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ABSTRACT

The distribution of in vitro induced ( CO-Y) structural heterogeneity of

mouse chymotrypsin has been studied in terms of molecular weight, catalytic

activity and net charge distribution. It was found that the enzyme structure,

with retained molecular weight, could partly accumulate structural changes

subsequently not leading to modification of catalytic properties. Loss

of peptide fragments (0 < Mw < 6000) the enzyme showed native function but

also modified as well as total loss of function. Further loss of peptide

fragments resulted in modified function and total loss of function. These

results indicate the capability of the enzyne to accumulate in vitro changes

partly without a total loss of function.

INTRODUCTION

The arrangement of the three-dimensional structure of proteins is the

essential basis for catalytic function of enzymes (1). Often small changes

in the strucutre, due to a lot of factors, cause modification or loss of

the catalytic activity (2). These changes, originating in spontaneous or

induced changes of the genetic material, occur at different frequences de-

pending on the grade of the affection of the DNA (3). Spontaneous altera-

tions, leading to different amino acid sequences of an enzyme, are known

and reflect hereditary maintained mutant enzyme (3), Mutants of enzymes

have been investigated mainly with respect to differences in charge content

originating in interchanges of amino acids with ionizable side groups (4).

The presence of enzyme mutants makes it possible to study changes in the

structure which both may lead or not lead to changes in the catalytic pro-

perties i.e. to study "silent" or "unsilent" mutations, If the function is

affected, this might lead to physiological consequences. However, the

stability of the genetic material, thus leading to a very few mutations in

the gene product, make such studies uncertain. To get a quantitative informa-



tion of possible changes, mutations have to be induced in the genetic

material.

On the other hand, the affected gene product must be isolated and fractio-

nated into possible mutants. Methods are available for *'ractionation with

respect to both functional and structural differences. The combination of

these techniques allows detection of both structural and functional mutants

(5).

Many induced genetic changes of the DNA are often transmitted as amino

acid interchanges in the corresponding gene product, reflecting not only

changes in net charge but also in catalytic properties. Induced true genetic

changes and induced in vitro changes in enzyme structures should lead to

similar effects such as changes in net charge and function (6). Therefore,

it should be more convenient to study the latter case if the aim is to

investigate the possibility to detect induced structural heterogeneity

leading or not leading to functional alterations.

The aim with this study was to simulate in vivo induced structural changes

in vitro in an enzyme, mouse chymotrypsin, to investigate the possibility

to detect functional changes as a function of structural heterogeneity.

Such studies should confirm the possibility to detect similar in vivo

induced heterogeneity.

MATERIALS AND METHODS

1
Materials: Soybean trypsin inhibitor (Worthington Biochem. Corp., SI),

bovine trypsin EC 3.4.4.4 (Worthington Biochem. Corp., TRL), bovine a-chymo-

trypsin EC 3.4.4.5 (Worthington Biochem. Corp., CDI), N-benzoyl-L-tyrosine

ethyl ester (British Drug Houses), ]l-acetyl-£-tyrosine ethyl ester, mono-

hydrate (British Drug Houses), SepharosPMB (Pharmacia Fine Chemicals),

Sephadex^G-75 (Pharmacia Fine chemicals), L-[G]- H-Leucine (Amersham, TRA,

116), Ampholiné^PAGplate pH=3.5-9.5 (LK3-Products) and Instage^(Packard

Instrument) were used. Soybean trypsin inhibitor and trypsin were covaiently



bond to Sepharose using CNBr as described earlier (6,7). The inhibitor was

immobilized at pH 7.2 and modified with bovine ot-chymotrypsin (3). About

10 mg inhibitor was coupled per ml settled Sepharose. The coupling yield

was 5, 95%. The trypsin consisted of the a-, B- and t[>-forms as determined

by analytical affinity chromatoraphy (9).

Preparation of mouse chymotrypsin: Pure chymotrypsin was prepared from the

isogenic strain A/Sn of Mus musaulus, as described earlier (10). The enzyme

was in vivo labelled with H-Leu and prepared from homogenates of several

mouse pancreata by zymogen activation with immobilized trypsin (1C). The

chymotrypsin present in the activated homogenate was isolated biospecifi-

cally using STI-Sepharose (10). Fractions containing the isolated enzyme

were pooled and titrated with 2 H Tris to pH 8 before concentration by re-

chromatography on STI-Sepharose (column 0=9 mm, one ml gel, capacity « 10 mg

bovine a-CT/ml gel). After adsorption using buffer pH 3.0 (0.2 M NaCl,

Tris-HCl (1=0.05), 0.1 M CaCl2), the enzyme was eluted with buffer pH 3

(HC1, 0.05 M NaCl).

Irradiation of mouse chymotrypsin: The CT-solutions to be irradiated were

prepared as described elsewhere (6). The enzyme concentration was 0.5x10 M

throughout and the dose interval 1 krad - 1 Mrad. The enzyme was irradiated

at pH 7 with CO-Y. Absorbed dose was determined with ferrous sulphate

dosimetry (11).

Molecular sieving of irradiated chymotrypsin: The irradiated samples were

fractionated by molecular sieving on Sephadex G-75 (column 0=15 mm, bed

1The following abbreviations are used: STI = soybean trypsin inhibitor,

6TEE = ̂ -benzoyl-i-tyrosine ethyl ester, ATEE = Ni-acetyl-£-tyrosine ethyl

ester, monohydrate, CT = chymotrypsin, TRY = trypsin.



volume 135 ml) at pH 8.0 (described above). Fractions of 2.7 ml were collected.

An unirradiated sample was fractionated as control. The elution patterns were

followed by UV-absorbancy measurements at 280 nm, counting of radioactivity

and enzyme activity measurements in collected fractions.

Affinity chromatography of irradiated chymotrypsin: Different fractions ob-

tained from the molecular sieving chroma tographic separation at pH 2.0 of

the irradiated CT were subjected to affinity chroniatography. The samples were

adsorbed at pH 8.0 (described above) and fractionated in a single-step pro-

cedure by linear gradient elution (pH=5.1-2.5) as described earlier (10). An

unirradiated sample was fractionated as control. The elution patterns were

followed by UV-absorbancy measurements at 280 nm, counting of radioactivity

and enzyme activity measurements in collected fractions.

Isoelectric focussing of irradiated chymotrypsin: Different fractions ob-

tained from the affinity chrorcatographic fractionation of irradiated CT were

subjected to isoelectric focussing using commercial polyacrylamide gels

(LKB-Beckamn Ampholine PAGplate, pH 3.5-9.5) and circulating ice water as

cooling medium. The samples were applied to the gel by Whatman 3MM strips

at positions corresponding to pH 3 at the formed gradient. Unirradiated CT

was focussed as control. The samples were applied prior to the establishment

of the gradient. The focussing was performed at 500 V during 72 hours and

the pH gradient was estimated using a contact electrode. The gel plate was

sliced into 5 mm pieces and each slice was subjected to liquid scintillation

counting.

Determination of enzyme activity and enzymic parameters: Chymotryptic acti-

vity in different fractions obtained from both molecular sieving and affinity

chromatography of irradiated CT was determined toward BTEE using a pH-stat

as described earlier (10). Catalytic properties of irradiated and unirradiated

CT, present in different samples obtained from molecular sieving and affinity

chromatographic separations, were characterized by determination of the enzy-

matic parameters k t and K^ using ATEE as substrate. In general, 50 ul of



each sample was used for every substrate concentration. The determinations

were performed at pH 8.0 and 25.0°C using a pK-stat (10). The enzyme con-

centrations were determined using molar absorption coefficients determined

by active site titration and UV-absorbancy measurements (12).

Counting of radioactivity: Incorporated H-Leu was measured by liquid scin-

tillation counting (Nuclear Chicago, Mark II) using Instagel. In the case

of samples obtained by molecular sieving or affinity chromatography, 0.5 ml

sample and 5 ml Instagel were used. Irradiated CT separated by isoelectric

focussing was detected in gel slices of 5 mm, one ml water and 10 ml Insta-

gel.

RESULTS

The heterogeneity of irradiated CT was investigated with respect to diffe-

rences in molecular weight distribution, activity distribution and charge

distribution.

The molecular weight distribution of irradiated CT was studied by molecular

sieving (Fig. 1). CT irradiated for 1000 rad and native CT showed qualita-

tively identical distribution. However, doses for 1 Mrad resulted in a

heterogeneous distribution (25000 - 10000 daltons), reflected in elution

volumes lower than that of native CT. Also low molecular weight components

(< 1500 daltons), eluted with the total volume were found. The high mole-

cular weight fractions of both irradiated samples were analyzed further with

respect to activity distribution. The high molecular weight fractions of the

sample, irradiated for 1 Mrad, were pooled into three subfractions corre-

sponding to different molecular weights (Mw=25OOO, Mw=25000-19000 and Mw=

=19000-10000 daltons, respectively) (see Fig. 1). The low molecular weight

fraction was not analyzed further.

The activity distribution was studied by affinity chromatography (Fig. 2).

CT, irradiated for 1 Mrad, in the three samples of the high molecular wejght

fraction showed different activity distribution as a function pf the molecular



weight distribution. Irradiated CT, with unaffected molecular weight and

native CT, showed identical activity distribution. CT molecules with modi-

fied catalytic properties were not detected. However, the sample containing

modified molecules with molecular weights betv/een 25000-19000 consisted of

both native and modified enzyme. The activity distribution indicates that

CT-molecules both completely and partly denaturated have been formed. The

sample containing of modified molecular weights between 19000-10000 consisted

mostly of completely denaturated enzyme. Only small amounts of partly dena-

turated enzyme was detected. Native unmodified enzyme could not be detected.

CT irradiated for 1000 rad and native CT showed qualitatively identical

activity distribution.

The fractions were analyzed further with respect to charge distribution

(Fig. 3) by isoelectric focussing. Native CT was found to be homogeneous

as only one single peak was obtained. The sample irradiated for 1000 rad,

homogeneous with respect to both molecular weight and enzymatic activity,

was found to be slightly heterogeneous. Small peaks were detected beside

the main peak containing unmodified enzyme. CT irradiated for 1 Mrad was

found to be variously and strongly heterogeneous with respect to charge

distribution. This was found when fractions, eluted at different pH values

at the affinity chromatographic separation, from all the three separations

were analyzed by isoelectric focussing. Irradiated CT with molecular weights

around 25000, unmodified with respect to function, was found to be slightly

heterogeneous with respect to charge distribution.

Irradiated CT with molecular weights between 25000 and 19000, functionally

heterogeneous, was found to be strongly heterogeneous with respect to charge

distribution. This was found when samples, corresponding to native, modified

native and denaturated enzymes were focussed. Comparing the heterogeneity

of the charge distribution of these samples, it was found that the native

enzyme was more heterogeneous than the modified, but contained still enzy-

matically active enzyme. The denaturated enzyme was less heterogeneous.



Irradiated CT with molecular weights between 19000 and 10000, almost comp-

letely denaturated, was also strongly heterogeneous with respect to charge

distribution. However, the small amount of modified but still native enzyme

was more homogeneous than denaturated enzyme.

DISCUSSION

Similar results, as obtained in this study, have been reported elsewhere

for radiation-induced changes in bovine a-CT with respect to molecular

weight and activity distribution (6). Also various changes in amino acid

composition and electrophoretical mobility due to covalent changes t>f the

enzyme structure have been elucidated (6). However, the found induced changes

have not been investigated with respect to functional consequences.

The found heterogeneity of the irradiated CT should be due to a lot of

various changes in the structure. However, the small fragments found by

molecular sievingjinay in parts be due to increased autolysis of the enzyme

during the irradiation, which was performed at pH 7 to avoid polymerisation

(6). The heterogeneous molecular weight distribution of CT irradiated for

1 Mrad, indicates a disruption of the primary structure at various sites re-

flected in an increased heterogeneity with the dose. Some of these changes

influenced the catalytic properties of the enzyme. Only molecules»with re-

tained molecular weight, showed fully retained enzymatic activity.Slightly

modified molecules showed partly retained enzymatic activity whereas a

higher grade of modification resulted in denaturated enzyme. However, enzyme

molecules with a molecular weight about 20000 showed catalytic activity.

This indicates, that the enzyme can be partly disrupted without a total loss of

catalytic activity. Losses of 6000 daltons or more almost inactivated the

enzyme. The found induced differences in the catalytic properties of the

CT were also reflected in the enzymic parameters (K.. and k-at)«

The CT-molecule should thus be capable to accumulate a lot of induced changes
i i

without subsequent loss of function, which was reflected in the charge dist-



ribution. Native mouse CT yielded a single peak, thus homogeneous, whereas

irradiated CT yielded a lot of different peaks. Irradiated CT as well as

native CT with molecular weights of 25000 showed identical catalytic para-

meters but the former was strongly heterogeneous with respect to charge dist-

ribution. This should indicate a various alteration of the molecule structure

without any loss of amino acids. These results should be in agreement with

the probability to induce changes in amino acid residues involved in the

catalytic function. Assuming that the induced heterogeneity originates in

random processes, these residues, minor parts of the total structure, should

be less affected. This was also reflected in the charge distribution of

samples (molecular weight 25000-19000 daltons) with modified but retained

catalytic activity and samples with completely loss of catalytic activity

CT:s with partly loss of function were more homogeneous than fully active

CT» whereas completely denaturated enzyme was still more homogeneous. CT

irradiated for 1000 rad also showed induced heterogeneity. This heterogeneity

could only be due to induced changes without any loss of amino acids as

the molecular weight was not decreased.

Probably induced changes could be detected for lower doses using more speci-

fic identification methods, but was not investigated further.

By the present investigation it was found that in vitro induced structural

changes in mouse CT, influencing or not influencing the catalytic function

could be detected by combination of separation according to structure and

function. Enzymes can also be genetically heterogeneous due to amino acid

interchanges etc., which as in the case of in vitro induced heterogeneity,

should result in the same effects as heterogeneous charge and heterogeneous

enzymatic distribution. Thus, similar techniques might be used to study in

vivo induced somatogenetic heterogeneity of enzymes and their biological

consequences in terms of mutations affecting or not affecting the funtion

of the enzyme.
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Figure 1

Molecular weight distribution of native and u wCo-g" irradiated mouse chymotryp-

sin studied by molecular sieving on Sephadex G-75.

( ) Irradiated for 1 krad and native enzyme

( ) Irradiated for 1 Mrad

Molecules showing different molecular weights were subjected to affinity chroma-

tography.

( i 1 ) Intervall of molecules, native, irradiated for 1 krad and 1 Mrad

subjected to affinity chromatography

( K > - C H ) Intervall of molecules irradiated for 1 Mrad, subjected to affinity

chromatography.

(\ ft fl-i) Intervall of molecules irradiated for 1 Mrad, subjected to affinity

chromatography.

The symbols (i i M ^ - O - C * ) ancl ( H h $ - 0 represent pooled samples and ^heir

functional distributions are given in Tig. ?..
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Figure 2

Cctaiytic activity distribution of native and ""Co-<$ irradiated mouse chymctryp-

sin studied by affinity chromatography on STI-Sepharose. The fractionated samples

were previously studied by molecular sieving and some molecular weight distribu-

tions subjected to affinity chromatography (See Fig. 1).

(>•• •••>) Irradiated for 1 krad and native enzyme

( hO~O><) Irradiated for 1 Mrad showing a molecular weight distribution of

25000 > Mw > 19000

(t-0-gH) Irradiated for 1 Mrad showing a molecular weight distribution of

19000 > M w > 10000.

Molecules showing different catalytic activity distribution were subjected to

isoelectric focussing (Sec Fig. 3).
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Figure 3

Heterogeneity of irradiated mouse chymotrypsin with respect to net

charge distribution. The distribution was obtained by slicing of the

gel and liquid scintillation counting of each slice. Each sub-figure

represents fractionation according to net charge (isoelectric focus-

sing). The irradiated chymotrypsin was previously investigated with

respect to molecular weight and catalytic activity distribution. The

degree of molecular decrease represents the molecular weight distri-

bution of irradiated chymotrypsin found by molecular sieving (cf.

Figure 1). Structural heterogeneity represents the net charge distri-

bution in irradiated chymotrypsin with native and modified function,

and total loss of function. ND = Not Detected (Enzyme distributed

within investigated degree of function, could not be detected.)
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