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ular weight of the enzyme is ~150,000 (Runnegar
et al., 1969), which establishes the enzyme in close
relationship to the pig enzyme. However, the two en-
zymes do differ in active-site sequences (Augusteyn
et al., 1969) and in their kinetic behavior (Stoops
et al., 1969). The equivalent weight of ~68,000 is
derived from three independent titrations (o-nitro-
phenyl dimethylcarbamate, p-nitrophenyl dimethyl-
carbamate, and paraoxon) of “mixed” enzyme of specific
activity 74, corrected to a specific activity of 78.
Table III shows that the titration of a less pure sample
(specific activity ~ 68) gives a low equivalent weight,
indicating that the titration is overestimating the active
enzyme in the system. This observation has been con-
firmed on other impure samples, and probably derives
from contamination of the active enzyme protein by
other protein material whose spectral characteristics
are different, since the specific activity, and hence the
correction, is dependent upon A2g¢. Because of this
possible difficulty, kinetic data obtained with these
enzymes (Stoops et al., 1969) were collected with
samples of high specific activity. There is no reason to
believe, however, that the titration is not producing a
valid estimate of the concentration of active sites of the
enzyme in solution, since the pig enzyme gave con-
sistent kinetic data when the specific activity of the
enzyme varied from 447 to 569.

Related work on the liver enzymes from horse, sheep,
and chicken will be published later.
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Carboxylesterases (EC 3.1.1). Dissociation of

Ox Liver Carboxylesterase*

Maria T. C. Runnegar,f Edwin C. Webb, and Burt Zerner

ABSTRACT: DEAE-Sephadex chromatography of ox
liver carboxylesterase purified up to and including the
CM-cellulose chromatography step (Runnegar, M.
T. C., Scott, K., Webb, E. C., and Zerner, B. (1969),
Biochemistry 8, 2013 (this issue; paper 8)) resulted in
the separation of electrophoretic variants 1, 2, and 3,
variant 3 being eluted first. Gel filtration on Sephadex
G-200 established that the dimeric form of the en-
zyme reversibly dissociates to an active monomeric
form.

The native enzyme contains no titratable SH groups,
nor does the enzyme treated with mercaptoethanol or

RUNNEGAR, WEBB, AND ZERNER

6.5 M urea, separately, Iodoacetate and iodoacetamide
(~10—3 M) are without effect on the enzyme. After
treatment of the enzyme with ~0.3 M mercaptoethanol
in 6.5 M urea, approximately 5 SH groups/150,000
molecular weight species may be titrated with the
Ellman reagent. Comparative ultracentrifugation of
ox liver carboxylesterase and bovine serum albumin in
solutions of varying urea concentration (to 7 M) shows
that the dimeric enzyme does not dissociate under the
conditions of the experiment. This observation is sup-
ported by the results of gel filtration on Sephadex
G-200 in 6.5 M urea.
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In previous papers of this series on carboxylesterases
(Horgan et al., 1969a,b), pig liver carboxylesterase
was shown to dissociate, on dilution at neutral pH,
from a dimeric species (two active sites) of mol wt ~
160,000 to a monomeric active species (half-molecule)
of mol wt ~80,000.1 It has also been shown that this
dissociation is not rapid (Blakeley et al., 1969). The
previously reported results of Barker and Jencks (1967)
are totally supported by our findings.

Boguth er al. (1965) reported the dissociation of the
pig liver enzyme to a species of mol wt ~40,000 in
0.29, sodium dodecyl sulfate and a similar, although
less extensive, effect was interpreted to occur from ultra-
centrifugal data obtained in 6.5 M urea. However, we
have obtained no evidence for such a species, even in
8 M urea (Horgan er al., 1969b). Barker and Jencks
(1967) have reported that in 6 M guanidinium chloride,
0.1 M in mercaptoethanol, the pig liver enzyme has an
apparent molecular weight of 66,000, no correction
being made for specific solvent interactions.

Bendhr and Krisch (1967a,b) have reported the
purification of ox liver carboxylesterase (dimer, mol
wt 167,000) and also the separation of two enzy-
matically active components on DEAE-Sephadex.
These components were identified as dimeric and mono-
meric forms of the enzyme.

In this paper, we report a series of experiments
designed to define the extent and character of the dis-
sociation of ox liver carboxylesterase under a variety
of conditions.

Experimental Section

Materials and Methods. The major procedures have
been described previously (Horgan et al., 1969a,b;
Runnegar et al., 1969). Urea was recrystallized from
709 and then from 909, ethanol (Steinhardt, 1938)
at temperatures not exceeding 40°. Buffers in urea were
prepared immediately before use by adding the cal-
culated quantity of urea to prepared buffers; pH and
molarity of the buffer solutions refer to the buffer
before addition of urea. Free sulfhydryl groups were
determined by the method of Ellman (1959) at pH 7-8
using a Cary 14 spectrophotometer equipped with a
0-0.1-absorbance slidewire.

DEAE-Sephadex Chromatography. Ox liver carbox-
ylesterase from CM-cellulose chromatography (Run-
negar et al., 1969) was concentrated with ammonium
sulfate, dialyzed vs. 5 mM Tris base, 1 mm in EDTA

* From the Department of Biochemistry, University of
Queensland, St. Lucia, Queensland 4067, Australia. Received
October 24, 1968. This work was supported in part by the National
Health and Medical Research Council (Australia), the A.R. G. C.
(Australia), and Grant GM 13759 from the Institute of General
Medical Sciences of the U. S. National Institutes of Health.

t Commonwealth postgraduate student.

!1In this paper, carboxylesterases of mol wt ~160,000 are
referred to variously as molecules or dimers; carboxylesterases
of mol wt ~80,000 are referred to as half-molecules or monomers.
This usage does not comment on the ultimate subunit structure
of these enzymes. It merely implies that one active site is assoc-
iated with the species of mol wt ~80,000,

(pH ~8.6), and applied to a column (2.0 X 40 cm)
of DEAE-Sephadex A-50 (Pharmacia, Sweden) equil-
ibrated with the same buffer. The gradient system
(Krisch, 1963) consisted of three identical cylindrical
vessels joined at the base and on the same level. The
two closest to the column contained a volume of 5 mMm
Tris base (1 mM in EDTA and 40 mM in NaCl); the
third vessel contained the same volume of the same
buffer, 0.5 M in NaCl.

Effect of Lyophilization. Purified “mixed” carboxyl-
esterase (42 mg) was dialyzed vs. 5 mM Tris-HC]
buffer (pH 8.6), 1 mmM in EDTA. After lyophilization,
the enzyme was dissolved in 1 1. of the same buffer and
allowed to stand at 3° for 24 hr (measured pH, 8.3).
The sample was applied over a period of 70 hr to a
column (0.9 X 30 cm) of DEAE-Sephadex A-50
equilibrated with the same buffer. The column was
washed with the same buffer for 48 hr, and enzyme
was eluted stepwise with 50 ml of the same buffer
(0.06 M in NaCl, pH 8.6) and then with 0.15 M NaCl
in the same buffer system until all activity had been
eluted.

Enzymatic Activity on Treatment with Urea and
Sulfhydryl Reagents. A dilute enzyme solution was
thermostated with urea buffer and either assayed di-
rectly (involving a large dilution of an aliquot) or
dialyzed exhaustively. The assay was carried out using
o-nitrophenyl butyrate as substrate in 0.1 M phosphate
buffer (pH 7.5), 109, (v/v) acetonitrile.

Gel Filtration in 6.5 M Urea. Swollen Sephadex
G-200 was equilibrated with several changes of 6.5 M
urea (reagent grade, not recrystallized) in 0.05 M
phosphate (pH .6.6), 0.2 M in NaCl and 1 mM in EDTA,
prior to preparing a column (2.1 X 36 cm). Ox liver
carboxylesterase was dialyzed into the same buffer at
3°, and 0.5 ml of the resulting solution (A42s9 = 21)
was applied to the column.

Ultracentrifugation in the Presence of Urea. Uncor-
rected sgo values were determined from sedimentation
velocity runs in a Beckman-Spinco Model E analytical
ultracentrifuge equipped with a Spinco RTIC tempera-
ture control unit. A double-sector schlieren cell, con-
taining the urea buffer as well as enzyme solution, was
used. The total area under the schlieren peak(s) arising
from the esterase in 6.5 M urea containing mercapto-
ethanol increased with time as the solution aged;
e.g., the areas in Figure 9A,B are ~2.3 and ~10 times,
respectively, the area under the peak for a similar
sample (after 8 hr) which contained no mercaptoethanol
(¢f. Figure 9C).

Results

DEAE-Sephadex Chromatography. OXx liver carbox-
ylesterase which had been purified up to and including
the CM-cellulose step was chromatographed on DEAE-
Sephadex, and was eluted with a three-vessel gradient
system (Table I), each vessel containing 125 ml. Figure
1 and Table I show the results of this experiment.
Carbon dioxide absorption caused the pH of the system
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TABLE I: DEAE-Sephadex Chromatography (First
Preparation).®

TAaBLE II1: DEAE-Sephadex Chromatography (Second
Preparation).®

Act. Sp Act. Act. Sp Act.
Fraction (units/ml) (units/ml)/4280 A280/A2860 Fraction (units/ml) (units/ml)/4250 A2s0/A260
[Load 32 1.73] [Load 34 1.743]
25% 4 13 0.86 34% 0.8 8 0.300
29 21 28 1.22 36 4.0 25 0.503
33 93 58 1.36 38 8.8 31 0.691
37 108 61 1.31 40 15.0 39 0.819
41 62 54 1.20 42 20.4 55 0.804
45 40 49 1.11 44 14.0 49 0.736
49 53 57 1.18 46 10.0 39 0.688
54 45 56 1.16 48 7.6 32 0.636
58 32 54 1.13 50 11.0 39 0.703
62¢ 18 41 0.96 52 23.6 53 0.898
¢ Applied load, 10,800 units. The gradient vessels :g 1;(8) gz 82(2)3
contained 125 ml of buffer. Each fraction contains 4.9 58 1'8 18 0' 510
ml. 4200 ml of gradient. ¢ End of gradient. 60° 1:0 ~10 )

100~

ACTIVITY { uMOLES/ MIN/ML)
Muggz 1Y 3INVEHOSEY

FRACTION NUMBER

FIGURE 1: DEAE-Sephadex chromatography (first prepara-
tion, Table I). (e—e—e) Activity and (0---C---0) A2s0.

(initially 5 mmM Tris base, 1 mM in EDTA, pH ~8.6)
to drop to ~8.0. After application of the salt gradient,
the pH of the freshly eluted tubes rose to above 9.
This probably accounts for the low A2s0/A260 ratio.
The eluted enzyme was combined in four fractions
(14, Figure 1).

The procedure was repeated, except that each gradient
vessel contained 150 ml of solution (Table II and Figure
2), and a similar elution profile was obtained. Fractions
A-E (Figure 2) were concentrated and dialyzed against
the electrophoresis buffer. The zymograms (stained
for activity) of suitably diluted samples are shown in
Figure 3.

Purified carboxylesterase (“mixed” enzyme) was
applied to DEAE-Sephadex after lyophilization and
dilution. The elution profile is shown in Figure 4.
Figure 5 shows the results of starch and polyacryla-
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@ Applied load, 8740 units. The gradient vessels
contained 150 ml of buffer. Each fraction contains
6.5 ml. ® 280 ml of gradient. ¢ End of gradient.
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FIGURE 2: DEAE-Sephadex chromatography (second prepa-
ration, Table II). (@-—e—®) Activity and (O---0---0) A2s0.

mide gel electrophoresis on some fractions from
Figure 4.

Table III shows the elution volumes of fractions 1
to 4 (Figure 1, Table I) on Sephadex G-200. It is evident
that the elution volume varies for fractions 1 and 4
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TABLE 111: Sephadex G-200 Chromatography of Pooled Fractions from DEAE-Sephadex (First Preparation).®

Fraction Sp Act. As2s0 Applied Elution Vol Aaso Peak Tube
1 39 14 65.5 0.28
2 66 20 60.0 0.65
3 54 18 59.5 0.49
4 52 9 69.0 0.18
Blue Dextran 40.0
Cytochrome ¢ 102.0
Bovine serum albumin 68.0

2(.05 M phosphate (pH 7.4), 0.5 M in NaCl. Column dimensions, 2.0 X 25 cm. Fractions 1-4 (Figure 1) were
individually concentrated using ammonium sulfate, dialyzed against the starting buffer, and applied in volumes of

~0.5-1.1 ml.
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FIGURE 3: Starch and polyacrylamide gel zymograms (stained
for activity) of enzyme fractions A-E from DEAE-Sephadex
(second preparation, Figure 2). Electrophoretic variants
14+2+43,1(+42), and 3 (+2) are from CM-Sephadex
chromatography (Runnegar er al., 1969).
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FIGURE 4: DEAE-Sephadex chromatography of purified
“mixed” enzyme, after lyophilization and dilution.

which have lower protein concentration at the peak
tube. Fractions 1 and 2 have been shown by electro-
phoresis to contain scarcely any electrophoretic vari-
ant 1, while fractions 3 and 4 contain little electro-
phoretic variant 3. It is therefore clear that the elution
volume and, therefore, the state of aggregation of the
enzyme depend exclusively upon the concentration of
the sample and not on the electrophoretic variants
present. This was checked by diluting fractions 2 and
4 and comparing the elution volumes so obtained.
Figure 6 shows the elution profiles on Sephadex G-200
of fraction 2 at high and low concentration.

The above results were checked on samples of the
purified carboxylesterases and these data are col-
lected in Table IV, which demonstrates that the effect
of dilution on the elution volumes applies equally to
all electrophoretic variants.?

The effect of dilution on mobility on starch gel
electrophoresis was also investigated. The purpose
was to determine whether electrophoretic variant 3
could possibly represent the monomer of electro-
phoretic variant 1 or 2. Figure 7 shows the zymogram
obtained when increasing dilutions of variants 1 and 3
were applied to the gel.

Effects of Urea, Sulfhydryl Reagents, and Mercapto-
ethanol on the State of Aggregation of the Ox Liver
Enzyme. Ox liver carboxylesterase (2.2 X 107 N)
was allowed to interact with 6.86 M urea in 0.05 M
Tris-HCI buffer (pH 8.0) for 1 hr at 10, 25, and 38°,
The recovery of activity after dialysis at the respective
temperatures was 57, 28, and <0.5%,. Under the same
experimental conditions at 10°, variation of enzyme

2 It should be noted that an enzyme preparation which had
been frozen and thawed a number of times over a period of 2
years appeared to be modified. It consisted (originally) of electro-
phoretic variants 1 and 2. The presteady-state reaction with o-
nitrophenyl dimethylcarbamate was slowed considerably, There
was also a 209, decrease in specific activity toward ethyl butyrate.
This enzyme preparation applied to Sephadex G-200 in 0.005
M Tris base, 0.001 M in EDTA (pH ~ 8.6), appeared to be com-
pletely “monomeric' at concentrations where the native enzyme
is dimeric, The result was confirmed by analytical ultracentrifugal
analysis. It appears that the enzyme was modified in such a way
that it dissociated more readily. At higher concentrations, a
single peak was obtained corresponding to a ‘‘dimeric” form.

2021

DISSOCIATION OF OX LIVER CARBOXYLESTERASE



2022

BIOCHEMISTRY

TABLE Iv: Sephadex G-200 Chromatography of Purified Ox Liver Carboxylesterase.®

Sedimentation Coefficient of

Electrophoretic Variant Agsgo Applied Az2s0 Peak Tube Ve/Va Peak Tube Protein (S)
1(4+2) 27 0.98 1.31 6.6
3(4+2) 16 0.67 1.32 6.6
1+2+4+3 32 1.07 1.33 6.9
1(+4+2) 0.98 b 1.68
3(4+2) 1.12 b 1.77
1+24+3 1.07 b 1.81
1+2+3 0.20 b 1.86
Bovine serum albumin 15 0.72 1.70

2 (.05 M phosphate (pH 7.0), 0.5 M in NaCl. Column dimensions, 4.0 X 87 cm. Fo = 372 ml (determined with
Blue Dextran). ® Peak of enzyme elution determined by spectrophotometric rate assay using p-nitrophenyl butyrate

as substrate.

ENZYME ELUTED AT + ORIGIN (+)
N3ML ¥

100 ML i

73ML

33ML

ke

1,2& 3 LYOPHILIZED X

DILUTE SAMPLE
APPLIED TO COLUMN

1.283 o
ENZYME ELUTED AT

121 ML "
104 ML

88ML

LML
33ML &

1.28&3 .

FIGURE 5: Starch and .polyacrylamide gel electrophoresis of
individual fractions from DEAE-Sephadex chromatography
following lyophilization and dilution (Figure 4).

concentration from 2 X 10~7 to 2 X 10~% N resulted
in essentially the same recovery of activity (~50%).
Activity was lost rapidly at 25° in 6.5 M urea at pH 5.2,
e.g., ~859, of the activity was lost in 27 min ([E]o =
3 X 10~5 N). It was difficult to estimate recoveries
since about two-thirds only of the residual activity
can be measured immediately upon dilution from the
6.5 M urea system into the assay buffer system. The
remaining activity appears slowly (~30 min).
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FIGURE 6: Sephadex G-200 chromatography of fraction 2
(Figure 1). See Table III for conditions. (e—e—e) Con-
centrated sample, A2s0. (A—a—a) Enzyme applied at
A2sp = 0.40; activity measured by spectrophotometric
rate assay using o-nitrophenyl butyrate as substrate. Activity
and A:s0 of the concentrated sample were coincident.

Ox liver carboxylesterase (0.279;) in 0.01 M phos-
phate (pH 7.2), 6.5 M in urea, gave no evidence for
two peaks in the ultracentrifuge. However, since it
was not possible to state in what form the carbox-
ylesterase existed from this run, the effect of increasing
concentration of urea on the sedimentation coefficient
of carboxylesterase was investigated. For comparison,
bovine serum albumin was treated in the same way,
since bovine serum albumin has been shown not to
associate or dissociate under the experimental condi-
tions (Gutter, 1957). The results of this experiment
are shown in Table V.

The elution volume of the enzyme from Sephadex
G-200 in the presence of 6.5 M urea was measured as a
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TABLE V: Variation in s20 of Ox Liver Carboxylesterase and Bovine Serum Albumin with Urea Concentration.®

(Bovine Serum Albumin)

s20 (Esterase)/
520 (Bovine Serum Albumin)

Urea 520 520
(M) (Esterase)

0 7.48 4.12
1 6.61 3.66
2 6.09 3.32
3 5.37 3.03
4 4.84 2.75
5 3.83 2.08
6 1.71% 0.95°
7 2.27 1.22

1.81
1.8p
1.82
1.77
1.7¢
1.84
1.8p
1.8¢

2().05 M phosphate (pH 6.6), 0.2 M NaCl, 1 mmM EDTA, 0.69, protein. ® The reason for this discontinuity is not

apparent. The important point is the constancy of the ratio.

9RIGIN

A2g0
1 0.1

0.1

0.05
0.05

1 0.033
1 0.025
3 0.033

W = w

(+)

FIGURE 7: Starch gel zymogram of ox liver carboxylesterase electrophoretic variants 1 and 3 at different concentrations.

comment on the preceding experiment. The void volume
of the column was 56.8 ml. The elution volume of
bovine serum albumin was measured as 76.9 ml. The
enzyme (0.5 ml, 4250 in urea = 21) was eluted in a
broad peak (Figure 8). Only 55.6 ml had been eluted
to tube 23 and 63.4 ml to tube 27. The elution volume
(taken for tube 23 or 27) is considerably less than that
for bovine serum albumin (76.9 ml). Neither iodoacetate
nor iodoacetamide (9 X 10—% M) caused the enzyme to
lose activity over a period of 1 hr, the assay being made
after the removal of the alkylating agents. Further, no
significant loss of activity occurred over a period of 6
days at room temperature (~25°). Neither reagent ap-
peared to enhance the denaturing effect of 8 M urea at
4°. No free SH groups could be detected in the native
enzyme, or in the enzyme in 6.5 M urea.

Native enzyme treated with 0.72 M mercaptoethanol
for 1 hr at room temperature showed no loss of activity.
Further, no free SH groups could be detected after
removal of the mercaptoethanol by dialysis.

Enzyme (2 X 10— M) which had been treated with
mercaptoethanol (0.36 M) for 1 hr at 3° in 6.5 M urea
(0.1 M methylamine-HCI and 0.1 M Tris-HCI buffer,
pH 8.1) showed measurable free SH content after re-
moval of the reagents by dialysis under nitrogen.
Assuming a molecular weight of 150,000, the number
of free SH groups found in replicate experiments was
2.6, 4.1, 4.6, and 5.0. The reaction with the Ellman
reagent was extremely slow. Also, on occasions, sam-
ples after removal of urea tended to be turbid, and even
after centrifugation, turbidity would slowly reappear
in the solution. These combined effects made the mea-
surements difficult (A4 ~ 0.05-0.3). Table VI shows
the variations in the number of free SH groups as the
concentration of mercaptoethanol is varied.

Treatment of the enzyme with urea and mercapto-
ethanol caused a loss of activity well in excess of that
due to urea alone. For example, in 6.5 M urea alone,
~159%, residual activity was measured after 27 min at
pH 5.2. When the same system was made 0.29 M in
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FIGURE 8: Elution profile of ox liver carboxylesterase from
Sephadex G-200 in 6.5 M urea.

mercaptoethanol, only 2.49% residual activity could
be detected after 23 min and after 84 min, only ~0.339.
Attempts to recover activity after treatment with urea
and mercaptoethanol were unsuccessful. Rapid oxida-
tion (oxygen) on dialysis at pH 5 and 8 and slow
reoxidation in the presence of dilute mercaptoethanol
at 5° led to no recovery of activity.

Native enzyme in the presence of mercaptoethanol
(4 X 10~2 M) sedimented in the ultracentrifuge at a
rate identical with that of untreated enzyme under the
same conditions (s20 = 7.02 S; enzyme, 0.89; in
0.01 M phosphate, pH 7.4). After treatment of the
enzyme (0.6697) with 6.5 M urea and 0.14 M mercapto-
ethanol for 3 hr at ~25° in 0.01 M phosphate buffer
(pH 7.4), the schlieren pattern shown in Figure 9A

A
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TABLE VI: Variation in the Free SH Content of Ox
Liver Carboxylesterase with Varying Mercaptoethanol
Concentration.®

[Mercaptoethanol] Moles of SH /150,000 g
(M) of Carboxylesterase
0.30 4.6
0.19 5.6
0.10 4.8
0.05 5.8
0.02 4.8
0.002 34

6.5 M urea in 0.1 M Tris (pH 8.1), 0.1 M in methyl-
amine hydrochloride. [E]o = 5 uM. After 1 hr of reac-
tion at 3° under nitrogen, the solutions were dialyzed
under nitrogen vs. 0.01 M phosphate (pH 8.0) and the
SH content was analyzed.

was obtained. The s20 value was 2.7 S. For a similar
sample in the absence of mercaptoethanol (8 hr), the
s20 value was 2.3 S. Figure 9B shows a similar sample,
0.29 M in mercaptoethanol after 24 hr, and Figure 9C
a sample in the absence of mercaptoethanol after 76 hr.

Discussion

DEAE-Sephadex Chromatography. These experi-
ments were performed to check the validity of the
conclusions of Benohr and Krisch (1967b), which
appeared to be inconsistent with our work over a
number of years. The results of the second DEAE-
Sephadex chromatography experiment (Figures 2 and
3, Table II) clearly show that the column separates the
variants 1, 2, and 3.

Figures 4 and 5 show the effect of lyophilization and
dilution on the DEAE-Sephadex chromatogram.

C

FIGURE 9: Sedimentation-velocity diagram for ox liver carboxylesterase in 6.5 M urea (0.01 M phosphate, pH 7.4) and mercapto-
ethanol. (A) 3 hr in 0.14 M mercaptoethanol, 520 = 2.7 S. (B) 24 hr in 0.29 M mercaptoethanol, szo = 2.7 and 1.2 S. (C) 76 hr,

no mercaptoethanol, 2.6 S.
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Lyophilization of the enzyme does not cause the dis-
appearance of any electrophoretic variants, the results
of Figure 5 being entirely consistent with those of
Figure 3.

Bendhr and Krisch (1967b) reported that lyophiliza-
tion caused the disappearance of the monomer.
(Electrophoretic variant 3 (+2) would correspond to
the “monomer” while variant 1 (42) would be the
“dimeric” enzyme!)

The results of gel filtration on Sephadex G-200
(Table III) of fractions 1-4 (Table 1, Figure 1) clearly
establish that the elution volume is dependent upon the
concentration of the enzyme and not on the electro-
phoretic variants present. Any doubt that this is the
correct explanation of the phenomena observed is
removed by inspection of Figure 6 and Table 1V, which
establish that the enzyme dissociates on dilution, and
that all variants are similarly affected. It is probable
that the bands observed on electrophoresis of dilute
samples represent the monomeric form of the enzyme,
since the /owest concentrations applied were of the
order of 0.03 mg/ml and further dilution would occur
on electrophoresis.

The possibility remains that one of the peaks from
DEAE-Sephadex obtained in the present work is
monomeric enzyme and the other dimeric. This
separation would be superimposed on the separation
of the electrophoretic variants. However, it is impossi-
ble to comment on the size of the protein in the two
peaks from the DEAE-Sephadex column, since con-
centration will cause association, and dilution, dis-
sociation, of each variant as was shown on Sephadex
G-200 (Table 1V). It is difficult to understand how
Benohr and Krisch (1967b) determined the molecular
weights of the two peaks for DEAE-Sephadex on Sepha-
dex G-200, since they state that the monomer-dimer
equilibrium is concentration dependent, and the ex-
perimental conditions for the application of the sample
to Sephadex G-200 were not described.

The above authors also report that their preparation
contained only one major band of activity. One
possible explanation for the difference between their
observations and the present results could be that
differences exist between breeds of cattle in Germany
and Australia. The electrophoretic multiplicity of
carboxylesterases is well documented. Holmes and
Masters (1968) have reported the presence of four
major bands of carboxylesterase in the liver homo-
genate of a single ox by polyacrylamide gel electro-
phoresis. The four bands had similar sensitivity to heat
and urea denaturation and had similar specificities.
In the present work, a fourth band of esterase activity
was detected in the eluate from CM-Sephadex (Run-
negar et al., 1969), but was not pooled with the active
fractions because of the low specific activity of tubes
containing it.

Effects of Urea, Sulfhydryl Reagents, and Mercapto-
ethanol on the State of Aggregation and Activity of the
Enzyme. Although the rate of loss of activity on addi-
tion of urea was very fast, it still took a finite time to
inactivate the enzyme completely. These results are in
contrast to those of Malhotra and Philip (1966) who

claimed immediate irreversible inhibition of goat in-
testinal carboxylesterase.

Ultracentrifugation of ox liver carboxylesterase,
using bovine serum albumin as a nonassociating and
nondissociating protein marker, establishes that the
ratio of sedimentation coefficients of the two proteins
remains remarkably constant in the range 0-7 M urea
(Table V). This constancy strongly indicates that no
change in gross molecular form of the carboxylesterase
has occurred in going from O to 7 M urea. The gel
filtration experiment on Sephadex G-200 (Figure 8)
serves to confirm the above results (¢f. Pristoupil,
1965).

The native enzyme, the enzyme treated with 6.5 M
urea, and the enzyme treated with mercaptoethanol
have no detectable SH groups. However, the enzyme
treated with both urea and mercaptoethanol appears
to have a real SH content (Table VI), since only at the
lowest concentration of mercaptoethanol used is there
a decrease in the Ellman titration. This suggests that
the observations are not due to nonspecific binding of
mercaptoethanol.

The synergistic effect of mercaptoethanol on de-
naturation in urea was examined ultracentrifugally,
and casual inspection of Figure 9B might suggest evi-
dence for dissociation of the principal molecular
species. However, the area of the sedimentation peak
increased significantly throughout the experiment (Fig-
ure 9A,B; ¢f. Figure 9C). Mercaptoethanol was nec-
essary to observe the effect. Steinmetz and Deal (1966)
have noted a similar effect in their investigation of the
dissociation of rabbit muscle pyruvate kinase. It is
likely that the two effects are very similar, but neither
can be taken at the present time as evidence for a
simple dissociation.

All the results therefore point to the absence of
fragmentation of ox liver carboxylesterase in urea.
Further, the work of Barker and Jencks (1967) in
6 M guanidinium chloride does not provide support
for the dissociation of pig liver carboxylesterase into
species of mol wt ~ 40,000.

The reduction of the ox enzyme in 6.5 M urea by
high levels of mercaptoethanol is not without precedent
(Reithel, 1963), but a valid explanation of the ultra-
centrifugal data (Figure 9) has not yet been found.

Kinetic data for the ox enzyme are reported in the
following paper (Stoops et al., 1969),
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Carboxylesterases (EC 3.1.1). Kinetic Studies on

Carboxylesterases®

James K. Stoops,t Douglas J. Horgan,] Maria T. C. Runnegar,§ John de Jersey,||

Edwin C. Webb, and Burt Zerner

ABSTRACT: Kinetic evidence has been obtained which is
consistent with the formation of an acyl-enzyme inter-
mediate in the hydrolysis of butyrate esters catalyzed by
pig liver carboxylesterase. A study of the pig liver car-
boxylesterase-catalyzed hydrolysis of phenyl butyrate
revealed activation by substrate and by modifiers
such as benzene. This activation has been inter-
preted in terms of a classical kinetic scheme involving
sites for substrate and modifier on a single enzyme

Mammalian liver carboxylesterases (EC 3.1.1) are
highly efficient catalysts of ester hydrolysis. The en-
zymes differ markedly from the serine proteinases in
that high reactivity is exhibited toward simple aliphatic
esters, For example, the k.. for the pig liver carboxyl-
esterase-catalyzed hydrolysis of p-nitrophenyl acetate
is ~10% times the k. for the same reaction catalyzed
by a-chymotrypsin (Horgan et al., 1966). However,
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molecule.

For a series of activated esters, the catalytic rate con-
stants for the carboxylesterase-catalyzed hydrolyses
were found to be relatively insensitive to changes in the
acyl group, indicating that binding is not responsible
for the high reactivity of these systems. Kinetic and
other data suggest that there are possibly some different
elements of essential chemistry between the esterases
and the proteinases.

a-chymotrypsin exhibits a similarly high reactivity
toward ‘“‘specific” substrates, e.g., N-acetyl-L-tyrosine
ethyl ester. Since, for these substrates, it has been
shown that both the acylation and deacylation steps are
sensitive to changes in the acyl moiety, several workers
have postulated that a major part of this high reactivity
results from the binding of the acyl moiety to the active
site (Hein and Niemann, 1962; Koshland, 1962;
Bender er al., 1964a).

Investigations of the specificity of carboxylesterases
have also shown that changes in the acyl and alcohol
moieties affect reactivity. Webb (1964) has extensively
studied the specificity of horse liver carboxylesterase.
There was only a threefold change in reactivity of ace-
tate and butyrate esters when the chain length of the
alcohol moiety was varied from C; to Cs. Esters of the
C4 alcohol exhibited the highest reactivity. By con-
trast, the reactivity of the ethyl ester of n-alkyl aliphatic
acids increased 14-fold from the acetate to the valerate.
Longer chain acyl groups resulted in a small decrease
in reactivity. The best substrates were found to contain
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