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Microenvironmental Effects on Enzyme Catalysis. A Kinetic
Study of Polyanionic and Polycationic Derivatives

of Chymotrypsinf

Leon Goldstein

ABSTRACT: A series of water-soluble polyanionic and poly-
cationic derivatives of chymotrypsin were prepared by
growing poly(glutamyl) or poly(ornithyl) side chains on the
enzyme, by coupling chymotrypsin to an ethylene-maleic
acid copolymer (EMA) and by partial succinylation or acetyla-
tion. The pH-activity profiles of the polyanionic derivatives of
chymotrypsin were displaced toward more alkaline pH values
as compared to the native enzyme; conversely the pH-activity
profiles of the polycationic derivatives were displaced toward
more acidic pH values. The k.. values of the charged chymo-
trypsin derivatives acting on ester, amide, and anilide sub-
strates were displaced symmetrically, relative to the native
enzyme—to higher values in the case of the polyanionic de-
rivatives (poly(glutamyl)chymotrypsin, EMA-chymotrypsin,
succinylchymotrypsin, and acetylchymotrypsin), and to lower
values in the case of the polycationic (poly(ornithyl)chymo-

Studies on water-insoluble derivatives of several enzymes,
in which the biologically active protein is covalently bound to a
high molecular weight support material, have shown that the

trypsin) derivatives. The electrostatic effects on k.., were
much more pronounced when the substrate was amide or
anilide than when it was an ester. Increasing the ionic strength
caused an increase in the values of A, of both native chymo-
trypsin and the positively charged derivatives of the enzyme.
The k.. values of the negatively charged derivatives were not
affected by the ionic strength. With ester substrates the values
of K,.(app) of the polycationic derivatives were higher by an
order of magnitude in comparison to the native enzyme; the
K..(app) values of the polyanionic derivatives were only
slightly perturbed. The values of K,,(app) of all chymotrypsin
derivatives acting on amide and anilide substrates were un-
perturbed and essentially identical with the value of the
Michaelis constant of the native enzyme. These findings are
discussed in the light of some recent ideas regarding the mech-
anism of action of chymotrypsin.

chemical nature, and in particular the charge of the carrier
polymer, have a profound effect on both the stability and the
overall kinetic behavior of the enzyme derivative (Goldstein

t From the Department of Biochemistry, Tel-Aviv University,
Tel-Aviv, Isracl. Received April 4, 1972, Part of the experimental work

4072 BIOCHEMISTRY, voL. 11, No. 22, 1972

described in this article was carried out at the Weizmann Institute of
Science, under the auspices of the Biophysics Department.



POLYANIONIC AND POLYCATIONIC DERIVATIVES OF CHYMOTRYPSIN

and Katchalski, 1968; Goldstein, 1970; Goldman er al.,
1971a). Water-insoluble, polyanionic derivatives of trypsin,
chymotrypsin, and papain exhibited enhanced stability in the
alkaline pH range. The pH-activity profiles of the poly-
anionic enzyme derivatives were displaced toward more
alkaline pH values as compared to the native enzymes. Con-
versely, the pH-activity profiles of polycationic derivatives
of chymotrypsin and papain were displaced toward more
acidic pH values. These anomalies were canceled at high ionic
strength (Goldstein er al., 1964; Goldstein, 1970; Valenzuela
and Bender, 1971; Pecht and Levin, 1972). The behavior of the
polyelectrolyte enzyme derivatives could be explained by an
essentially Donnan-type electrostatic model. This model
assumed the redistribution of low molecular weight ionic
species, such as hydrogen and hydroxyl ions, between the
“polyelectrolyte phase”’—the water-insoluble polyanionic or
polycationic enzyme derivative and the outer solution; this
effect leads to a modified microenvironment, i.e., a lower or
higher local pH, respectively, in the domain of the charged
enzyme particle, as compared to the native enzyme in solu-
tion (Goldstein er al., 1964). It should be pointed out that the
model tacitly assumed that the intrinsic catalytic properties of
the polyelectrolyte enzyme derivatives were independent of
the charge characteristics of the microenvironment and identi-
cal with those of the native enzyme (see also Wharton er al.,
1968; Sundaram et al., 1970).

The purpose of this study was to test the validity of these
assumptions. A series of water-soluble polyanionic and poly-
cationic derivatives of chymotrypsin were prepared by grow-
ing poly(glutamyl) or poly(ornithyl) side chains on the en-
zyme, by coupling chymotrypsin to an ethylene-maleic acid
copolymer, and by partial succinylation or acetylation of the
enzyme. The amount of active enzyme in these derivatives
could be determined by the conventional spectrophotometric
‘“‘active-site” titration methods. The intrinsic kinetic param-
eters of the various polyelectrolyte derivatives of chymotryp-
sin could therefore be compared with those of the native
enzyme on an absolute basis. The kinetic data indicated that
the overall rate constant (k..;) of the polyanionic derivatives
of chymotrypsin were considerably higher than the k... value
of the native enzyme; conversely the k... values of the poly-
cationic derivatives were lower. These findings give rise to
some questions concerning the mechanism of chymotrypsin
action.

Materials

Chymotrypsin, three-times crystallized, salt free and ly-
ophilized, was purchased from Worthington Biochemical
Corp., Ac-L-PheOMe,! Ac-L-PhepNA, Ac-L-TyrOEt, and
Ac-L-TyrNH; were purchased from Miles Laboratories, Inc.,
Elkhart, Ind.

Ethylene-maleic anhydride (1:1) copolymer, EMA (molec-
ular weight about 20,000) was obtained from Monsanto
Company, St. Louis, Mo. About 709 of the carboxy groups
of the EMA sample used were in the anhydride form. N-
trans-Cinnamoylimidazole (Eastman Kodak) was recrystal-
lized from dry (CaH,-distilled) n-hexane, mp 133-134°, Spec-
trograde acetonitrile (Eastman Kodak) was used. All other

! Abbreviations used are: Ac-L-PheOMe, acetyl-L-phenylalanine
methyl ester; Ac-L-PhepNA, acetyl-L-phenylalanine-p-nitroanilide;
Ac-L-TyrOEt, acetyl-L-tyrosine ethyl ester; Ac-L-TyrNH., acetyl-L-
tyrosinamide; EMA-CHYM, ethylenc-maleic acid copolymer—
chymotrypsin conjugate; PGCH, poly(glutamyl)chymotrypsin; POCH,
poly(ornithyl)chymotrypsin; DMF, dimethylformamide.

reagents and buffers were of the best grade available com-
mercially.,

N-Carboxy-Né-trifluoroacetyl-L-ornithine anhydride was
prepared by the method of Ariely er al. (1966); N-carboxy-+-
phthalimidomethyl-L-glutamic acid anhydride was prepared
by the method of Wilchek er al. (1966). The anhydrides were
stored at —20° in a desiccator. The freshly prepared N-car-
boxyanhydrides were completely soluble in dioxane. Upon
prolonged storage they became less readily soluble in dioxane
at room temperature, presumably due to partial spontaneous
polymerization. In such cases the dioxane was slightly warmed
and the N-carboxyanhydride solution filtered to remove in-
soluble material.

Poly(ornithyD)chymotrypsin (Pecht and Levin, 1972) was
routinely prepared by double polyornithylation of chymo-
trypsin as follows. Chymotrypsin (200 mg) was dissolved in
cold 0.05 M phosphate buffer (pH 7.8) (40 ml). The magnet-
ically stirred chymotrypsin solution was cooled over ice and
a dioxane solution of N-carboxy-N°-trifluoroacetyl-L-orni-
thine anhydride (450 mg in 14 ml of absolute dioxane) was
added dropwise. The reaction was allowed to proceed in the
cold room for about 20 hr. The milky suspension was dialyzed
exhaustively against water in the cold. The protecting tri-
fluoroacetyl groups were removed at pH 10.8, at room temper-
ature. The pH was monitored by an automatic titrator using
4 M KOH as titrant. The cloudiness disappeared in the initial
stages of the unblocking reaction. The reaction was continued
until no significant uptake of alkali could be observed (about 2
days). The pH was then brought down to 2.5-3.0 with HCI, and
the solution was dialyzed against 0.001 N HCI, using Visking
dialysis tubing 8/32 (Union Carbide), and lyophilized. For the
second ornithylation the lyophilized poly(ornithyl)chymotryp-
sin sample was dissolved in 0.05 M phosphate buffer (pH
7.8) (20 ml), and the polyornithylation reaction was initiated
by the dropwise addition of a second portion of N-carboxy-
Ni-trifluoroacetyl-L-ornithine anhydride (450 mg dissolved
in 5-6 ml of dioxane). The reaction was continued overnight
at 4°, with stirring. The solution was dialyzed against water,
and the trifluoroacetyl blocking groups were removed at pH
10.8, as described above. The poly(ornithyl)chymotrypsin
solution was purified by dialysis against 103 M HCI and ly-
ophilized. Using this procedure poly(ornithyl)chymotrypsin
samples enriched by 200-300 ornithyl residues per molecule
were obtained. When lower degrees of ornithylation (30-50
ornithyl residues per molecule) were desired, the polyornithyl-
ation reaction was carried out only once. For very high de-
grees of ornithylation a third polyornithylation was per-
formed. Poly(ornithyl)chymotrypsin samples containing 500-
800 ornithyl residues per molecule could be obtained upon
triple ornithylation.

It is of interest to note that each ornithylation step was
accompanied by a considerable loss of 280-nm-absorbing
material (probably due to autodigestion). The recovery of
protein of twice-ornithylated poly(ornithyl)chymotrypsin
samples was in the range of 15-20 9. The recovery of enzymic
activity was 5-10%. The properties of the various polyor-
nithyl)chymotrypsin samples are summarized in Table IA.

Poly(glutamylchymotrypsin. Chymotrypsin (200 mg) was
dissolved in cold 0.05 M phosphate buffer (pH 7.8) (80 ml).
N-Carboxy-v-phthalimidomethyl-L-glutamic acid anhydride
(600 mg) was dissolved in absolute dioxane (25 ml) and added
dropwise to the magnetically stirred, ice-cooled enzyme solu-
tion. The reaction was continued at 4° for about 20 hr. The
milky suspension was exhaustively dialyzed against water in
the cold. The protecting vy-phthalimidomethyl groups were
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TABLE I
A. Polycationic Chymotrypsin Derivatives
Effective
Number of Poly- Mean Degree of  Normality K..(app)®
Sample ornithylations  Ornithylation® (moles/mg)’ pK.° pKy* keat? (sec™l)  (mm)
POCH-1 1 34 227 x 108 6.3 £0.05 10.2+0.1 172 210 3.0+0.2
POCH-2 1 76 0.358 555005 9.7=+0.1 165 +8 4.1 +0.3
POCH-7 2 136 0.331 55005 9.5£0.1 141 =6 5.1 £0.3
POCH-3 2 223 0.427 54+005 9401 13510 13.2 =15
POCH-4 2 250 0.418 54005 943=x0.1 1198 7.1:x1.0
POCH-8 2 270 0.272 54+005 95+0.1 1236 70=x10
POCH-5 3 330 0.381 5.4 +0.05 9.8 +0.1 84 =7 10.2 1.3
POCH-10 3 450 0.179 5.4 & 0.05 99 +0.1 636 17.7+20
POCH-6 3 820 0.093 5.4+ 005 9.8 +£0.1 636 10320
B. Polyanionic Chymotrypsin Derivatives
Characterization
PGCH-3 110 Glutamy! residues® per molecule 1.16 X 10— 7.80 == 0.05 10.2 = 0.1 246 =10 1.20 = 0.10
PGCH-4 170 Glutamy! residues® per molecule 0.121 790005 1025 +0.1 24410 0.84 %= 0.09
EMA-CHYM 549 protein by weight®* 0.895 790 =0.05 10.25+0.1 296 10 2.57 = 0.25
(290 carboxyl groups per molecule)

Succinyl- 11 Lysyl residues succinylated’ 2.36 7.9 0.1 103 =0.1 245 £ 12 1.45+0.20

chymotrypsin  (Z = —18)°
Acetyl- 10.5 Lysyl residues acetylated 1.413 7.4x01 99=x01 238 =12 1.90 = 0.22

chymotrypsin = (Z =~ —6)/¢
Crystalline x3 cryst, salt free, lyophilized 3.24 6.8 =005 9.95+005 184 £ 5 0.74 = 0.08

chymotrypsin  (Worthington)

¢ Estimated from amino acid analysis of acid hydrolysates. > Determined by active-site titration with N-rrans-cinnamoylimid-
azole (Schonbaum et al., 1961). © Calculated from the pH-activity profiles, determined at [Ac-L-TyrOEt] = 1.8 X 10~% M and
u« = 0.01 using the method of Alberty and Massey (1954). # Kinetic runs carried out at the pH optimum for each derivative (see
text), using Ac-L-TyrOEt as substrate (u = 0.01). K,(app) and k... calculated from Lineweaver-Burk plots, using a least-squares
procedure. ¢ Estimated from total nitrogen content, assuming 16.5% nitrogen for chymotrypsin (Wilcox ez al., 1954). 7 Estimated
from amine nitrogen determination by the Van Slyke method. ¢ Calculated from amino acid composition of a-chymotrypsin

(Dayhoff, 1969).

removed at pH 10.5, at room temperature. The pH was mon-
itored by an automatic titrator, using 4 M KOH as titrant.
The unblocking reaction was continued until no significant
uptake of alkali could be observed (3-4 hr). The pH was then
brought down to about 6, the solution dialyzed exhaustively
against distilled water and lyophilized. Poly(glutamyl)chymo-
trypsin samples containing 100-170 glutamyl residues could
be obtained by this procedure. The properties of the PGCH
samples are summarized in Table IB.

Water-Soluble Ethylene-Maleic Acid Copolymer—Chymo-
trypsin - Conjugate  (EMA-Chymotrypsin). Water-soluble
EMA-chymotrypsin was isolated from the supernatant of
the coupling reaction mixture in the course of preparing water-
insoluble EMA-chymotrypsin (Levin er al., 1964; Goldstein,
1970). Chymotrypsin (600 mg) was dissolved in cold 0.1 M
phosphate buffer (pH 7.8) (80 ml). Ethylene-maleic anhy-
dride copolymer (600 mg) was homogenized in the same buffer
(20 ml). The homogenized EMA suspension was added to the
magnetically stirred, ice-cooled chymotrypsin solution, and
the reaction continued overnight at 4°, The gelatinous pre-
cipitate of insoluble EMA-chymotrypsin was separated by
centrifugation (Sorval, 12,000 rpm, 30 min). The supernatant
was exhaustively dialyzed against water, clarified again by
centrifugation, and lyophilized. The lyophilized powder was
dissolved in a minimal amount of water and passed through a
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Sephadex G-25 column using distilled water as eluant. The
fraction eluting with the void volume (containing most of
the 280-nm absorption and essentially all the enzymic ac-
tivity) was collected and lyophilized. The total weight of the
lyophilized powder was 250 mg. The protein content of the
soluble EMA-chymotrypsin sample as estimated from the
nitrogen content, assuming 16.5 %7 nitrogen for chymotrypsin
(Wilcox er al., 1954), total amino acid analysis, and the 280-
nm absorption, using ex; = 5 X 10* M~ cm™! (Oppenheimer
et al., 1966), was about 549, corresponding to about 290
free carrier-polymer carboxyl groups per molecule of enzyme.
Active-site titration indicated that about 40% of the bound
protein was enzymically active (see Table IB).

Succinylchymotrypsin. Chymotrypsin (500 mg) was dis-
solved in cold distilled water (20 ml). Succinic anhydride
(500 mg) was added in small portions in the course of 3 hr,
the pH being maintained at 7.6 with an automatic titrator,
using 2 M NaOH as titrant. The temperature was kept low by
ice cooling. The reaction mixture was exhaustively dialyzed
against distilled water at 4° and lyophilized (net weight of
lyophilized powder 470 mg). Determination of the free amine
nitrogen by the Van Slyke method indicated that 11 out of the
14 lysyl residues of chymotrypsin (Hartley, 1964; Dayhoff,
1969) had been succinylated (8097 succinylation; see Table
1B).
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Acetylchymotrypsin. Chymotrypsin (500 mg) was dissolved
in half-saturated sodium acetate (40 ml). Acetic anhydride
(2 ml) was added dropwise in the course of 1 hr, to the ice-
cooled, magnetically stirred, enzyme solution. The pH was
maintained at 7.8 by means of an automatic titrator using 2
M NaOH as titrant. The reaction mixture was exhaustively
dialyzed against distilled water at 4° and lyophilized. Deter-
mination of free amine nitrogen by the Van Slyke method
indicated that about 10.5 out of the 14 lysyl residues of chymo-
trypsin had been acetylated (about 7597 acetylation; see
Table IB).

The average net charge (Z) of the acylchymotrypsin de-
rivatives at neutral pH could be estimated from the number of
free amino groups and the known amino acid composition
of chymotrypsin (Dayhoff, 1969). Z values of —18 and —6
units of electronic charge per molecule were calculated for the
succinylchymotrypsin and acetylchymotrypsin preparations,
respectively (Table IB).

Electrophoresis on cellulose acetate strips indicated that no
peptide or unmodified enzyme contaminations were present
in the purified samples of polyelectrolyte chymotrypsin deriva-
tives.

Methods

Amino acid analysis of acid hydrolysates of chymotrypsin
and its polyelectrolyte derivatives were carried out employing
an automatic amino acid analyzer (Spackman, 1967). Total
nitrogen was determined by the Dumas combustion method
(Steyermark, 1961). Amine nitrogen was determined by the
Van Slyke method (Van Slyke, 1929; Peters and Van Slyke,
1932).

Protein concentrations were determined spectrophoto-
metrically at 280 nm using a molar extinction coefficient of
5 X 10* Mm~! cm™! for chymotrypsin (Dixon and Neurath,
1957; Oppenheimer et al., 1966) and assuming a molecular
weight of 25,000 (Wilcox et al., 1957; Dixon et al., 1958).
Concentration of active enzyme was determined by the M-
trans-cinnamoylimidazole method (Schonbaum et al., 1961).

Kinetic Measurements. The initial rates of the hydrolysis
of Ac-L-TyrOEt or Ac-L-PheOMe catalyzed by chymotrypsin,
or the various polyanionic and polycationic derivatives of
chymotrypsin, were followed by measuring the rate of libera-
tion of protons at a constant pH (Jacobsen et al., 1957). A
Radiometer pH-Stat consisting of the SBR2¢/SBU-1/TTA3
titration assembly and the PHM 26¢ pH meter was used. The
titrant was 0.05 N NaOH. In a typical titration, 5 or 10 ml of
substrate solution, adjusted to the desired ionic strength with
KCl, was placed in the titration vessel, thermostated at 25°.
The solution was mechanically stirred, and nitrogen passed
over the surface of the liquid. The solution was allowed to
equilibrate, and 10-50 ul of an aqueous solution of chymotryp-
sin or its derivative was added. After the preset pH value
had been reached, the rate of addition of titrant was a measure
of the rate of the reaction. At low pH values the measured
rates were corrected for the incomplete ionization of the prod-
uct carboxyl groups, using a pK, = 3.64 for acetyl-L-tyrosine
and pX, = 3.70 for acetyl-L-phenylalanine. For the determina-
tion of specific activities 0.018 M Ac-L-TyrOEt was used rou-
tinely. One unit of esterase activity was defined as that amount
of enzyme which catalyzed the hydrolysis of 1 umole of sub-
strate per minute, at the optimal pH. The kinetic parameters
(keat and Kn(app)) were determined at the appropriate pH
optimum of each chymotrypsin derivative (pH 8.3 for chy-
motrypsin; pH 7.5 for poly(ornithyl)chymotrypsin; pH 9.5

for EMA-chymotrypsin and poly(glutamyl)chymotrypsin).
Six to ten substrate concentrations in the range 1 X 10~3 M
to 2 X 1072 M for Ac-L-TyrOEt and 5 X 10-*Mto 4 X 10-2
M for Ac-L-PheOMe were used. The test solutions were (2-6)
X 10~8Min enzyme.

The initial rates of hydrolysis of Ac-L-Phe-p-nitroanilide
catalyzed by chymotrypsin and its polyelectrolyte derivatives
at 25° were followed spectrophotometrically at 410 nm using
a Cary 14 recording spectrophotometer with a thermostated
cell compartment. Buffer (2 ml) and a dimethylformamide
solution of the substrate (250 ul) were mixed and brought to
25°. The reaction was initiated by the addition of 500 ul of
enzyme solution. The initial rate of product formation was
calculated using a value of eqo = 10,400 M~* cm™! for p-
nitroaniline in 997 DMF. Six to ten substrate concentrations
in the range (0.5-5.0) X 10—2 M were used. The test solutions
were (1-3.5) X 10~% M in enzyme. The following 0.01 M buffers
adjusted to ionic strength 0.05 with KCI were used: pH 5.9-
7.65, Tris-maleate; pH 8.0-8.5, Tris; pH 9.0, Veronal; pH
9.0-9.5, glycine~-NaOH or carbonate. The pH of the test
solutions was measured before and after each kinetic run.

The initial rates of hydrolysis of Ac-L-TyrNH,, catalyzed
by chymotrypsin and its polyelectrolyte derivatives at 25°,
were followed ‘“manually,” by removing aliquots at fixed
times and determining the ammonia liberated by the ninhy-
drin method (Moore and Stein, 1948). The kinetic runs were
carried out at the appropriate optimal pH values (pH 8.5 for
chymotrypsin, pH 7.5 for POCH-4, and pH 9.5 for EMA-
CHYM). Six to ten substrate concentrations in the range
(0.4-2.0) X 10~2 M were used. The test solutions were (1-2) X
10~¢Min enzyme.

The kinetic constants k... and Kw(app) were obtained from
the Lineweaver-Burk plots (Dixon and Webb, 1964) using a
least-squares procedure.

Results

Preparations and General Characterization. Several types
of water-soluble polyanionic and polycationic derivatives
of chymotrypsin were synthesized. Positively charged poly-
(ornithyl)chymotrypsin derviatives (POCH) of a varying
degree of ornithylation were prepared by growing poly-
(ornithyl) side chains on the lysyl e-amino groups of the en-
zyme. Negatively charged derivatives of chymotrypsin were
prepared by several methods. Poly(glutamyl)chymotrypsin de-
rivatives (PGCH) were prepared by growing poly(glutamyl)
side chains on the enzyme. Another soluble negatively charged
derivative of chymotrypsin, ethylene-maleic acid copolymer—
chymotrypsin conjugate (EMA-CHYM) was prepared by the
covalent binding of chymotrypsin to a 1:1 copolymer of
ethylene and maleic anhydride (EMA). Chymotrypsin de-
rivatives of lower overall negative charge were obtained by
partial succinylation or acetylation of the free amino groups
on the protein.

The properties of the polyelectrolyte derivatives of chymo-
trypsin employed in this study are summarized in Table I.

The activity retained by chymotrypsin, POCH-4, PGCH-4,
and EMA-CHYM after incubation for 30 min at 37° at
various pH values is shown in Figure 1. Both chymotrypsin
and its derivatives are stable in the pH range 5-7. The sta-
bility of native chymotrypsin decreases steeply between pH
8.5 and 9; at acidic pH values the stability of chymotrypsin
decreases gradually below pH 4. The polyanionic derivatives,
PGCH-4 and particularly EMA-CHYM, show no significant
loss of activity in the alkaline pH range, while in the acidic
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FIGURE 1: Effect of pH on the stability of chymotrypsin and several
polyelectrolyte derivatives of chymotrypsin. The test solutions (0.5
ml) in the appropriate buffer, containing chymotrypsin or chymo-
trypsin derivative (about 15 esterase units per ml) were incubated at
37° for 30 min; 0.1-ml aliquots were withdrawn and the residual
esterase activity was determined by the standard procedure (see
Methods). The following buffer solutions were used to cover the pH
range investigated: pH 3.0, 0.05 M citrate; pH 4-5, 0.1 ™M acetate;
pH 6-9, 0.05 m phosphate; pH 10-10.7, 0.05 M carbonate.

pH region (pH 3-3) the decrease of stability with pH is much
more pronounced than that of the native enzyme. The poly-
cationic derivative, POCH-4, shows the reverse behavior:
increased stability in the acidic pH region; above pH 6, grad-
ual decrease in stability with increasing pH.

The temperature stabilities of chymotrypsin and of repre-
sentative samples of polyanionic and polycationic derivatives
of the enzyme are shown in Figure 2. In each case the stability
experiments were carried out at the appropriate pH of maxi-
mal stability (see Figure 1). Figure 2 indicates that all poly-
electrolyte derivatives of chymotrypsin exhibit better tempera-
ture stability than the native enzyme.

pH Dependence of Activity. The pH dependence of the
specific activity (V/E,) of poly(ornithyl)chymotrypsin (POCH-
4), poly(glutamyl)chymotrypsin (PGCH-4), EMA-chymo-
trypsin, and crystalline chymotrypsin with acetyl-L-tyrosine
ethyl ester (0.018 M) as substrate is shown in Figure 3.
The apparent dissociation constants of the ionizing groups
involved in the enzyme catalysis (pK.) calculated from
the two limbs of the bell-shaped pH-activity profiles (pK;
and pKs) are given in columns 5 and 6 of Table I. The pK,
values are essentially the pH values at which V/E; has
one-half its maximum value (Dixon and Webb, 1964; Al-
berty and Massey, 1954; Hammond and Gutfreund, 1955).
The acid limb of the pH-activity profile of the positively
charged poly(ornithyl)chymotrypsin is displaced at low ionic
strength (¢ = 0.01) toward lower pH values by 1.4 pH units
as compared to native chymotrypsin (pK; = 6.8 for chymotryp-
sin, pK, = 5.4 for POCH-4). The acid limb of the pH-ac-
tivity profiles of the polyanionic derivatives, poly(glutamyl)-
chymotrypsin and EMA-chymotrypsin, are displaced to-
ward higher pH values (pK; = 7.90) by about the same mag-
nitude (Figure 3A and Table I). The basic limbs of the pH-
activity profiles of both the cationic and the anionic deriva-
tives are perturbed to a considerably lesser extent relative
to the native enzyme (for POCH-4, chymotrypsin, EMA- and
poly(glutamyl)chymotrypsin the values of pK: are 9.45, 9.95,
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FIGURE 2: Stability of chymotrypsin and several polyelectrolyte
derivatives of chymotrypsin at different temperatures, The test
samples (0.5 ml) containing chymotrypsin or chymotrypsin deriva-
tive (about 15 esterase units per ml) dissolved in a buffer of pH of
optimal stability (see Figure 1) were incubated at the specified tem-
perature for 15 min; 0.1-ml aliquots were withdrawn, and the resi-
dual activity was determined by the standard procedure at 25° (see
Methods).

and 10.3, respectively; Table I). The behavior of succinyl-
chymotrypsin and acetylchymotrypsin was similar to that of
PGCH and EMA-CHYM (pK;, = 7.90 and 7.40, pK, =
10.3 and 9.9 for succinyl- and acetylchymotrypsin, respec-
tively ; Table I). On increasing the ionic strength (Figure 3B),
the anomalies in the apparent pK’s of the various polyelec-
trolyte chymotrypsin derivatives are practically abolished.
These results are in good agreement with previous findings on
water-insoluble polyanionic (ethylene-maleic acid copolymer)
derivatives of trypsin, chymotrypsin, and papain (Goldstein
et al., 1964; Goldstein, 1970) and can be related to “local
pH” effects, 7.e., to the unequal distribution of hydrogen and
hydroxyl ions between the polyelectrolyte enzyme derivative
and the bulk of the solution (Goldstein er a/., 1964). The data
of Figure 3 also show that at low ionic strength (u = 0.01)
the specific activity of the positively charged POCH-4 in the
optimal pH range is considerably lower than that of the native
enzyme; the specific activity of the polyanionic derivatives
PGCH-4 and EMA-CHYM, on the other hand, is higher
than that of native chymotrypsin (Figure 3A). Increasing the
ionic strength causes an increase in the activity of poly(or-
nithyl)chymotrypsin and of native chymotrypsin. The activity
of the polyanionic derivatives PGCH-4 and EMA-CHYM is
unaffected by increase in the ionic strength.

Kinetics of Hydrolysis of Ester, Amide, and Anilide Sub-
strates. A better understanding of the way in which electro-
static parameters affect the kinetic behavior of chymotrypsin
can be obtained from a study of the Michaelis—Menten kinet-
ics of the various polyelectrolyte derivatives of the enzyme.
Table I (Iast two columns) lists the values of kcsy and Km(app)
determined at the optimal pH and x = 0.01 for native chymo-
trypsin and for all derivatives of the enzyme, using Ac-L-
TyrOEt as substrate. Representative Lineweaver-Burk plots
for chymotrypsin, poly(ornithyl)chymotrypsin (POCH)-4,
poly(glutamyl)chymotrypsin (PGCH-4), and EMA-CHYM
(at u = 0.01) are given in Figure 4.

The data of Table I and Figure 4 show that the k..+ values
of the polyanionic derivatives of chymotrypsin are con-
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FIGURE 3: pH-activity curves for chymotrypsin and several polyelectrolyte derivatives of chymotrypsin acting on acetyl-L-tyrosine ethyl ester,
at different ionic strengths. The assay solutions were 0.018 M in Ac-L-TyrOEt and 0.01 M (A) or 1 M(B) in KCl. The amount of active enzyme
used for each assay was determined by N-frans-cinnamoylimidazole titration (Schonbaum er al., 1961). Substrate hydrolysis was determined

potentiometrically using 0.05 N NaQOH as titrant. The solid lines were calculated using the appropriate values of k.at,

givenin Table I.

siderably higher than the k. value for the native enzyme
(kcat = 240-300 sec! for the various polyanionic chymotryp-
sin derivatives; k.t = 184 sec™! for chymotrypsin at u =
0.01). The Kw(app) values of these derivatives are only
slightly perturbed (Kw(app) =~ (1-2.5) X 102 m). The poly-
cationic derivatives of chymotrypsin when compared with
the crystalline enzyme exhibit lower values of kc+ and much
higher values of Kn(app) (keas = 63-165 sec™!, Kn(app) =~
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FIGURE 4: Lineweaver-Burk plots for chymotrypsin and several
polyelectrolyte derivatives of chymotrypsin acting on acetyl-L-
tyrosine ethyl ester at u = 0.01, The enzymic activities were deter-
mined potentiometrically (see Methods) at the optimal pH of each
enzyme derivative (chymotrypsin, pH 8.25; PGCH-4 and EMA-
CHYM, pH 9.50; POCH-4, pH 7.5). The amount of active enzyme
used for each assay was determined by N-rrans-cinnamoylimidazole
titration (Schonbaum et a/., 1961). The solid lines were calculated
using the values of k... and K.(app) given in Table I.

K.(app), pKi, and pK;

(4-17) x 10—% M for the various POCH derivatives,
= 0,74 X 10~3 M for chymotrypsin; u = 0.01).

The data of Table I show a rough proportionality between
the number of charged groups on the modified enzyme mole-
cule and the magnitude of the perturbation of k..s:, the effect
levelling off at high degrees of overall charge. This phenom-
enon is illustrated in Figure 5, where the variation of kst
with the degree of polyornithylation for the various POCH
samples is presented. The data on the poly(ornithyl)chymo-
trypsin derivatives also indicate that the values of Kun(app)
increase with increasing degree of ornithylation.

Table II gives the ionic strength dependence of k..; and
Ky (app) for chymotrypsin, POCH-4, PGCH-4, and EMA-
CHYM acting on Ac-L-TyrOEt. The values of k.., for chymo-
trypsin increase regularly with ionic strength (k..s = 184
sectat u = 0.01; kear = 240 sec™! at y = 2.0). A similar
increase was found for the various poly(ornithyl)chymotrypsin
samples (e.g., for POCH-4: k.t = 120 sec™! at 4 = 0.01,
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FIGURE 5: Dependence of k... of the poly(ornithyl)chymotrypsin
derivatives on the degree of ornithylation. For experimental details,
see text and Table I.
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TaBLE 11 Kinetic Parameters of Chymotrypsin, Poly(glutamyl)chymotrypsin, EMA~Chymotrypsin, and Poly(ornithyl)chymotryp-
sin Acting on Acetyl-L-tyrosine Ethyl Ester at Different Ionic Strengths.

Ionic Strength koo (sec™l) Kn(app)” (mm) pK? pk?
Chymotrypsin
0.01 184 £ 5 0.74 = 0.08 6.80 = 0.05 9.95 0.1
0.10 190 £ 5 0.81 = 0.08 6.70 = 0.05 9.90 0.1
0.50 217 = 6 0.86 = 0.09 6.85 = 0.05 10.00 = 0.1
1.00 225 = 6 0.55 = 0.07 6.85 = 0.05 10.00 = 0.1
2.00 240 = 8 0.60 = 0.08
Poly(glutamyl)chymotrypsin (PGCH-4)*
0.01 240 = 10 088 =01 7.90 = 0.05 10.25 = 0.1
0.05 242 £ 10 0.8 =0.1 7.90 = 0.05 10.3 £ 0.1
0.10 239 =10 0.97 =0.1 7.80 = 0.05 103 0.1
0.50 248 + 10 1.30 =0.12 7.45 = 0.05 10.3 = 0.1
1.00 242 = 10 1.40 = 0.14 7.30 = 0.05 10.3 = 0.1
EMA-Chymotrypsin®
0.01 300 = 15 2.50+0.3 7.90 = 0.05 10.25 = 0.1
0.10 281 += 14 293 =20.3 7.50 = 0.05 10.14 = 0.1
0.50 271 = 14 1.95+0.2 7.30 = 0.05 10,0 = 0.1
1.00 278 = 14 1.93+0.3 7.30 = 0.05 9.9 0.1
Poly(ornithyl)chymotrypsin (POCH-4)°

0.01 119 = 10 7.10 = 0.8 5.40 == 0.05 9.4 0.1
0.10 132 = 12 5.70 = 0.6 595 = 0.05 9.75 =0.1
0.50 140 = 12 5.80x=0.6 6.30 = 0.05 9.8 0.1
1.00 156 = 14 5.90 £ 0.7 6.35 = 0.05 9.7+ 0.1
2.00 165 = 14 582 +0.7

“ Kinetic experiments carried out at the optimal pH of each derivative (see text) using Ac-L-TyrOEt as substrate at the specified
ionic strength; Ki(app) and k.. calculated from Lineweaver-Burk plots using a least-squares procedure. ? Calculated from pH-
activity profiles, determined at [Ac-L-TyrOEt] = 1.8 X 10~% m and specified ionic strength using the method of Alberty and Massey
(1954) (see text and Figure 3). ¢ For preparation and characterization, see text and Table L.

kewy, = 165 sec™! at u = 2.0; Table II). The values of Acat
of the polyanionic derivatives, PGCH-4 (k..: = 240 sec™?)
and EMA-CHYM (k... = 300 sec™1), are, on the other hand,
essentially independent of ionic strength. Increasing the ionic
strength lowers the values of K, (app) of crystalline chymo-
trypsin and poly(ornithyl)chymotrypsin (Table II). K,,(app)
of the polyanionic derivatives of chymotrypsin is not signifi-
cantly affected by ionic strength.

The values of pK; calculated from the acid limbs of the
pH-activity profiles are very sensitive to ionic strength (Ta-
ble II); the values of pK:, calculated from the basic limbs of the
pH-activity profiles, are relatively insensitive to changes in
ionic strength.

It should be noted that pK; has been ascribed to the ioniza-
tion of the active-side histidine of chymotrypsin (His-57),
controlling the pH dependence of k.., (Hammond and Gut-
freund, 1955; Schoellman and Shaw, 1962; Bender e a!.,
1964; Ong et al., 1964, Hess er al., 1970). pK, has been as-
cribed to the ionization of the N-terminal isoleucine of chy-
motrypsin (Ile-16), controlling the pH dependence of K-
(app) through conformational changes involving an Ile-16. ..
Asp-194 ion pair (Hess et al., 1970; Birktoft er al., 1970;
Sigler er al., 1968; Himoe er al., 1967; Himoe and Hess,
1966).

For chymotrypsin acting on specific ester substrates such as
Ac-L-TyrOEt, used in the above experiments, the deacylation
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step has been shown to be rate limiting (Zerner et al., 1964).
To determine whether the acylation and deacylation steps in
the chymotrypsin-catalyzed hydrolysis of specific substrates
are affected to the same extent by changes in the electrostatic
parameters, kinetic experiments using amide and anilide
substrates were carried out. In the case of amides and anilides
the acylation step has been shown to be rate limiting (Gut-
freund and Sturtevant, 1956a,b; Bender et al., 1964; Inagami
and Sturtevant, 1964; Brandt and Hess, 1966; Bundy and
Moore, 1966; Inagami et al., 1965,1969; Parker and Wang,
1968). The pH dependence of the Michaelis-Menten param-
eters of chymotrypsin and its polyelectrolyte derivatives
was also investigated, Acetyl-L-phenylalanine methyl ester
and acetyl-L-phenylalanine-p-nitroanilide were used as sub-
strates in these studies in order to eliminate possible complica-
tions arising from the ionization of the phenolic hydroxyl
of tyrosine at alkaline pH values. Because of the low solubility
of Ac-L-PhepNA in water, the assays with this substrate were
carried out in a medium containing 9 % (v/v) DMF. The values
of ke and K, (app) for chymotrypsin, EMA-CHYM, and
POCH-4 acting on Ac-L-TyrNH. at low and high ionic
strength are given in Table II1. The values of the kinetic param-
eters with Ac-L-TyrOEt, taken from Table II, are also in-
cluded for comparison.

The pH dependence of the Michaelis-Menten parameters
for chymotrypsin and its derivatives acting on Ac-L-PheOMe
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TaBLE 1I: Kinetic Parameters of Chymotrypsin, Poly(ornithyl)chymotrypsin, and EMA-Chymotrypsin Acting on Acetyl-L-

tyrosine Ethyl Ester and Acetyl-L-tyrosinamide.®

Ac-L-TyrOEt Ac-L-TyrNH,
Enzyme Ionic Strength kegt, (seC™Y K. (app) (mm) keat X 102 (sec™d) Kn(app) (mm)
Chymotrypsin 0.05 184 £ 5 0.74 = 0.07 8 +0.8 34 + 4
1.00 230+ 6 0.55 +=0.06 14.1+1.0 21 =2
EMA-CHYM 0.05 300 + 15 2.50 =0.25 336 +3.0 30L£4
1.00 280 = 14 1.93 & 0.20 29 £ 3.0 35 £ 3.6
POCH-4 0.05 119 = 10 7.10+ 0.9 3.9+0.4 38+ 4
1.00 165 + 14 582 +0.6 59+0.5 25+ 3

¢ Kinetic runs carried out at the pH optimum of each derivative (for details, see text). Kn(app) and k.. calculated from the

Lineweaver-Burk plots using a least-squares procedure.

in an aqueous medium (u = 0.05) is shown in Figure 6. The
optimal values of k..: and Ku(app) and the values of pkK;
obtained from the k..t vs. pH data of Figure 6 are given in
Table IV.

The pH dependence of k..: and Ky,(app) for chymotrypsin,
POCH-4, and EMA-CHYM acting on Ac-L-PhepNA and
Ac-L-PheOMe in a medium containing 9% DMF (u = 0.05)
is shown in Figures 7 and 8. The optimal values of the kinetic
parameters at 4 = 0.05 and ¢ = 1.0 are summarized in
Table V.

The calculated curves of Figures 6-8 were drawn according
to the equation ket = keat(lim)/(1 + (H/K1)) (Dixon and
Webb, 1964). Here k..:(lim) is the maximal value of ke
attained in the plateau region where this parameter is inde-
pendent of pH and K; is the dissociation constant for the
enzyme obtained by best fit of the ..+ vs. pH data (Alberty
and Massey, 1954; Hammond and Gutfreund, 1955; Dixon
and Webb, 1964).

The kinetic data show that with both ester and amide or
anilide substrates, k... is symmetrically perturbed toward
higher and lower values for the polyanionic and poly-
cationic derivatives of chymotrypsin, respectively. A com-
parison of the values of k..; obtained with an ester or amide
and anilide substrate (Tables III and V) shows, however,
that the magnitude of the perturbation of k... effected by
changes in the electrostatic parameters is considerably larger
when the substrate is amide or anilide. Thus, increasing the

TABLE Iv: Kinetic Parameters of Chymotrypsin, Poly(ornithyl)-
chymotrypsin, and EMA-Chymotrypsin Acting on Acetyl-L-
phenylalanine Methyl Ester at Low Ionic Strength (. =
0.05).%

Enzyme pK; keat (sec™)  Kmn(app) (mm)
Chymotrypsin 6.70 = 0.02 108 = 8 1.5+0.2
EMA-CHYM 7.82 = 0.05 160 =+ 12 2604
POCH-4 6.10 = 0.05 70 = 7 80=x1

¢ Kinetic runs carried out at the pH optimum of each
derivative (for details, see text and Figure 6). Kn(app) and
keat calculated from the Lineweaver—Burk plots, using a least-
squares procedure. The values of pK; obtained by best fit of
the data of k.. vs. pH of Figure 6.

ionic strength to . = 1.0 results in roughly a twofold increase
in the value of k. of native chymotrypsin acting on Ac-L-
TyrNH; or Ac-L-PhepNA as compared to an increase of 20-
309 when the substrate is the N-acetyltyrosine or phenyl-
alanine ester. The values of k..+ of the negatively charged
EMA-CHYM are roughly twofold and fourfold larger than
those of the native enzyme when acting on Ac-L-PhepNA
and Ac-L-TyrNH,, respectively. With the corresponding
esters as substrates the increase in the k..4 values of the poly-
anionic derivative is about 50 97 (Tables III and V). The kcas
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FIGURE 6: pH dependence of k... and Km(app) of chymotrypsin,
poly(ornithyl)chymotrypsin (POCH-4), and EMA-chymotrypsin
acting on acetyl-L-phenylalanine methyl ester in an aqueous medium
at u = 0.05 (for experimental details, see text). The smooth curves
were calculated using k..:(lim) = 108 sec™}, pK; = 6.70 for chy-
motrypsin; ket(lim) = 70 sec™?, pK; = 6.10 for POCH-4; ke i(lim)
= 160 sec™!, pK; = 7.80 for EMA-CHYM.
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TaBLE v: Kinetic Parameters of Chymotrypsin, Poly(ornithyl)chymotrypsin, and EMA-Chymotrypsin Acting on Acetyl-L-
phenylalanine Methyl Ester and Acetyl-L-phenylalanine-p-nitroanilide in 9 % Dimethylformamide-Water Mixture.*

Ac-L-Phe-p-nitroanilide

. Ac-L-PheOMe
Tonic
Enzyme Strength keat (seC™Y) Ki(app) (mm) Kear X 102 (sec™?) K..(app) (mm)
Chymotrypsin 0.05 95 =7 6 + 1 2.0+0.1 0.92 =0.1
1.00 120 = 10 2404 3.55=0.2 0.54 = 0.07
EMA-CHYM 0.05 162 + 15 6.0+=1 34=0.2 0.94 £0.1
1.00 165 = 15 4.7 x+0.6 4.6 =0.3 0.60 = 0.07
POCH-4 0.05 73 = 8 17 = 2 0.83 £ 0.08 091 =01
1.00 90 = 8 9 %1 1.85+0.2

1.27 = 0.15

@ Kinetic runs carried out at the pH optimum of each derivative (for details, see text and Figures 7 and 8). K,.(app) and k.
calculated from Lineweaver-Burk plots using a least-squares procedure.

values of EMA-CHYM are essentially ionic strength inde-
pendent with all substrates. The Aca: values of the positively
charged POCH-4 are lower than the k.., of native chymo-
trypsin by a factor of about two when the substrate is amide
or anilide as compared with a lowering of about 309 when
the substrate is an ester of either phenylalanine or tyrosine.
Increasing the ionic strength causes a much larger increase
in the k.t values of POCH-4 when Ac-L-PhepNA or Ac-L-
TyrNH: are used as substrates.

In contrast to the large electrostatic effects on the values of
ks for amide or anilide substrates the data of Tables III
and V show that the values of Ky,(app) with Ac-L-TyrNH,
and Ac-L-PhepNA of all chymotrypsin derivatives are unper-
turbed and essentially identical with the value of the Michaelis
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FIGURE 7: pH dependence of k... and Kn(app) of chymotrypsin,
poly(ornithyl)chymotrypsin (POCH-4), and EMA-chymotrypsin
acting on acetyl-L-phenylalanine-p-nitroanilide in a 99 (v/v) DMF-
water mixture, at 4 = 0,05 (for experimental details, see text). The
smooth curves were calculated using ke:(lim) = 20 X 1072 sec™1,
pK, = 5.95 for chymotrypsin; k...(lim) = 0.83 X 10~%sec™!, pK; =
6.00 for POCH-4; k..(lim) = 3.4 X 1072 sec™!, pK; =7.20 for
EMA-CHYM.
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constant of the native enzyme (Kn(app) = 30 X 1073 M with
Ac-L-TyrNH.; Kn(app) >~ 0.9 X 1073 M with Ac-L-PhepNA).
This finding is of particular interest in view of the fact that the
values of K, (app) of POCH-4 with the ester substrates Ac-
L-TyrOEt and Ac-L-PheOMe are highly perturbed (Tables
III and V). The data of Figures 7 and 8 show another unusual
feature of the polycationic POCH-4, /.e., the steep pH-de-
pendent increase in k..; observed above pH 8. At the highest
pH tested (pH 9.5) the values of k.. of POCH-4 reach the
values recorded for the native enzyme with both ester and
anilide substrate. This phenomenon could be related to
the deprotonation of the polyornithyl side chains of the
polycationic derivatives of chymotrypsin, and thus to the
loss of positive charge occurring at alkaline pH values.
The effects of the organic solvent (DMF) used in the kinetic
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FIGURE 8: pH dependence of k... and Ku(app) of chymotrypsin.
poly(ornithyl)chymotrypsin (POCH-4), and EMA-chymotrypsin
acting on acetyl-L-phenylalanine methyl ester in a 9% (v/v) DMF-
water mixture at g = 0.05 (for experimental details, see text). The
smooth curves were calculated using k..¢(lim) = 95 sec™!, pK; =
5.95 for chymotrypsin; ke.i(lim) = 73 sec™, pK; = 6.05 for POCH-
4; keor(lim) = 162 sec™?, pK, = 6.95 for EMA-CHYM.
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investigations with phenylalanine derivatives could be esti-
mated from a comparison of the experiments with Ac-L-
PheOMe carried out in an aqueous medium (Figure 6 and
Table IV) and in the presence of 9 9, DMF (Figure 8 and Table
V). The values of k¢ of chymotrypsin, EMA-CHYM, and
POCH do not seem to be significantly perturbed in the pres-
ence of organic solvent. The values of Kn(app) with Ac-L-
PheOMe, on the other hand, are higher in the mixed solvent
for all three enzymes and may be due to specific interactions
with the organic solvent. The values of pK; obtained from
kcat vs. pH plots show a lowering of the value of pX; for both
chymotrypsin and EMA-CHYM in the presence of 99 DMF
by about 0.8-1.0 pK unit. (See legends to Figures 7 and 8.)
The value of pK, for poly(ornithyl)chymotrypsin appears to
be practically the same (pK =~ 6.10) in both the aqueous and
mixed solvent media. Potentiometric determination of the
pK, values of imidazole and of acetic acid in water and in a
99, DMF-water mixture (at 4 = 0.01) showed that the pK
values of acetic acid were increased by 0.2 pX unit in the mixed
solvent (pK = 4.7 in water and 4.9 in 99 DMF). The pkK,
values of imidazole were lowered by about the same amount
in the mixed solvent (pK = 7.20 in water; pK = 7.0in 9%
DMF). A similar effect has been reported by Sager and Parks
(1964) and by Parker and Wang (1968) for dimethyl sulfoxide—
water mixtures. According to these authors the pK, values
of acids of unit positive charge were depressed by about 0.4
pK unit in 30 9 ME,SO-water.

The lowered values of pK; of chymotrypsin and EMA-
CHYM in 99 DMF-water could thus be attributed to
effects of the organic component of the solvent on the ioniza-
tion of the active-site imidazole (His-57) of the enzyme. The
absence of this effect in the case of poly(ornithyl)chymotrypsin
is probably due to differences in the distribution of the two
components of the solvent in the domain of the enzyme de-
rivative, and may reflect interactions of a more specific nature
between the ornithyl side chains of the enzyme and the or-
ganic solvent component.

Discussion

The preparation of polyanionic and polycationic deriva-
tives of chymotrypsin of widely varied mean net charge (Ta-
ble I) has made possible the systematic study of microenviron-
mental effect on the kinetic behavior of chymotrypsin—the
most extensively investigated of the serine proteases.

The gross features of the currently accepted three-step
mechanism of action of chymotrypsin (Bender and Kézdy,
1965) are given in eq 1, where ES’ is the acyl enzyme inter-

k ke k
E+S=—=ES—>ES —>E +P, )
ke +P,

mediate, P, and P, are the leaving group (alcohol or amine)
and the acyl moiety of the substrate, respectively, and k. and
ks the acylation and deacylation rate constants. It can be
shown (Gutfreund and Sturtevant, 1956a; Zerner and Bender,
1964) that the steady-state rate parameters of eq 1 are related
to the Michaelis-Menten overall kinetic parameters k.., and
K (app) by

keay = kaoks/(ks + ka) @
Kn(app) = (ks/(k: + k3))K, 3

where K = k_i/k is the true equilibrium constant for the dis-
sociation of the enzyme—substrate complex.

When the deacylation step is rate limiting, 7.e., when k; <
ky, as in the case of ester substrates, eq 2 and 3 reduce to

kcat = ka (4)
and
Kw(app) = (ks/k2)Ks (%)

When the acylation step is rate limiting, k. << k3 as in the
case of amide and anilide substrates

kcat = k2 (6)
Km(app) = K. Q)

From the kinetic data it can be seen that the k..t values of
the various polyelectrolyte derivatives of chymotrypsin could
not be related in a straightforward manner to pKi(app)
(attributed to His-57) by a linear free energy relationship of
the Bronsted type (Bronsted, 1928a; Jencks, 1969; Hammett,
1970). That is to say that although qualitatively all negatively
charged derivatives had higher pX; and higher k.. values
relative to native chymotrypsin, while the positively charged
derivatives exhibited lower pK, and k... values, a linear log
keat vs. pK; relationship was not obeyed. This is best seen
from Table IA; the values of k.4 of the poly(ornithyl)chymo-
trypsin derivatives decrease with increasing degree of ornithyl-
ation, while pK; is perturbed to essentially the same value
(pK; ~ 5.50) for practically all POCH samples. Moreover,
increasing the ionic strength (Table II) canceled the pertur-
bation of pK; while the k..; values of each charge type of
chymotrypsin derivative exhibited different dependencies on
the ionic strength. Comparison of the kinetic parameters in
aqueous and DMF-containing media (Figures 6 and 8) also
showed that the perturbation in the values of pK; of the vari-
ous enzyme derivatives in the mixed solvent was not reflected
in a parallel perturbation of the k.. values. These findings
did not allow the use of a simple general base catalysis model
(Bronsted, 1928a; Bell, 1941; Goldstein and Katchalski,
1968; Jencks, 1969; Bender, 1971), involving the active-site
imidazole (His-57), for a unified interpretation of the kinetic
data. The kinetic data also show that the perturbation in the
values of k..t of the polyanionic and polycationic derivatives
of chymotrypsin cannot be attributed to conformational
changes induced by long-range electrostatic interactions (i.e.,
repulsion) between the charged side chains on the enzyme
molecule; such a model would be expected to lead to anal-
ogous kinetic effects for both negatively and positively
charged derivatives of chymotrypsin, contrary to our data.
Moreover, the k..; values of the uncharged poly(y-phthal-
imidomethylglutamyl)chymotrypsins and poly(é-trifluoro-
acetylornithyl)chymotrypsins were similar to those of native
chymotrypsin. Perturbation of k... is observed only after the
removal of the blocking groups (phthalimidomethyl, or tri-
fluoroacetyl), and the formation of the appropriate polyelec-
trolyte derivative of chymotrypsin.

In view of the foregoing, the electrostatic effects were sep-
arated into two classes: (a) microenvironmental effects stem-
ming mainly from the redistribution of low molecular weight
ionic species such as hydrogen and hydroxyl ions, as a result
of the electrostatic field generated by the charged side chains,
e.g., displaced pK,’s and modified patterns of enzyme stability
as a function of pH. These effects have been analyzed else-

BIOCHEMISTRY, VvoL. 11, No. 22, 1972 4081



where (Goldstein er af., 1964; Goldstein, 1970) and will
not be discussed further. (b) Local charge effects which perturb
the course of the chemical reactions occurring at the active
site of the enzyme during the catalytic process. The main fea-
tures of these effects can be summarized as follows.

The k..t values of the charged derivatives of chymotrypsin
were symmetrically displaced—relative to the native enzyme—
to higher values in the case of the polyanionic derivatives
(poly(glutamyl)chymotrypsin, EMA-chymotrypsin, succinyl-
chymotrypsin, and acetylchymotrypsin), and to lower values
in the case of the polycationic derivatives (the various poly-
(ornithyl)chymotrypsins). The perturbation of k... of both
the polyanionic and the polycationic derivatives was much
larger with amide or anilide substrates, indicating that the
acylation step was much more strongly affected by the elec-
trostatic parameters (Tables III and V). The magnitude of the
perturbation of A.., appears to be related to the number of
charged groups on the enzyme molecule as indicated by the
data of Table I and Figure 5. Moreover, in the case of the
poly(ornithyl)chymotrypsin derivatives, the perturbation of
ko 18 cancelled at high pH values where the poly(ornithyl)
side chains lose their positive charge (Figures 7 and 8).

Increasing the ionic strength caused an increase in the
values of k..¢ of both native chymotrypsin and the positively
charged poly(ornithyl)chymotrypsin derivatives. Here again
the effects were much larger when the substrate was amide
or anilide. The A values of the negatively charged deriva-
tives, on the other hand, were not significantly affected by the
ionic strength (Tables II, III, and V).

The values of Kpn(app) of the polycationic derivatives
(POCH) acting on ester substrates were higher, by as much
as an order of magnitude, than those of the native enzyme,
depending on the degree of ornithylation. The Ky (app) val-
ues of the polyanionic derivatives (EMA-CHYM and PGCH)
were only slightly higher. The values of K,,(app) of all chymo-
trypsin derivatives acting on amide or anilide substrates
were unperturbed and almost identical with the Michaelis
constant of the native enzyme (Tables III and V).

An overall interpretation of the kinetic data could be made
assuming that the increase in k., of native chymotrypsin
with ionic strength could be attributed to a Kinetic salt effect
(Bjerrum, 1924, 1925, Bronsted, 1928b; Castanéda-Agullo
et al., 1961; Hammett, 1970). Such an assumption would re-
quire that the hydrolytic reactions catalyzed by chymotrypsin
involve at some stage along the reaction pathway the inter-
action of two charged groups. If the charges are of the same
sign, increase in the ionic strength would facilitate the ap-
proach of the reacting species, and thus the formation of the
transition-state complex, leading to an increase in the observed
overall ratc. If the charges are of opposite sign, increase of the
ionic strength would lead to a decrease in the rate constants.
This model does not consider the possibility of salt-dependent
conformational changes which may affect the catalytic rate
constants. The available data on the effects of ionic strength
on chymotrypsin do not, however, provide any positive indi-
cation for the existence of salt-induced conformational
changes at neutral and slightly alkaline pH values in the
presence of a specific substrate (see, for example, Castanéda-
Agullo et al., 1961; Warren and Cheatum, 1966; Kahana
and Shalitin, 1969, Garel and Labouesse, 1970; Rossi and
Bernhard, 1971; Kurosky er al., 1971; Royer er al., 1971;
Cuppett er al., 1971 ; Gaudin and Viswanatha, 1972).

Thus, the simplest kinetic model which could explain the
ionic strength dependence of k., of native chymotrypsin can
be based on the assumption that a kinetically significant step
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in chymotrypsin catalysis involves two charged groups of
the same sign.

The interpretation of the kinetics of the polyanionic and
polycationic derivatives of chymotrypsin, given below, follows
this hypothesis, with the additional assumption that no spe-
cific binding of ions occurs.

Examination of the kinetic data shows that the .., values
of the polyanionic derivatives are similar to the values
of k.. attained by native chymotrypsin at very high ionic
strengths (ciz., with Ac-L-TyrOEt as substrate k... ~ 240
sec™! for PGCH-3, PGCH-4, succinylchymotrypsin, and
acetylchymotrypsin; ke, = 295 sec™! for the more heavily
charged EMA-CHYM; for native chymotrypsin A =
184 sec™tat 4 = 0.01, and keqe =~ 240 sec™ ! at u = 2.0; with
Ac-L-PhepNA as substrate Aq; = 2 X 1072 sec ! at g =
0.05; kear = 3.6 X 1072 sec™t at u = 1.0 for chymotrypsin;
Kear = 3.4 X 1072 sec™! for EMA-CHYM at u = 0.05-1.0).
It could therefore be postulated that the effect of a polyanionic
microenvironment on the 4., value of chymotrypsin is anal-
ogous to that of an increase in ionic strength; conversely,
the decrease in A.,, In the case of the polycationic derivatives
could be interpreted as a negative salt effect (e.g., for POCH-4,
Kear = 120 sec™* with Ac-L-TyrOEt; k... = 0.83 x 107*
sec”! with Ac-L-PhepNA). In terms of the hypothesis pre-
sented above such an approach would lead to the conclusion
that an intermediate step in chymotrypsin catalysis involves
two closely spaced posirice charges. This view is reinforced
by the finding that the values of k., of the polyanionic de-
rivatives are independent of x, while the k... values of the
polycationic derivatives show strong ionic strength depen-
dence and assymptote at very high u’s to the A, values of the
native enzyme.

A further indication for the plausibility of the above assump-
tion is the finding that the perturbation of k... of the poly-
(ornithyl)chymotrypsin derivatives is cancelled at high pH
values, where the ornithyl side chains lose their positive charge.

The currently available structural and kinetic informa-
tion (see for example, Bender and Kézdy, 1965; Hess, 1971)
does not allow for the identification or the assignment of a
specific role, in a “minimum mechanism” of chymotrypsin,
to the two positive charges, the existence of which was as-
sumed on the basis of our experiments. An intermediate
step, involying two positive charges, located along the reac-
tion pathway before the formation of acyl enzyme could,
however, explain the larger electrostatic effects observed with
amide or anilide substrates, as compared to esters. These
conclusions should be complementary to some recent sugges-
tions on the pretransition-state protonation of substrate
along oriented hydrogen bonds (Wang and Parker, 1967;
Parker and Wang, 1968; Wang, 1968; Wang, 1970), as in-
corporated in the *‘charge-relay system”--Asp-102... His-
57....Ser-195--proposed by Blow and coworkers (1969)
to explain the nucleophilicity of the Ser-195 hydroxyl group.
This model involves however only one formal positive charge
—on His-57. One could postulate the participation of a second
positively charged group which, although not directly im-
plicated in the catalytic process, does affect the reactivity of
one of the catalytically significant groups, either as a general
acid or as a strategically located cationic nearest neighbor.

It is of interest to note that g cationic group (tentatively
identified as Arg-145) was invoked by Epstein er al. (1968}
to explain the unusual nucleophilicity of the Ser-195 hydroxyl
of chymotrypsin. The authors based their conjecture on the
finding that certain nucleophiles, containing cationic groups,
have higher reactivities in displacement reactions with neutral
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substrates than would be expected from their aqueous basis-
ities.

An increase in k... and k; of a negatively charged derivative
of chymotrypsin (succinylated §-chymotrypsin) accompanied
by an increase in pK; has been recently observed by Valen-
zuela and Bender (1971). A positively charged derivative,
ethylenediamine-amidated é§-chymotrypsin, exhibited the
expected shift in pK; toward the acid region. No change in
keat O k3 of this derivative was, however, found (Valenzuela
and Bender, 1971). The reason for this discrepancy with our
results may be the low charge density of this cationic chymo-
trypsin derivative, as well as the rather low sensitivity of 4;
to charge effects.

The closely similar values of K;,(app) of chymotrypsin and
its polyelectrolyte derivatives when amide or anilide sub-
strate are used (Tables III and V), seem to indicate, in view
of eq 7, that the equilibrium binding constant, K., is not sig-
nificantly affected by electrostatic parameters.

The perturbed values of Ky (app) of the polyanionic and
polycationic derivatives of chymotrypsin, when ester sub-
strates are used, can be understood when taking into account
at least two factors: (1) diffusional limitations on the effective
substrate concentration; (2) kinetic effects on K(app) arising
from changes in the magnitude of the ratio ks/k: (eq 5).

Diffusional limitations on the effective substrate concen-
tration arise most probably from the fact that the enzyme,
located at the core of a highly branched molecule, is sur-
rounded by a physically constrained layer of solvent, which
the substrate has to cross in order to reach the site of the en-
zymic reaction; a concentration gradient of substrate is thus
established across the domain of the enzyme phase, leading
to an increase in Kn(app). Similar effects, reported for en-
zymes immobilized on solid supports, have been ascribed to
the existence of substrate gradients across the unstirred
layers of solvent at the solid—solution interphase (Goldman
et al., 1971b). Diffusional limitations would be expected to be
more pronounced with ester substrates, where the rates of
hydrolysis are higher by a factor of 103-104 as compared to
amides or anilides and would depend mainly on the number
and length of side chains grown on the enzyme molecule.
Diffusional effects would thus be expected to lead to increases
of comparable magnitude in the values of Kn(app) of all
derivatives of chymotrypsin modified to a simifar extent,
regardless of the charge characteristics of the enzyme de-
rivative, since the substrates Ac-L-TyrOEt and Ac-L-PheOMe
are electrically neutral (see, for example, Goldman et al.,
1971a, and Sundaram et a/., 1970).

The kinetic effects on Kp,(app) derive from the fact that
the acylation and deacylation steps in chymotrypsin catalysis
are not equally affected by the overall net charge of the enzyme.
Since for ester substrates, where deacylation is rate limiting,
the apparent Michaelis constant is given by Ku(app) =
(ks/k)Ks (eq 5), the perturbation of Ku(app) can be attrib-
uted to changes in the ratio ks/ks. Thus in the case of the
polycationic derivatives, a larger decrease in 4,, as compared
to the decrease in k3 would lead to an increase of k3/k,, and
by eq 5, since K is unperturbed, to an increase in the value
of Kw(app). By the same reasoning the Xn(app) values of the
polyanionic derivatives would be expected to be lower than
Kn(app) of native chymotrypsin (due to a larger increase
in &,).

The data show that with ester substrates the values of Ky, -
(app) of both polyanionic and polycationic derivatives of
chymotrypsin are higher than the Michaelis constant of the
native enzyme. It is significant, however, that the Km(app)

of the negatively charged derivatives is higher by a factor of
about 2 only, while the values of K,.(app) of the positively
charged derivatives are higher by more than an order of mag-
nitude in the extreme cases. The data thus seem to indicate
that, when ester substrates are used, the perturbations of K, -
(app) derive from a combination of both diffusional and
kinetic effects. In the case of the polycationic derivatives of
chymotrypsin kinetic and diffusional effects reinforce each
other, leading to highly perturbed K, (app) values. In contrast,
in the case of polyanionic derivatives, the kinetic effects par-
tially cancel the K. ,(app) perturbation due to diffusion. The
kinetic and diffusional effects, however, cannot be separated.

In a study of the hydrolysis of acetyl-L-tryptophan methyl
ester by succinylated, and ethylenediamine-amidated §-chy-
motrypsins, the values of Kn(app) of the negatively and
positively charged derivatives of chymotrypsin were found to
be respectively lower and higher, relative to the Michaelis
constant of the native enzyme (Valenzuela and Bender, 1971).
In the case of these derivatives, where the chemical modifica-
tion is relatively mild, it is reasonable to assume that diffu-
sional effects are negligible and only the ratio &;/k» determines
the value of K(app).

In conclusion, the approach used in this investigation,
namely the creation of an artificial polyelectrolyte microen-
vironment around an enzyme molecule, may serve as a new
tool for the study of the individual steps in enzyme catalysis.
Furthermore, the study of the kinetic behavior of water-
soluble polyelectrolyte enzyme derivatives may supply valu-
able information as regards the various factors which can
affect the kinetic pattern in analogous immobilized enzyme
systems, and in particular of enzymes embedded in biological
membranes.
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