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Use of Principal Component Analysis To Study the Relationship 
between Physical/Chemical Properties and the Milk-Clotting to 
Proteolytic Activity Ratio of Some Aspartyl Proteinases 
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Rickey Y. Yada*l and Shuryo Nakai 

The relationship between physical/chemical properties and the enzymatic activity (milk-clotting to 
proteolytic activity ratio) of aspartyl proteinases was investigated by using the multivariate statistical 
technique known as principal component analysis. Principal component analysis of various structural 
and intrinsic properties of aspartyl and non-aspartyl proteinases resulted in the formation of distinct 
groups. When the parameters that contribute to the principal components were examined, it was possible 
to conclude that secondary structural parameters had a pronounced effect on classification. Examination 
of the milk-clotting to proteolytic activity ratios, in relation to the classifications, generally indicated 
that proteinases with similar activities were grouped closer together. 

INTRODUCTION 
The proteinases that are successively used in the 

cheese-making process belong to the class of enzymes 
known as aspartyl proteinases. These enzymes are char- 
acterized by the presence of two aspartic acid residues in 
the active site as well as having a general optimal activity 
in the pH range of 1.5-5.0, depending on the particular 
enzyme and substrate combination being studied (Voynick 
and Fruton, 1971; Dalgleish, 1982). In addition, sequence 
and structural homology have been demonstrated for a 
number of the aspartyl proteinases (Foltmann and Ped- 
ersen, 1976; Hsu et al., 1977). 

The success of an enzyme used in cheese making lies not 
only in its ability to clot milk but in the relationship be- 
tween milk-clotting ability and general proteolytic ability 
(Dalgleish, 1982). Even within the aspartyl proteinase 
class, the enzymes show dissimilarity in their action. 
Chymosin has demonstrated a high milk-clotting to pro- 
teolytic activity ratio, whereas porcine pepsin has a low 
ratio. This difference in activity may be the result of subtle 
conformational differences (Visser, 1981). The ability to 
quantitate relationships between structure and function 
of a molecule is a problem that has continuously perplexed 
scientists. I t  is generally accepted that the function of a 
protein cannot be understood until its structure is known 
(Schulz et al., 1974). Hydrophobic, electrostatic, and steric 
forces are three parameters that affect structure and may 
be used to predict function (Stuper et al., 1979). Although 
previous researchers have measured various physical and 
structural properties of some aspartyl proteinases, no at- 
tempts have been made to quantitate the relationship 
between structure and function. The objectives of the 
present paper were as follows: first, to measure various 
structural and intrinsic properties of some aspartyl as well 
as some non-aspartyl proteinases; second, to attempt to 
classify the proteinases based on these properties using the 
multivariate technique known as principal component 
analysis and relate the classifications obtained to the 
milk-clotting to proteolytic activity ratio of the various 
proteinases. 
MATERIALS AND METHODS 

Porcine pepsin (pepsin A, EC 3.4.23.1) two times crys- 
tallized and chymosin (rennin, EC 3.4.23.4) were obtained 
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from Sigma Chemical Co. (St. Louis, MO). Mucor miehei 
proteinase and Endothia parasitica proteinase were 
courtesy of Pfizer Canada (Kirkland, PQ). Mucor pusillus 
var. Lindt proteinase was a generous gift from Dr. S. 
Iwasaki (Meito Sangyo Co., Ltd., Tokyo, Japan). Asper- 
gillus saitoi proteinase was obtained from Calbiochem (San 
Diego, CA). Crystals of penicillopepsin were supplied by 
Dr. T. Hofmann (University of Toronto, Toronto, ON). 
The non-aspartyl proteinases, namely papain (two times 
crystallized), trypsin (two times crystallized from bovine 
pancreas), and a-chymotrypsin (three times crystallized 
from bovine pancreas) were obtained from Sigma Chemical 
Co. (St. Louis, MO). The purity of the proteinases was 
determined on the basis of the densitometric scans of SDS 
polyacrylamide electrophoretic gels (Laemmli, 1970). From 
this criteria the following purities were obtained: pepsin, 
90%; chymosin, 91%; M .  miehei proteinase, 89%; M. 
pusillus proteinase, 90%; E. parasitica proteinase, 86%; 
A. saitoi, 81%; penicillopepsin, 98%; trypsin, 89%; a- 
chymotrypsin, 92%; papain, 87%. 

Circular Dichroism. CD spectra were measured on 
a Jasco J-500A spectropolarimeter (Japan Spectronic Co., 
Ltd., Tokyo, Japan) under a constant nitrogen flush at 20 
OC. The instrument was calibrated by a two-point cali- 
bration technique at wavelengths 290.5 and 192.5 nm using 
a 600 mg/L solution of camphor-dlo-sulfonic acid (Chen 
and Yang, 1977). 

1 .  Sample Preparation. Proteinases were dissolved in 
either phosphate (sodium phosphate) or acetate buffer 
(sodium acetate-acetic acid) (712 = 0.01) depending on 
the pH of the assay. Acetate buffer was used for pH values 
5.0,5.3, and 5.8, while phosphate buffer was used for pH 
values 6.3,7.0, and 8.0. The protein solutions were then 
filtered through a 0.45-pm Millex-HA filter (Millipore 
Corp., Bedford, MA) prior to CD analysis. Analyses were 
carried out within 1.0 h of sample preparation. 

2. Far-UV Spectra (190-240 nm). Between 190 and 240 
nm, a 1.0-mm cell was used with a protein concentration 
of approximately 0.1 mg/mL in the appropriate buffer. 
The spectral data were reported in terms of [e]; the molar 
ellipticity per residue was calculated from eq 1, where X 

BMRW 
[elMFtWh = 3 

= wavelength, 8 = observed ellipticity (deg), MRW = 
mean residue weight, c = concentration (g/mL), and d = 
path length (cm). The following mean residue weights 
were used: 96, chymosin (Foltmann, 1966, 1981); 107, 
pepsin (Fruton, 1970; Foltmann, 1981); 103, M. miehei 
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proteinase (Ottesen and Riekert, 1970; Bech and Foltmann, 
1981); 109, M. pusillus (Arima et al., 1970); 114, E. para- 
sitica proteinase (Whitaker, 1970); 119, A. saitoi (Ichishima 
and Yoshida, 1966; Ichishima, 1970); 99, penicillopepsin 
(Sodek and Hofmann, 1970; Hsu et al., 1977); 108, trypsin 
(Cunningham et al., 1953; Walsh and Neurath, 1964); 98, 
a-chymotrypsin (Sober, 1970; Chang, et al., 1978); 98, 
papain (Smith and Kimmel, 1960; Chang et al., 1978). The 
molar ellipticity values were not corrected for the refractive 
index factor. 

Average Hydrophobicities. Average hydrophobicities 
[H*(av)] for the various proteinases were calculated based 
on the algorithm of Bigelow (1967). 

Hydrophobicity Using Fluorescent Probes. Protein 
hydrophobicity was determined by using the fluorescent 
probes cis-parinaric acid (CPA) and the magnesium salt 
of 1-anilino-8-naphthalenesulfonic acid (ANS). For the 
determination of hydrophobicity using CPA, the method 
of Townsend and Nakai (1984) was employed while the 
method of Hayakawa and Nakai (1985) was employed for 
the determination of hydrophobicity using ANS. Duplicate 
determinations were made for each probe. 

Acidic to Basic Acid Ratio. On the basis of amino 
acid composition data, the acidic (Asp, Glu) to basic (Lys, 
His, Arg) amino acid ratio was calculated. 

{ Potential. The { potential measurements of the 
various proteinases at different pH values were measured 
according to the method of Hayakawa and Nakai (1985). 

Accessible Surface Area. The accessible surface area 
(ASA) of each proteinase was calculated on the basis of 
their molecular weights according to the algorithm of Janin 
(1976). 

Determination of Milk-Clotting and Proteolytic 
Activities. The milk-clotting activity of the various 
proteinases over the pH range (pH 5.0-8.0) was determined 
according to the method of Iwasaki et al. (1967). Berridge 
(1945) defined 1 unit of milk-clotting activity as the 
amount of proteinase that clots 10 mL of reeonstituted 
skim milk in 100 s at  30 "C. The specific activity was 
expressed as milk-clotting activity per milligram of protein. 
In order to activate papain for milk-clotting measurement, 
the proteinase solution was prepared in the presence of 
0.05 M cysteine and 0.02 M EDTA (Arnon, 1970). 

The proteolytic activity of the various aspartyl protei- 
nases to hydrolyze sodium caseinate over the pH range of 
5.0-8.0 was determined by using a method described by 
Green (1972) with slight modifications. The substrate 
solution contained 1 % (w/v) sodium caseinate in either 
0.1 M acetate or 0.1 M phosphate buffer depending on the 
pH. To 2.5 mL of substrate, preincubated at 35 "C for 10 
min, was added 0.5 mL of enzyme and the mixture incu- 
bated at  35 "C for 10 min; 2.5 mL of 6.6% (w/v) tri- 
chloroacetic acid (TCA) was then added to give a final 
TCA concentration of 3%. The resulting precipitate was 
removed by filtration through Whatman No. 2 paper. The 
filtrate was then analyzed for free amino groups according 
to the method of Kwan et al. (1983) with slight modifi- 
cations. To 0.1 mL of filtrate was added 0.3 mL of 1 M 
KzHPOl first, followed by 0.15 mL of 0.03% (w/v) 
fluorescamine in acetone, which was added rapidly and 
directly to the solution and mixed immediately on a Vortex 
mixer. A volume of 3.0 mL of distilled-deionized water 
was added to the reaction mixture and the mixture vor- 
texed once again. The fluorescence of the final mixture 
was measured with an Aminco Bowman 4-8202 spectro- 
fluorometer using an excitation wavelength of 395 nm and 
an emission wavelength of 480 nm. Blanks were prepared 
following the same procedure except that TCA was added 
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to the substrate prior to the addition of the. enzyme solu- 
tion. A standard curve was constructed against tyrosine. 
Proteolytic activity was defied as the amount of tyrosine 
released per milligram of enzyme. Papain was activated 
as previously described for milk-clotting activity. 

Principal Component Analysis. Data collected for 
the various proteinases were subjected to principal com- 
ponent analysis using the BMDP:4M program (Frane et al., 
1981) and run on an Amdahl470 V/8 computer. Sixteen 
variables were included: molar ellipticity values at 10 
wavelengths from the CD spectra (190,193,198,200,202, 
210,213,222,224,225 nm), {potential, acidic/basic amino 
acid ratio, Bigelow average hydrophobicity, accessible 
surface area, CPA hydrophobicity, ANS hydrophobicity. 
The 10 wavelengths were selected on the basis of charac- 
teristic wavelengths representative of each of the secondary 
structure fractions (Chang et al., 1978). 

RESULTS AND DISCUSSION 
Data collected for the various proteinases examined in 

the present study (Table I) were subjected to principal 
component analysis (PCA) in attempts to identify param- 
eters important for the classification of these proteinases. 

When the 16 original variables for each of the proteinase 
samples were entered in the principal component analysis 
program, four factors were returned that met the criteria 
of their eigenvalues exceeding 1.0 (Table 11). Aishima 
(1979a,b,c) used the same criteria for selecting principal 
components. The sum of the squares of the factor loadings 
computed for the original variables (Table 111) is equal to 
the eigenvalue of each factor (Table 11)) thus representing 
the extent of contribution of each factor to the total var- 
iance. It is customary to consider only those factors that 
have eigenvalues of 1.0 or greater as having any practical 
significance (Jeffers, 1967). The four factors or principal 
components obtained accounted for more than 85 % of the 
total variance (Table 11), where the total variance is the 
sum of the individual variances for each of the original 
variables. The factor loadings for each factor give an in- 
dication of the importance of the original variables to that 
factor. The factor loadings are presented in Table 111. 
Examination of the factor loadings indicated that factor 
1 was primarily concerned with circular dichroism spectral 
data. Variables contributing to factor 2 included molar 
ellipticity values at wavelengths 193, 198,200, and 202 nm. 
It  is interesting to note that these wavelengths correspond 
to a characteristic wavelength for each of the major sec- 
ondary structure fractions. The CD band at 193 nm is one 
of the bands characteristic of a-helix, the 198-nm band 
characteristic of the @-sheet, the 200-nm band character- 
istic of the unordered fraction, and the 202-nm band 
characteristic of the @-turn fraction. Factor 3 was char- 
acterized by ANS hydrophobicity, acidic to basic amino 
acid ratio, {potential, and CPA hydrophobicity. Variables 
contributing to factor 4 included Bigelow average hydro- 
phobicity, ANS hydrophobicity, and accessible surface 
area, as well as CPA hydrophobicity. 

Two-dimensional plots involving the first three factors 
are presented in Figures 1 and 2. The plot of factor 2 vs. 
factor 1 (Figure 1) indicated that the proteinases from 
microbial sources (i.e., M. miehei, M .  pusillus, E .  para- 
sitica, and A .  saitoi proteinases and pencillopepsin) were 
closely associated with one another, while pepsin at  pH 
values 5.0-6.3 fortned one group and chymosin at  pH 
values 5.8, 6.3, and 7.0 formed another group. The non- 
aspartyl proteinases I (i.e., papain, a-chymotrypsin, and 
trypsin) were not associated with any group. In compar- 
ison to the aspartyl proteinases examined, the non-aspartyl 
proteinases had extremely low milk-clotting to proteolytic 
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Table 11. Variance Explained and Cumulative Proportion of 
Total Variance Accounted for by Each Factor Derived from the 
Principal Component Analysis 

var cum var cum 
explained proportn explained proportn 

factor (eigenvalue) total var factor (eigenvalue) total var 
1 8.113 0.6071 9 0.061 0.9969 
2 2.793 0.6816 10 0.028 0.9987 
3 1.867 0.7984 11 0.011 0.9994 
4 1.280 0.8783 12 0.006 0.9997 
5 0.749 0.9251 13 0.002 0.9998 
6 0.562 0.9603 14 0.001 0.9999 
7 0.380 0.9840 15 0.001 0.9999 
8 0.145 0.9931 16 0.000 1.oooO 

-1 

-2 

Table 111. Factor Loadings for the Factors Whose 
Eigenvalues Exceed 1.0 

factor loading orig 
variable" 1 2 3 4 

213 nm 0.978 0.000 0.000 O.OO0 
202 nm 0.974 O.OO0 O.OO0 O.OO0 
210 nm 0.965 0.000 0.000 0.000 
224 nm 0.954 0.000 0.000 O.OO0 
225 nm 0.945 0,000 0.000 0.000 
190 nm -0.905 0.000 0.000 0.000 
193 nm -0.879 0.359 O.OO0 0.000 
H&v) -0.719 0.000 0.000 0.394 
ANS -0.626 0.000 -0.495 -0.250 
198 nm 0.000 0.971 0.000 0.000 
200 nm 0.000 0.967 0.000 0.000 
202 nm 0.537 0.811 0.000 0.000 
acidic/basic 0.000 0.000 0.870 0.000 
{ potential 0.000 0.000 -0.692 0.000 
A,  0.000 0.000 0.000 0.794 

Variable abbreviations are similar to those used in Table I. 

CPA 0.000 0.000 -0.470 -0.780 
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Figure 1. Factor 2 vs. factor 1 obtained from the principal 
component analysis of the various structural and intrinsic 
properties of the proteinases: A, M. miehei proteinase; B, E. 
parasitica proteinase; C, chyrnosin; D, pepsin; E, M. pusillus 
proteinase; F, A. saitoi proteinase; G, penicillopepain; H, trypsin; 
I, a-chymotrypsin; J, papain. The numbers 1-6 represent pH 5.0, 
5.3, 5.8, 6.3, 7.0, and 8.0, respectively. 

activity ratios. Chymosin a t  pH 5.0,5.3, and 8.0, as well 
as pepsin at  pH 7.0 and 8.0, was not associated with the 
respective groups, which could be explained by noting that 
these samples showed CD spectral patterns different from 
those from the previously mentioned pH values (not 
shown). Since factor 1 and factor 2 were almost exclusively 

D5 2- 

' -  G6 

-2 -1 0 1 2 
FACTOR 2 

Figure 2. Factor 3 vs. factor 2 obtained from the prinicpal 
component analysis of the various structural and intrinsic 
properties of the proteinases: A, M. miehei proteinase; B, E. 
parasitica proteinase; C, chyrnosin; D, pepsin; E, M. pusillus 
proteinase; F, A. saitoi proteinase; G, penicillopepsin; H, trypsin; 
I a-chymotrypsin, J, papain. The numbers 1-6 represent pH 5.0, 
5.3, 5.8, 6.3, 7.0, and 8.0, respectively. 

concerned with CD spectral data, any change in spectral 
characteristics of a sample within a group may result in 
the exclusion of that sample from its group. 

The far-UV CD spectra of the aspartyl proteinases ex- 
amined generally changed at values greater than pH 6.3, 
which corresponded to the pH at  which a substantial de- 
crease in the milk-clotting to proteolytic activity ratio 
became evident. This change in CD spectra was reflected 
in a downward shift of the points representing these sam- 
ples in the plot. The degree of downward shift was related 
to the degree of change in the CD spectra (i.e., the greater 
the change in the CD spectra, the larger the downward 
shift). The shifts or changes observed were in the vertical 
direction, which would tend to imply that changes oc- 
curring in the short-wavelength far-UV CD range were 
more critical than those seen at the long-wavelength far- 
UV CD range. 

Unlike the plot of factor 2 vs. factor 1, in which both 
factors were concerned with CD spectral data, the plot of 
factor 3 vs. factor 2 (Figure 2) was a plot of properties 
associated with structure (Le., f potential, acidic to basic 
amino acid ratio, ANS, and CPA hydrophobicity) vs. CD 
spectral properties (i.e., molar ellipticity values a t  wave- 
lengths 193,198,200, and 202 nm). The plot of factor 3 
vs. factor 2 (Figure 2) again showed that the microbial 
proteinases were closely associated with one another. 
Chymosin as a group, however, was much more closely 
associated with the microbial proteinases than in the plot 
of factor 2 vs. factor 1 (Figure 1). Penicillopepsin at  pH 
5.0 and 6.3 formed a group intermediate to the microbial 
enzymes and a group from pepsin at pH 5.0, 5.3, 5.8, and 
6.3. Again papain, a-chymotrypsin, and trypsin were not 
associated with any group. 

In Figure 2 it  was noted that as the pH of the aspartyl 
proteinase samples ww increased, the points representing 
those samples tended to shift horizontally to the left-hand 
side of the plot. Since factor 2 represents CD spectral data 
and is plotted on the abscissa, any changes in CD spectral 
data would be expected to cause changes along that axis. 
The samples corresponding to the points that had been 
shifted horizontally also had lower milk-clotting to pro- 
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teolytic activity ratios than those points on the right-hand 
side of the plot (Table I). 

Examination of the milk-clotting to proteolysis activity 
ratios in relation to the classifications (Figures 1 and 2) 
generally indicated that proteinases with similar activities 
were grouped closer together. This would suggest that the 
structural and intrinsic properties studied partially con- 
tribute to enzymatic activity although other factors may 
also be important. For example, A. saitoi proteinase, which 
had measured characteristics generally similar to those of 
the microbial proteinases examined, was grouped close to 
these proteinases but had a very much lower milk-clotting 
to proteolytic activity ratio. 

On the basis of examination of the two-dimensional 
principal component plots and the analysis of the factor 
loadings and standardized scores, a manipulation of the 
original variables may result in a protein with similar 
structural combination characteristics having similar 
functional properties. For example, in the plot of factor 
3 vs. factor 2 (Figure 2) no change in factor 2 (Le., CD 
spectral characteristics) would be necessary to move pepsin 
at  pH values 5.0-6.3 closer to chymosin since the respective 
groups are situated above one another in the plot. How- 
ever, a change in factor 3 (representing acidic to basic 
amino acid ratio, f potential, ANS, and CPA hydropho- 
bicity) would be necessary to move pepsin closer to chy- 
main  in Figure 2. Since chymdn had a low acidic to basic 
amino acid ratio, high {potential values and high ANS and 
CPA hydrophobicity values as compared to pepsin (Table 
I), hypothetically altering those values for pepsin to more 
closely resemble those of chymosin would undoubtedly 
move pepsin closer to chymosin. A similar approach could 
be used for the other proteinases in the plot. Whether or 
not such changes could result in enzymatic properties 
similar to those of a desired enzyme (e.g., chymosin) is 
speculative and must await further experimental evidence 
(e.g., chemical modification studies). 

Registry No. Aspartic proteinase, 78169-47-8; M. aspartic 
proteinase, 9073-79-4; E. aspartic proteinase, 37205-60-0; A. as- 
partic proteinase, 9025-49-4; chymosin, 9001-98-3; pepsin, 9001- 
756; penicillopepsin, 9074082; trypsin, 9002-07-7; chymotrypsin, 
9004-07-3; papain, 9001-73-4. 
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