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Effect of Calcium and Phytic Acid on the Activation of Trypsinogen and 
the Stability of Trypsin 
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The kinetics of the activation of trypsinogen to trypsin has been investigated under different combinations 
of calcium(I1) and phytic acid. The complexation of phytic acid and calcium increases (-30-fold) the 
rate of formation of catalytically inactive protein. The stabilizing effect of calcium on the autocatalytic 
degradation of trypsin is also substantially reduced (- 100-fold). Activation of trypsinogen by en- 
teropeptidase has a positive effect in that it rapidly activates trypsinogen and reduces the degradative 
impact of inactive protein formation. The data describing the integrated process of active trypsin 
generation, inert protein generation, and active trypsin stability have been analyzed in terms of two 
rate equations containing four rate constants. A numerical integration technique and nonlinear regression 
have been used to estimate the rate constants. The effect of phytic acid on these rate constants a t  30 
"C and either pH 6.0 or pH 8.1 is given. 

INTRODUCTION 

Phytic acid is a naturally occurring compound found in 
the seeds of plants, where i t  functions during germination 
as a source of inorganic phosphate and myo-inositol. In 
the seeds of legumes phytic acid accounts for 60-80% of 
the phosphate content and is structurally integrated with 
the protein bodies as phytin, a mixed K, Mg, and Ca salt 
(Lott, 1984). Phytin is soluble a t  acidic pH but has limited 
solubility in the more neutral pH region, 5-8. The 
insolubility of cation-phytate complexes in this pH region 
is a feature of many multivalent cations [e.g., Ca(II), Mg- 
(II), Fe(III), Zn(II), and Cu(I1); Cheryan, 1980; Nolan et 
al., 19871. The insolubility and stability of the complexes 
in the gastrointestinal tract of monogastrics and birds is 
regarded as the major reason for the reduced bioavail- 
ability of some trace elements. In particular, phytate- 
induced zinc deficiency has been extensively reported [see, 
for example, reviews by Maga (1982) and Reddy et al. 
(1982)l. 

Some nutritional studies have suggested that phytate 
also affects protein utilization in rats (Atwal et al., 1980) 
and fish (Richardson e t  al., 1985; Spinelli et al., 1983). 
Richardson e t  al. (1985) suggested that several contributing 
factors may have been responsible for lowered protein 
utilization in high-phytate diets. They included the 
formation of protein-phytate complexes, inhibition of 
digestive enzyme secretion, and depressed absorption of 
nutrients in the pyloric caecal region of the intestine. 

Although the formation of protein-phytate complexes 
a t  acid pH and their effect on acid proteases are well 
established (Barre, 1956; Knuckles e t  al., 19851, the 
existence of similar complexes a t  basic pH and their 
resistance to  proteolysis by neutral proteases are less 
certain. Inagawa e t  al. (1987) have reported that phytic 
acid did not affect the proteolysis of either casein or 
soybean protein. Singh and Krikorian (1982) observed 
moderate inhibition at a very high phytate concentration 
(90 mM). Furthermore, i t  was suggested that the acti- 
vation of trypsinogen could also be affected by the 
interaction of phytate and calcium ions. This work looks 
in more detail at the in vitro activation of trypsinogen and 
the stabilityof trypsin at 30 "C in the presence of different 
calcium and phytic acid combinations at pH 6.0 and pH 

8.1. These pHs were chosen as being representative of 
the range of pHs over which trypsin normally functions 
in vivo. 

EXPERIMENTAL PROCEDURES 

(1) Materials and Methods. Proteins were commercial 
products obtained from Sigma (bovine pancreatic trypsin T1005, 
bovine pancreatic trypsinogen T1143, and porcine intestine en- 
teropeptidase E0885). Solutions of trypsin (EC 3.4.21.4) and 
trypsinogen were dialyzed overnight against 1 mM HC1, filtered 
through a 0.45-pm Millipore filter, and used immediately. Solid 
enteropeptidase (EC 3.4.21.9) was dissolved in sterile, distilled, 
deionized water and used without further treatment. Protein 
concentrations were determined using extinction coefficients at 
280 nm (E1%,lm) of 15.0 for trypsin and trypsinogen (Walsh, 
1970) and 17.8 for porcine enteropeptidase (Maroux et al., 1971). 
Dodecasodium phytate and Na-p-tosyl-L-arginine methyl ester 
(TAME) were obtained from Sigma. All other reagents were of 
analytical reagent grade. The final solute concentrations in 
reaction mixtures were, for pH 8.1,lOO mM Tris, 100 mM NaCl, 
CaClz and sodium phytate as indicated in Table I, and HC1 to 
pH 8.1 and, for pH 6.0, 50 mM Mes, 100 mM NaCl, CaClz and 
sodium phytate as indicated in Table I, and NaOH to pH 6.0. 

The two combinations of calcium chloride and sodium phytate 
produced precipitates of calcium phytate. Reaction mixtures 
containing precipitates were stirred using a magnetic stirrer and 
stirrer bar. 

Reaction mixtures were incubated at 30 "C. Sampling 
commenced immediately after the addition of trypsinogen and 
either trypsin or enteropeptidase. Enteropeptidase, when added, 
was to a final concentration between 0.6 and 1.0 Fg/mL. Under 
the assay conditions used (either pH 6.0 or 8.1 and 30 "C) en- 
teropeptidase specific activity was 540 units/mg of enteropep- 
tidase. One unit is equivalent to 1 mg of trypsinogen converted 
per hour at an initial trypsinogen concentration of 0.9 mg/mL. 
Final reaction mixture volume was 1.0 mL. Controls consisted 
of trypsinogen without added trypsin or enteropeptidase. Total 
tryptic activity of reaction mixtures was determined by assaying 
0.5-pL samples in 3.0 mL of standard assay mixture at regular 
intervals according to the spectrophotometric method of Hum- 
me1 (1959). This 6000-fold dilution of samples was sufficient to 
solubilize any precipitate from the reaction mixtures. Standard 
assay conditions were 40 mM Tris, 10 mM CaC12,1.04 mM TAME, 
and HC1 to pH 8.1. Tryptic activity of reaction mixtures was 
converted to concentration of active trypsin in milligrams per 
milliliter using a factor of 430 TAME units being equivalent to 
1.0 mg of active trypsin. One TAME unit is defined as the 
quantity of trypsin hydrolyzing 1 pmol of TAME/min under 
standard assay conditions. 
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Table I. Rate Constants for the Activation of Trypsinogen 
and Deactivation of Trypsins 

pH 6.0 pH 8.1 
k, k o  k i  ki k g  k a  

Caldwell 

10 mM Ca2+ 14 6 0.2 47 15 0.8 
(1) (2) (0.1) (2) (3) (0.1) 

10mM Ca2+, 1.5 mM 16 19 2.5 27 50 2.4 
phytate (ppte) (4) (2) (0.6) (3) (5) (0.4) 

10mMCa2+,5mM 17 70 4 33 410 49 
phytate (ppte) (3) (28) (2) (2) (200) (16) 

1.5 mM phytate 17 160 16 32 540 88 
(4) (40) (4) (4) (180) (7) 

a All rate constants have been multiplied by lo3. Units are mg-' 
cm3 min-1. Figures in parentheses are average deviations from the 
mean. 

(2) Data Analysis. Data have been analyzed by assuming 
the existence of three schemes describing the reactions of trypsin, 
trypsinogen, and enteropeptidase. These are 

(2) - T + I P '  13) 

ki 

k 4  

E P + T G  - E P + T  + P  

T + T  

where T, TG, and EP are trypsin, trypsinogen, and enteropep- 
tidase, respectively, and P, IP, and IP' are enzymically inactive 
peptides or proteins. The first reaction scheme describes the 
conversion of trypsinogen to active trypsin or inactive protein as 
originally described by Kunitz (1939a). The second reaction 
describes the conversion of trypsinogen by enteropeptidase solely 
to active trypsin (Kunitz, 1939b; Maroux et al., 1971). The last 
scheme represents the bimolecular inactivation of trypsin (Kunitz 
and Northrop, 1934). 

The rate equations describing the disappearance of trypsino- 
gen and the appearance and deactivation of trypsin are 
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Figure 1. Activation of trypsinogen at  pH 6.0 in the presence 
and absence of enteropeptidase and at different calcium to 
phytate ratios. (0, W) 10 mM Ca2+, 5 mM phytate; (A, A) 0 mM 
Ca2+, 1.5 mM phytate. (Open symbols) with enteropeptidase; 
(solid symbols) without enteropeptidase. [TGIo = 832 pg/mL. 
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Figure 2. Activation of trypsinogen at  pH 8.1 by trypsin alone 
at different calcium and phytate concentrations. (H) 10 mM 
Ca2+, 0 mM phytate; (A) 10 mM Ca2+, 1.5 mM phytate; (0) 10 
mM Ca2+, 5 mM phytate; (A) 0 mM Ca2+, 1.5 mM phytate. [TGIo 
= 922 pg/mL; [TI0 = 75 pg/mL. 

d[TGlldt = -kl[Tl[TGl - k,[TI[TGl- k3[EPl[TGl 

An explicit solution for [TI in terms of time only is not possible. 
The rate constant kq was estimated by analyzing data from the 

latter part of each activation experiment. Here the concentration 
of trypsinogen is essentially zero and the disappearance of trypsin 
is described solely by the bimolecular inactivation term. 

Estimation of the rate constants k l ,  kp, and k3 was carried out 
according to the Euler method (Bajpai et al., 1975) for computing 
values of [TI as a function of t for preset values of the rate 
constants. The values of the rate constants were then adjusted 
using a least-squares nonlinear regression program based on the 
Marquardt algorithm (Marquardt, 1963). 

The solid lines in Figures 1-3 have been drawn according to 
best fit values of the rate constants and requirements of the two 
differential equations listed above. They were generated using 
a digital plotter, and each point comprising the curve was 
calculated using the Euler method series 

A, = A,-l + (dA/dt),-,At 
where A is either [TI or [TG]. A0 is the active trypsin or trypsino- 
gen concentration at  t = 0. The value of [TGlo and [EP] was 
determined from the absorbance at  280 nm of the protein stock 
solutions and the dilution within each reaction mixture, whereas 
[TI0 was determined from the trypsin activity of the reaction 
mixture immediately after initiation of the activation reaction. 
The time interval between each point, At ,  was set arbitrarily 
small (compared to the duration of the activation experiment) 
at 1 min. 
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Figure 3. Activation of trypsinogen at pH 6.0 by either trypsin 
or enteropeptidase. (0, H) with enteropeptidase, [TGlo = 820 
pg/mL; (A, A) with trypsin, [TGIo = 987 rg/mL, [TI0 = 101 
pg/mL. (Solid symbols) 10 mM CaZ+, 0 mM phytate; (open 
symbols) 10 mM Caz+, 1.5 mM phytate. 

RESULTS AND DISCUSSION 

Data obtained from selected activation experiments 
together with the digitally plotted curves appear in Figures 
1-3 to illustrate the extent of the effect of phytate on the 
in vitro activation of trypsinogen. The mean values for 
the rate constants obtained from these and other analyses 
are presented in Table I. The  data are adequately fitted 
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to the rate equations for the three reaction schemes given 
under Data Analysis. The major effect of phytate is on 
the rate constants kp and kq, characterizing the inactivating 
reactions of trypsin. Both rate constants can be related 
to the function of the Cap+ binding sites of trypsin and 
trypsinogen. Trypsinogen has two Ca2+ binding sites. The 
first, a tight binding site, occurs in trypsin also and protects 
both against the formation of inert proteins. The second, 
a weaker binding site, occurs only in trypsinogen and has 
been postulated to enhance the formation of active trypsin 
by increasing the rate of hydrolysis of the Lys(G)-Ile(7) 
bond in trypsinogen (Delaage and Lazdunski, 1967). 
However, the data presented in Table I indicate that the 
rate constant for this hydrolysis, kl, is relatively unaffected 
by the calcium status of the reaction mixture, although 
some increase in k l  a t  pH 8.1 is apparent in the reaction 
mixture containing only calcium. 

The rate constant k2 is greater a t  pH 8.1 than a t  pH 6.0. 
This is consistent with the findings of Kunitz (1939b) that 
the formation of inert protein from trypsinogen is greatly 
reduced a t  pHs less than 6.0. The two combinations of 
calcium and phytate result in calcium-phytate precipi- 
tates. The work of Nolan et  al. (1987) suggests that for 
the 10 mM Ca2+/1.5 mM phytate combination the stoi- 
chiometry of the calcium-phytate complex will be pre- 
dominantly Cas (phytate), indicating an excess of free 
calcium. That  a marked increase in kp (and k4) occurs for 
this combination, compared to the 10 mM Ca2+ solution, 
suggests that there is some destabilizing interaction on 
both trypsinogen and trypsin from the formation of the 
calcium-phytate precipitate. The tri- or dicalcium com- 
plex is the more likely for the 10 mM Ca2+/5 mM phytate 
combination (Nolan et al., 1987), and it is unlikely that 
there will be a substantial level of free calcium ions in this 
reaction mixture. That  there is a difference in k2 and k4 
between this reaction mixture and the one containing only 
phytate suggests that the di- or tricalcium-phytate com- 
plex can provide some stabilization against autolysis and 
inert protein generation for both trypsinogen and trypsin. 
The reason for such effects may be due either to the 
formation of ternary complexes or competitive seques- 
tration of Ca2+ ions between phytate and protein. Ternary 
complexes between cations, phytic acid, and protein have 
been proposed to explain observed interactions between 
phytate and protein a t  neutral pH (Omosaiye and Cheryan, 
1979; Nosworthy and Caldwell, 1988). The interaction is 
mediated through a cationic bridge between two anionic 
components; however, binding is not observed in the 
absence of divalent cations. The prediction of a cationic 
bridge between the negatively charged hexapeptide region 
of trypsinogen and phytate may be a plausible explanation 
for the increase in the rate constant k2. Binding of calcium 
ions also retards autolytic degradation of trypsin, and the 
existence of a similar interaction between trypsin and the 
calcium-phytate complex may also explain the increase 
in the rate constant k4. 

Evidence supporting competitive sequestration of cal- 
cium comes from previous work (Chiancone et al., 1985) 
which has shown that the calcium chelator, 1,2-bis(o-ami- 
nophenoxy)ethane-N,N,”,”-tetraacetic acid (BAPTA), 
rapidly reverses the binding of calcium to trypsin and 
trypsinogen. Other work (Desnuelle and Gabeloteau, 1957) 
on the role of calcium in trypsinogen activation and trypsin 
stability showed that a similar chelator, ethylenediam- 
inetetraacetic acid (EDTA), produced results consistent 
with those given in this work. 

The rate constant k~ was found to be 10 (mg per mL of 
enteropeptidase)-l min-I. This value was little affected 
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by the calcium or pH status of the reaction mixtures. 
Maroux et  al. (1971) found that the kinetic parameters for 
porcine enteropeptidase were unaffected by Ca2+ ions and 
the activity of enteropeptidase toward benzoyl-L-arginine 
ethyl ester only increased by -8% from pH 6 to pH 8. 

Reference to Figure 1 indicates that enteropeptidase 
has a very positive effect in that i t  rapidly activates 
trypsinogen and reduces the degradative impact of inert 
protein generation in reaction scheme 1. The degradative 
effect of reaction scheme 3, however, will not be affected 
by either the presence or absence of enteropeptidase. The 
essentiality of enteropeptidase in the digestion process 
has been adequately demonstrated by Tarlow et al. (1970) 
in children with intestinal enteropeptidase deficiency. 

The observed effect of phytate on the in vitro activation 
of trypsinogen and the stability of trypsin (Figure 2, for 
example) is considerable and if reproduced in vivo might 
inhibit growth more so than that shown in nutritional 
studies (Atwal et  al., 1980; Richardson et  al., 1985; Spinelli 
et  al., 1983). Some nutritional studies have shown that 
phytate has no effect on protein utilization (Thompson 
and Serraino, 1986). The explanation for this is uncertain 
but may be dependent on the cationic component of the 
phytate complex in the diets used. Another explanation 
may be due to the ability of the pancreas to increase 
secretion of digestive proteases in response to proteolytic 
dysfunction. Pancreatic enzyme secretion is stimulated 
by cholecystokinin (CCK), and in many species the release 
of CCK is under negative feedback control by trypsin. 
The specificity of this feedback control by trypsin is 
demonstrated by the ability of trypsin inhibitors in raw 
soybean flour to increase plasma CCK levels in rats (Lid- 
dle et  al., 1984) and humans (Calam et al., 1987). Raw 
soybean meal produces pancreatic hypertrophy in chicks 
and rats (Garlich and Nesheim, 1966; Booth et  al., 1964) 
and may be related to CCK stimulation of pancreatic 
growth. I t  may be coincidental that similar morphological 
changes have also been observed in fish fed high-phytate 
diets (Richardson et  al., 1985). However, pancreatic hy- 
pertrophy does not occur in all species in response to raw 
soybean meal or soybean trypsin inhibitor (Kakade e t  al., 
1975; Yen et  al., 19771, and trypsins from different species 
have been reported to respond differently to trypsin 
inhibitors (Struthers and MacDonald, 1983; Temler et  al., 
1983). 

The effect of phytate on in vivo mineral bioavailability 
is well documented and may be such as to obscure a minor 
physiological role in protein utilization for some species. 
In this study the effect of phytate on the activation of 
bovine pancreatic trypsinogen has been presented. The 
work should be extended to trypsins from commercially 
farmed species, especially those for which soybean or other 
high-phytate meals are used as a major dietary component. 
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