not detected. 

T, trace. 
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In conclusion, results presented in this paper 
have shown that protein may be degraded in vitro 
by human gut bacteria to produce a range of 
fermentation products, some of which, such as 
VFA, are beneficial to the host and others, such as 
ammonia,  which are potentially toxic. At present, 
however, few data are available conccrning the 
physiological mechanisms which control protcin 
breakdown or amino acid fermentation in vivo. 
About 50% of normal adults harbour methano- 
gcnic bacteria in their large intestine [21]. Whilst 
none of the bacterial cultures investigated in this 
~,tudy were methanogenic ,  the presence of 
methane-producing bacteria would probably ahcr 
the end-products formed during protein break- 
down. Furthcr work will thcreforc be required to 
determine the extent and significance of methano- 
genesis on protein degradation and the large in- 
testinal fermentation. 
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