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SUMMARY

1. With the aim of clarifying the isoenzyme status of esterases, the develop-
mental and physicochemical properties of these enzymes have been studied in an
extensive range of cavian tissues.

2. A total of 24 multiple forms of esterolytic activity have been resolved, and
the occurrence of these individual forms in the different tissues inter-related.

3. By means of substrate and inhibitor studies, these heteromorphs have been
characterized in four main classes: carboxylesterases, arylesterases, acetylesterases
and cholinesterases.

4. All of these classes are heterogeneous—the soluble carboxylesterases existing
as 10 separate forms, arylesterases 4, cholinesterases 5, and acetylesterases 5. Each
class multiplicity appears to be more extensive than has been previously reported.

5. Further differentiation of the multiple forms in some of these major classes
has been achieved on the basis of the physicochemical and developmental parameters
utilized. This treatment would appear to implicate at least 12 structural genes in the
biosynthesis of the soluble cavian esterases; a multiplicity of control which is, again,
considerably in excess of previous estimations for mammalian sources.

6. The significance of the localization and variation of individual esterases is
discussed in relation to hormonal influences, cell metabolism and tissue individuality.

INTRODUCTION

Although esterases were amongst the first mammalian enzymes known to ex-
hibit an extensive heterogeneity!.%, the genetic control and metabolic significance of
these multiple forms have remained comparatively ill-defined. Much of the reason for
this Jack of appreciable progress in defining the isoenzyme status of esterases may be
attributed to the wide substrate specificity of these enzymes, and the consequent
difficulty of precise classification. At the present time, however, it has become possible
to distinguish between many different types of esterolytic activity on the basis of
characteristic reactions with a variety of inhibitors and substrates. In mammalian
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tissues, for example, four main types of esterases have been described?-6: Arylesterases
(EC 3.1.1.2) which preferentially hydrolyze aromatic esters, are not inhibited by
organophosphates, but are inhibited by sulphydryl reagents such as p-chloromercuri-
benzoate; carboxylesterases (E.C. 3.1.1.1) which preferentially hydrolyze aliphatic
esters, and are inhibited by organophosphates but not by eserine: cholinester hydro-
lases (E.C. 3.1.1.7; 3.1.1.8) acting on choline esters at a higher rate than both ali-
phatic and aromatic esters, and being inhibited by eserine and organophosphates:
and acetylesterases (E.C. 3.1.1.6) which hydrolyze aromatic esters, but are not inhi
bited by organophosphates, eserine, or sulphydryl reagents.

Once the type of esterase activity has been defined in this manner, the extent
of heterogeneity within a particular class may be examined by the usual procedures
of protein resolution. A number of workers have combined starch-gel electrophoresis
with histochemical identification for this purpose!s3,5:¢, but more effective resolution
is often apparent with polyacrylamide-gel systems™? and the advantages of this latter
technique have been utilized in the present study.

By means of this combined approach, then, developmental and physicochemical
properties of the multiple forms of esterases have been examined in an extensive range
of cavian tissues. The main aim of this investigation has been to contribute towards a
fuller understanding of the isoenzyme status of esterases, and, as such, this study
represents the continuation of a previous line of research into enzyme variformity
and tissue differentiation®!¢.

METHODS

Tissue extracts

A number of guinea pigs were selected to cover a representative range of inter-
vals during gestation, infancy, and adulthood. The required tissues were excised from
the freshly slaughtered animals, and stored at — 10° until required for analysis. Blood
specimens were obtained by cardiac puncture, collected in heparinized tubes, centri-
fuged, and the sera analyzed within hours of separation.

Electrophoresis

Homogenates (approx. 10%,) were prepared in cold, glass-distilled water, centri-
fuged (100 000 X g, 30 min), and disc electrophoresis of the supernatant carried out
on vertical columns of polyacrylamide gel (7.59)':%. The buffer used was Tris-
glycine (pH 8.6, I 0.03). Bromophenol blue was used as the reference dye, and separa-
tions were carried out at 4° with a constant current of 2.5 mA per gel for 2 L.

After electrophoresis, the gel columns were removed from the holders and
allowed to stand in Tris buffer (pH 7.4; I 0.02} at room temperature for 10 min. If
inhibition studies wereintended, the inhibitor wasincorporated into this buffer solution.

The gels were subsequently stained in a solution of fast blue RR salt (0.05%,
Sigma Chemical Co.) and the appropriate substrate (0.169,) to demonstrate esterase
activity. A variety of substrates and inhibitors were used for classification purposes
and these are listed in Table I. Background staining was removed by washing gels
with methanol-acetic acid—-water (45:10:45, by vol.).

The resulting zymograms were recorded by photography and scanned in an
integrating densitometer. Reproducibility of values was of the order of 1-29%,.
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TABLE 1

CLASSIFICATION OF TYPES OF ESTERASE ACTIVITY

Activity and inhibition are denoted by - ; (+) refers to a trace of activity. The terms ‘fast’ and
‘slow carboxylesterases’ refer to a division in the basis of the relative migration of these groups
on gel electrophoresis (see RESULTS).

Substrates Slow Fast Cholin-  Acetyl-  Acetyl-  Awyi-
carboxyl- cavboxyl- estevase  cholin-  estevase  esterase
esterase  estevase estevase

a-Naphthyl acetate +++ 4+ A+ A 4+ A

p-Naphthyl acetate +++  +++ e+ FH+ A+

a-Naphthyl butyrate ++ ++ +++  ++ (+) +

p-Naphthyl laurate — - — — — —

Leucyl-f-naphthylamide — — — — - -

a-N-Benzoyl arginine naphthyl-

amide — — — — —

Indoxyl acetate — + 4+ + + 4 ++ ++

Inhibitors

DFP (ro—* M) +++ +++  +4++ A+ - -

Eserine (105 M) — — +4++ 4+ = —

PCMB* (10-3 M) — — — — ++

Acetylcholine iodide (10-% M) — — — ++ - —

* PCMB, p-chloromercuribenzoate.

Physicochemical properties of esterases

The heat stabilities of the multiple molecular forms of cavian esterases were
investigated by incubating the gel, following electrophoresis of the homogenate, in
distilled water at 55° for varying lengths of time o, 2, 4, 6, 8, 12, 16, 20 min. After this
incubation, the gels were allowed to equilibrate in cold Tris~HCl buffer (pH 7.2; I 0.1)
for 10 min, and subsequently stained for esterase activity. The urea lability of guinea-
pig esterases was studied by incubating the gel, following electrophoresis, in 10 M urea
for varying lengths of time ¢.g. 0, 5, 10, 15, 20, 25, 30, 40 min. After this time, the gels
were equilibrated and histochemically treated as above. To study the effect of changes
in gel concentration, separate columns were prepared, in which the polyacrylamide
concentration was varied from 5%, to 10%, in steps of 0.5%,. Electrophoretic separa-
tions of guinea-pig esterases were run, and the gels stained for esterase activity and
the relative mobility of each band calculated at the different gel concentrations.

Enzyme assay

Total esterase activity was determined by a modification of GOMORI’s method?3,
using fast blue RR salt (Sigma Chemical Co.) and the absorption peak at 500 my.
These measurements were made with a Unicam SP 500 spectrophotometer at pH 7.4
and 37°. Enzyme activity was calculated as international units per 1. Protein deter-

minations were performed by the method of LowRy ¢ al.4, with crystallized bovine
serum albumin for standards.

RESULTS

The specific activities of the total esterases of adult guinea-pig tissues are listed
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TABLE II

ESTERASE ACTIVITY IN ADULT GUINEA-PIG TISSUES

Specific activity is expressed as ymoles ¢-naphthol released per min per mg of protein.

R. S. HOLMES, C. J.

Tissue Specific activity Tissue Specific activity
Male Female Male Female
Liver 0.25 0.40 Serum 0.034 0.05
Kidney 0.11 0.10 Spleen 0.004 0.019
Intestine 0.052 0.13 Brain 0.01 0.01
Lung 0.06 0.004 Testis 0.18
Heart 0.09 0.08 Epididymis 0.314 -
Muscle 0.01 0.013 Uterus o 0.04
Ovary o 0.09
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Fig. 1. Developmental alterations of total esterase activities in the different cavian tissues.
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in Table II. It may be noted that there is general agreement between corresponding
tissues of the male and female animal, although spleen, liver and intestine present
somewhat higher values in the female. The highest concentrations of esterase activity
occur in epididymis, testis and liver, but appreciable activity is present in all the
tissues examined.

Developmental alterations of the total specific activities in the different cavian
tissues are detailed in Fig. 1. In the period immediately following birth, general in-
creases in activity are evident, but the subsequent post-natal sequences show con-
siderable individual variation between tissues. The esterase activity increases during
post-natal maturation of liver and ovary, but kidney esterase decreases in this period.
The activity in testis exhibits an increase at the attainment of puberty.

In Fig. 2, a typical zymogram is illustrated, in this case the electrophoretic
pattern of esterase activity in the liver of an immature guinea pig. Twelve regions of

m—

N

specific activity (LU) x 1073
N
[e]
o

: 17

1 L 1 ! 1
o] 10 20 30 40 50 60

Relative mobility (%)

Fig. 2. The electrophoretic pattern of esterase activity in the liver of an immature guinea pig—zy-
mogram and corresponding histogram representation. Carboxylesterase activity is represented
by open histograms, arylesterase by diagonal shadings and cholinesterase by complete shading.

activity are discernible, and this same gel has been scanned, and the results represent-
ed diagrammatically in the lower portion of the figure. This figure is intended to
illustrate the methodology of this investigation and the method of presentation of
results. Histograms of specific activity have been drawn, showing the relative mobility
of the bands and the type of esterase activity.

The contribution of each multiple form of esterase towards the total activity
of adult tissues is detailed in Table III. This presentation emphasizes the individuality
of the adult distributions and is meant to facilitate comparison of the multiplicity at
this terminal stage of ontogeny.

Biochim. Biophys. Acta, 132 (1967) 379-399



R. S. HOLMES, C. J. MASTERS

g6 ¢ — QT 6'g1

QT €z [ g€ t-cg

oLt g'9¢ o€ CCr L61
_ iz .

6°c ot - - 101

06z QT 8
— —- I¢r 0'0L —
— — €I g€ —
— — otz €gr1 —
_ _ o 6L
— — 661 g'€r e

toar ¢or — — -
— — 061 o'ZI1

€€ €o1 —— —

6z ¢g - — i

sTmIp
SHA31) v -Apidi sysay wivag

384

0

o€ Moloq suonenuaduoo 198 e sqenordde pajerSiu yorys sanssiy jupe ur jussard

Che — —
of 6¢ o€1
Soz o€t 2'gc
- mug‘@
¢ — gL
— 6°¢
oz gL
— z'ee €1
— 0z o1
— 1°07 —
uaa|dS  wmniag

pIsn AT

SEM (0 — ]} ISEARISA[AXO(IRD 10N} Vv C{SUOHIAN 095} anj [ousydowodq 03 00udIejor I pauyep st puedq Yoed jo A}[qow sanepl a4jy, ,,

'SAOHLMMW Ul UDAIS OIB UOIJBIYISSB[D 9SBIIIS JO S[IBIdp 2L ,

9IT

gl1

DI

St
(281
'
0'gT
oy
07T
9¥
ot

o011
6€1
g€

SunT

ouysauy

MO NG O
5 o0 o 1
-

O o HDD
e R A B e R ]

e}
-
-

Aoupryy av0v Y

JSBIOISI[AIY
ASLIBISO[ATY
ISBIOISI[AXO] IR
95BI9)SI[AX0QIB))
9$B19)SI[AX0qIE))
9SBIIISIUIOY))
9SBISSIUTIOY))
aseIa}SIUI[OY D)
aseiaysouIfoy)
9SBIIYSAUTOY))
95B12)89]AX0q 1R
25BIIYSI[A190Y
Jse193sa[Axoqre))
OSBI0ISO[A)O0Y
9581238014300V
0sEBI93S91AX0q 1)
98BI9)89] A0V
95L19)S9[AX0qIR)
SSBIVYSOIAIOY
3SBINSITAXOGIE)
35BID)S9[AX0G 1)

L UOYDIYISSVYI
ISVAIIST

*£11ATI0R 9SRINISD (8103 Jo saferusdrad se poassordxa are sanIAIIOY

HId VANIAD HHI 40 SHASSIL LTAdV NI ALIAILOV ISVIHLISH JO SWAO4 ATdILTIAN 40 NOILAEI¥ISIA

III A1dV.L

Biochim. Biophys. Acta, 132 (1967) 379—399



ISOENZYME STATUS OF ESTERASES 385

Figs. 3-14 illustrate the developmental progression of multiple forms of esterases
in different tissues of the guinea pig.

With liver (Fig. 3), the main developmental tendencies may be summarized as
a decrease in the activities of the arylesterase components during maturation, and a
post-natal increase in the contribution of the slower migrating carboxylesterases and
cholinesterases. Eight separate carboxylesterase bands are present, a single diffuse
arylesterase region and five forms of cholinesterase. This arylesterase band and an-
other observable in other tissues were resolvable as a doublet at lower gel concentra-
tions (see later RESULTS). The cholinesterase extracted by this methodology was
entirely of the acylcholine acyl-hydrolase type (EC 3.1.1.8) in all the tissues studied;
acetylcholinesterase being firmly bound in the cell and not solubilized by this
procedure.
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Fig. 3. The developmental progression of esterase forms in cavian liver. Carboxylesterase activity
is represented by open histograms, arylesterase by diagonal shadings, acetylesterase by cross-
hatching, and cholinesterase by complete shading.

Fig. 4. The developmental progression of esterase forms in cavian kidney. Representations of the
type of esterase activity are the same as in Fig. 3.

In the case of kidney (Fig. 4), most of the maturative changes were concentrated
in the arylesterase and fast carboxylesterase components. Both of these attain peak
activities in the new-born animal, and tend to decrease in the later stages. In the adult
animal, some acetylesterase activity is discernible.

Another rich source of esterase activity, intestine (Fig. 5), shows a very different
distribution of enzyme type. Cholinesterase develops to become a major component,
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Fig. 5. The developmental progression of csterase forms in cavian intestine. Representations of
the type of esterase activity are the same as in Fig. 3.

Fig. 6. The developmental progression of esterase forms in cavian lung. Representations of the
type of esterase activity are the same as in Fig. 3.

arylesterases are also prominent in the young animal, and there is a single band only
of slow-migrating carboxylesterase (R 23)* throughout.

Arylesterase activity in guinea-pig lung (Fig. 6), appears to be concentrated in
one fast moving component, Rm 52, and the contribution of this activity increases
during development. The activity of the fast migrating carboxylesterases converges
towards a single band (Rm 40) in the adult, and slow carboxylesterase activity is
concentrated in four components.

The most striking feature of the developmental changes in testis (Fig. 7) is the
post-pubertal increase in acetylesterase which becomes the major component of the
adult. Five multiple forms are evident at this stage, and are also present in the epidi-
dymis of the adult. Two arylesterase bands are present in the growing animal, but
only one diminished peak is observable in the fully grown guinea pig. Carboxyl-
esterase occurs as one region of high activity (Rwm 40) throughout.

There are fewer major ontogenetic alterations in the heart patterns (Fig. 8),
although arylesterase and a single fast-moving carboxylesterase (R# 40) increase in
activity during maturation.

* Rm refers to the electrophoretic mobility of the band expressed as a percentage of the
relative bromophenol blue mobility at a gel concentration of 7.5%,.

Biochim. Biophys. Acta, 132 (1967) 379-399



ISOENZYME STATUS OF ESTERASES 387

]
TESTIS ol MEART
new born L 585 cm foetus
o0k n _n
10}» 10 cm foetus
= [ % =
6 weeks
-l n n 7
10\_ 12.cm foetus
" I ﬂ
o™
(.)2( adult o) L n n_..a |
X
~ - new born
2 3
- ot
:§ 20 g [ nfl n ﬂ B |
S 2
8 g 6 weeks
(9]
= 1Y
S oo lea B o Bl = “O_ “
] EPIDIDYMIS 8
) g ” 2
1 . _am %
adult
10r HJ
T I %
1 1 Y UV S S — il 1 L 1 1 1
o} 10 20 30 40 50 60 ¢} 10 20 30 40 50 60
Relative mobility (%) Relative mobility (%)

Fig. 7. The developmental progression of esterase forms in cavian testis, and the adult pattern
of epididymus. Representations of the type of esterase activity are the same as in Fig. 3.

Fig. 8. The developmental progression of esterase forms in cavian heart. Representations of the
type of esterase activity are the same as in Fig. 3.

The distribution of esterases in skeletal muscle (Fig. g}, brain (Fig. 10} and
spleen (Fig. 11) again, do not change markedly throughout the period studied. Brain
and spleen esterases show simple patterns of distribution, with only three carboxyl-
esterase bands occurring in each of these tissues, along with major areas of arylesterase
activity.

As the cavian uterus matures (Fig. 12) both bands of arylesterase increase in
activity, as does carboxylesterase. The latter class of enzyme exhibits only one fast-
moving component (R 40) throughout. Initially no slow-moving carboxylesterase
or cholinesterase was detected, but three bands of the slow carboxylesterase appear
in the adult.

The main developmental alterations in the esterase patterns of ovary (Fig. 13)
occur in the slower arylesterase band (Rm 52), and the single fast carboxylesterase
(Rm 40). The small quantity of cholinesterase activity, and the bands of slow carboxyl-
esterase activity show little change during development.

Serum (Fig. 14) develops increased multiplicity of the slow carboxylesterases,
and increased activity of the single fast-moving carboxylesterase (Rm 40) with
maturation.

The results of the physicochemical studies are illustrated in Figs. 15-17.

The effects of heating (Fig. 15) may be summarized as follows:
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Fig. 9. The developmental progression of esterase forms in cavian skeletal muscle. Representa-
tions of the type of esterase activity are the same as in Fig. 3.

Fig. 10. The developmental progression of esterase forms in cavian brain. Representations of
the type of esterase activity are the same as in Fig. 3.

T 7l

SPLEEN -

5.5 ¢m foetus

5t
n ;Vfﬂ,j ﬁ_

10 cm foetus
ook Ao %_é
> sl 12 cm foetus
1
> ﬂ_ﬂ‘ S ._“%_)
é 5 new born :
]
o
- R | L %
\% hweeks

aduit

i
|
| ea—] | ee———
l Amﬂ

[ o - e L L 1

0 1 20 30 40 B0 &0
Relative mobility (°/)

Fig. 11. The developmental progression of esterase forms in cavian spleen. Representations of the
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Fig. 12. The developmental progression of esterase forms in cavian uterus. Representations of the
type of esterase activity are the same as in Fig. 3.

Fig. 13. The developmental progression of esterase forms in cavian ovary. Representations of
the type of esterase activity are the same as in Fig. 3.
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Fig. 14. The developmental progression of esterase forms in cavian serum. Representations of
the type of esterase activity are the same as in Fig. 3.
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Fig. 16. The effect on esterase activity of incubation with 10 M urea for varying lengths of time.
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(a) Carboxylesterases. (i) Slow-moving group. All five bands appear to be rela-
tively heat stable, but there were quite marked differences between the individual
curves. In particular, the band with Rm g lost activity more quickly than the adjacent
gel band (Rm 11), and band Rm 15 was distinguished from bands Rm 20 and 23.
(ii) Fast-moving group. The carboxylesterase which appeared as the predominant
component in serum (Rm 40) was appreciably more heat labile than the 2 faster-
moving carboxylesterase components (Rm 44, 47).

(b) Arylesterases. These 2 bands of esterases were very heat labile and dis-
appeared almost completely after only 2 min incubation at 55°.

(c) Cholinesterases. All bands of cholinesterase activity were heat labile and
disappeared completely after 8§ min incubation.

(d) Acetylesterases. The five forms of this esterase were very stable at high
temperature with no visible loss in activity occurring over the 2o-min period.

100 T S —

80
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o

Relative mobility (%)
IN
o
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o
[ ]
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]

~u- o~
- -8 =~
e i

Acety| -esterase 2!

Gel concn®o)

Fig. 17. The variations in the relative mobility of the different types of esterases with alteration
of polyacrylamide-gel concentration. Bromophenol blue mobility is taken as 100%.

The results of urea treatment (Fig. 16) were:

(a) Carboxylesterases. (i) In the slow-moving group all five bands lost activity
slowly but the faster-moving band at Rm 23 did so at a slower rate than the others,
and the response of Rm 11 is distinctive. (ii) In the fast-moving group the serum
carboxylesterase (Rm 40) lost activity at a faster rate than the other two (Rm 44, 47).

(b) Arylesterases. These two bands were labile to this treatment, as well, and
disappeared almost completely after 10 min incubation.

(c) Cholinesterases. All bands gradually lost activity but it was noted that the
faster bands were slightly more stable than the slower.

(d) Acetylesterases. These five bands are very stable to 10 M urea and no visible
loss of activity occurred.

The variations of mobility with polyacrylamide-gel concentration are shown in
Fig. 17. It is noticeable with the slow carboxylesterases that the curves are nearly

Biochim. Biophys. Acta, 132 (1967) 379-399
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Fig. 18. Scquential zymograms illustrating the effect of incubation at 55° for varying lengths of
time on serum carboxyvlesterase activity.

parallel. One slow carboxylesterase is accommodated on the gel at low concentrations
but not above 79%,.

In the fast carboxylesterases, the band with Rm 40 at 7.5%, concentration gives
a curve which differs in slope from the other two components.

In the other esterase types, a general similarity of response is evident within the
individual groups.

In order to illustrate the methodology of the physicochemical studies more
clearly, a photograph is included (Fig. 18} which follows the change of esterase activity
during increasing periods of incubation at 55°. The labile band at the bottom of this
photograph is a carboxylesterase (Rm 40).

DISCUSSION

In recent years, the developmental progressions of isoenzymes have afforded
considerable insight into the genetic and structural inter-relationships of multiple
enzyme forms, the physiological significance of this multiplicity, and the control of
enzyme synthesis during tissue differentiation®-18. Even with well-defined systems
such as mammalian lactate dehydrogenase, however, it has become increasingly
evident that comprehensive detail is necessary in this type of study in order to avoid
incorrect interpretations of the data®. This principle applies with particular force to
the esterases, because of the extensive heterogeneity of these enzymes, their over-
lapping biochemical characteristics, and the difficulty of assessing isoenzyme status
from the limited information which has been available in the literature. It is with this
background in mind that this intensive treatment of cavian esterases has been present-
ed as a unified study, and the desirability and advantages of this procedure are indi-
cated further during the following discussion.

One particularly noticeable deficiency in the available information on esterases
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in development has been the lack of specific activity data for these enzymes. Most
previous reports have been confined to histochemical indications of alterations20-22,
and, on this basis, general increases in activity during maturation have been noted.
The present results, however, make evident a more graduated response. While some
tissues (e.g. liver, and intestine) exhibit a large increase of total esterase activity
during maturation, others {e.g. brain, spleen, lung) show relatively minor changes.
Also, post-natal and post-pubertal decreases of specific activity are evident in some
tissues, as well as the more widely recognized increases at these stages. In most
tissues, birth is accompanied by quite a sharp increase in total esterase activity.

The causation of these developmental changes is probably complex, and may
include such factors as induction or stabilization by substrate, developmental changes
in tissue function and cell type, altered sources of nutrients, the influence of hormones,
and other environmental factors?®-25. Having localized the alterations in this case,
however, more specific causalities may now be investigated. It is intended, for exam-
ple, that the relationship between the post-pubertal increase in testis esterase and
the response to specific androgens be further examined. Suggestive evidence for a
general relationship of this type is already available with the rat?. Also, the decrease
of intestinal esterases in the later stages of maturation may be an additional reflection
of an increased production of androgenic hormones. These steroids are known to
depress the synthesis of cholinesterases?’, and in these investigations, it has been
observed that the intestine and liver of adult males contain consistently lower levels
of this class of esterase activity than the corresponding females. Again, an explanation
for the considerable prenatal increase in the renal esterase of this animal may lie in
the comparative anatomy of guinea-pig kidney, which displays an unusually mature
development at birth?!, Another enzyme which exists in multiple forms, lactate de-
hydrogenase, has also been shown to exhibit a similar, early, developmental increase
in cavian kidney™.

In regard to the multiformity of esterases, the present studies have revealed
the existence of a more extensive heterogeneity than has been entertained for these
enzymes previously. A total of twenty four different forms of the soluble esterases
have been identified, and this high degree of resolution is considered to provide an
important advantage towards defining the inter-relationships of the different estero-
lytic proteins.

The distribution of these multiple forms in the tissues of the adult guinea pig
1s clearly tissue specific: no two tissues amongst those sampled possessing patterns of
activity which are closely similar. Adult liver (Fig. 3) presents the most complex
pattern of these cavian tissues, and it is of interest to note that the banding is broadly
similar to that previously reported for this organ by PauL aND FOTTRELLS. In the
present study, however, additional regions of activity are discernible, and the total
activity may be seen to be constituted from several bands each of carboxylesterase,
cholinesterase, and arylesterase type. Similarly, the unique distribution of esterases
in adult testis of this species (Fig. 7) is characterized not only by the number of
bands and their relative mobilities and activities, but also by the acetylesterase
content of this organ; and the intestinal esterase pattern (Fig. 5) is distinguished by
the major contribution of cholinesterase, relative to the slow carboxylesterases.

* C. J. MasTERSs, unpublished results.
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The many facets of esterase characterization, illustrated by these examples
point to a noteworthy difference between the tissue specificity of esterolytic enzymes,
and the more familiar, but less complex patterns of the dehydrogenase isoenzymes!s,
There is a far greater depth of variation possible in the distributions of esterase forms,
and this renders them considerably more effective in the characterization of tissue
individuality ; not only within a single species, but also between species, in cell culture,
and ontogenetically®.28,"

It has been reported by some workers that no differences occur in the electro-
phoretic patterns of esterases between prenatal and adult tissues®2? but in these
studies a distinct ontogenetic variation is manifest, with clear indications of epigenetic
control {Figs. 3-14). In general, these developmental alterations of pattern are not
synchronous between the individual tissues, but differ markedly in the nature of the
progression with the different enzyme sources. The patterns tend to diverge during
differentiation, and display a more extensive heterogeneity in the later stages of
maturation; on occasion, however, some types of activity tend to diminish or dis-
appear with ageing.

[t is noticeable that the individuality of these esterase patterns on the different
cavian tissues is discernible at an earlier stage of development than is the case with the
multiple forms of lactate dehydrogenase, even though the latter system has been
widely used as an index for tissue differentiation. This is probably a further reflection
of the comparative sensitivity of the esterase parameter; but it may also indicate that
metabolic differences which involve the physiological roles of esterases, are implicated
at an earlier stage of maturation than variation of the type of carbohydrate metab-
olism!6.18, At the present time, however, further evaluation of the functional signifi-
cance of these developmental changes appears to be dependent on the provision of
additional ontogenetic and metabolic detail.

No previous studies of the ontogeny of the multiple forms of cavian esterases
appear in the available literature, and there are few developmental studies on mam-
mals for comparison. MARKERT AND HUNTERDL7 have noted a small increase of com-
plexity in the esterase patterns of mice with increasing maturity, and, more recently,
BLANCO AND ZINKHAMZ have reported similar conclusions in regard to human
esterases. None of the previous developmental studies have reported results in the
form of specific activities of individual multiple forms, however, and little attempt
has been made to correlate the identity of individual bands in different tissues. Also,
the reported heterogeneity has, in general, been considerably less than that detailed
in this communication. Overall, then, this limited developmental background serves
to emphasize the desirability of further comprehensive investigations in this field,
0 as to enable a more complete understanding of the gene expression of the esterase
multiple forms.

In these studies, the arylesterase activity of cavian tissues has been resolved
into four separate bands. Only one or two forms have been reported in mammalian
tissues previously®19,31 but it will be of interest to see whether some of these activities
are further divisible under the special conditions defined in this present study. The
nature of the fine sub-banding observable at low gel concentrations (see RESULTS) is
currently under further investigation.

* R.S. Houmes anp C. J. MasTERS, unpublished results.
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The developmental behaviour of the major cavian arylesterase forms in the
guinea pig with individual occurrence of each broad band (R 52, 62) and individual
variation of activity evident in different tissues, appears to implicate separate genetic
control for each doublet ; and the physicochemical studies confirm the group charac-
teristics of these bands.

The technique of studying the size or shape of proteins by means of the relative
retardation of electrophoretic migration that is induced by increasing gel concentra-
tions, has been employed successfully by a number of investigators®i—4¢; and the
similarity of the graphic analyses in this case (Fig. 17) rules out the possibility that
polymerization is the determinant of the arylesterase band differences. Instead the
enzymes appear to resemble each other closely in size or shape, but show distinct
differences from the other multiple forms of esterases.

Further confirmation of the similarities in protein structure between the main
arylesterase forms is provided by the close resemblance of the responses to heat and
urea treatment (Figs. 15 and 16); and the retention of identity of these forms under
conditions favouring alteration of the tertiary or quaternary structure along with the
individual developmental occurrence of the bands, weighs against the possibility of
the multiplicity resulting from configurational variations of a single native structure.
Another possible interpretation, the production of artifacts during manipulation,
would seem to be obviated as far as possible in these studies by means of the mild
procedures used during the extraction and separation of the enzymes, and the
minimizing of handling. Also, the reproducibility of the zymograms, the develop-
mental characteristics, and the lack of artifact formation in the denaturation studies,
are at variance with this interpretation. :

When all this developmental and physicochemical data is considered in relation
to the substrate and inhibitor studies, the collective information would seem to indi-
cate that the different arylesterase forms possess similar active sites but differ primari-
ly in the electrical charge of the carrier protein. The data presented todateis consist-
ent with an interpretation of divergent genes governing the synthesis of the cavian
esterases, but confirmation of this concept will require more extensive information
on the primary structure and genetics of these enzymes.

Earlier workers have provided evidence suggesting an endocrinological influence
on the synthesis of arylesterases2¢, and increases in arylesterase activity are ob-
servable during the development of sexual organs (testis, ovary and uterus) in this
species, whereas many other tissues which are not the direct target of these hormones
(e.g. liver, kidney, intestine, skeletal muscle and brain) exhibit post-natal decreases
of arylesterases in the development patterns. The changes of activity in the former
set of tissues involves the doublet at Rm 52 more than that at Rm 62, so that hormonal
effects may be differential in respect of the multiple forms.

This communication would appear to provide the first report of heterogeneity
occurring in the acetylesterase of mammalian testis and epididymis. Five distinct
bands may be recognized (Fig. 7) and the relative activity of these forms follows an
approximately binomial distribution. These facts raise the interesting possibility of
tetramer structure, dual gene control and hybridization for these enzymes, but the
clarification of this inter-relationship requires additional data. At present, the work
of ScHwARTz?! with maize provides the only recognized instance of hybrid forms of
esterases in a higher organism.
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The physicochemical parameters again confirm the similarity of group charac-
teristics with these five multiple forms of acetylesterase, and contraindicate polymeri-
zation or configurational variants as causes of heterogeneity. All forms of the enzyme
are noticeable for their considerable stability to heat and urea treatments, and the
individual molecular types are indicated as possessing a regular and graduated rela-
tionship of conformation within a narrow size range.

Some acetylesterase activity was noticeable also, in the adult kidney of the
guinea pig, and in this regard it should be noted that BERGMANN, SEGAL AND RiMon?
have previously isolated two acetylesterases from pig kidney.

As many as five bands of cholinesterase activity are observable in these studies.
In considering the significance of this finding a clear distinction should be made
between the cholinesterases of sera and those of tissues. Most previous studies of
mammalian cholinesterase activity have been concerned with the activity of sera,
and SVENSMARK®® in a recent review has considered the possibility of four allelic genes
controlling this enzyme formation. The molecular weights of these serum enzymes in
mammals have been estimated to be over 300 000 (ref. 6}, however, and it is not to be
expected that such a large molecule would be accommodated on the polyacrylamide-
gel concentration used in these investigations. Instead it is suggested that the bands
observable in these results represent the activity of proteins of lower molecular
weight. This interpretation is supported by the lack of cholinesterase bands in these
studies of cavian sera (although cholinesterase activity has been previously reported
for this source)?, the mobility~gel concentration studies (Fig. 17) and an earlier finding
that human tissue cholinesterase contained low molecular weight enzyme?®2. SVENs-
MARK considers that tissue cholinesterases may bear a precursor relationship to the
serum activity®.

The situation in this animal also allows the exclusion of the possibility that the
presence of cholinesterase in any of the cavian tissues is due to serum contamination,
although this suggestion has been made to cover the observation of this activity in
some other mammalian tissues33.

The developmental expression of these multiple forms of tissue cholinesterase
displays little variation of pattern; most of the activities occurring in the inter-
mediate bands with no evidence of terminal dominance. These observations would
appear to rule against the possibility of either independent genetic control or these
five forms, or of two independent genes governing the synthesis of these forms
through polypeptide hybridization. Similarly polymerization appears to be ruled out
as an explanation of this multiplicity on the basis of the gel concentration studies
(Fig. 17). Instead the physicochemical properties indicate that the five forms possess
closely related shapes. An explanation which is consistent with these facts is that a
single gene governs the synthesis of these tissue cholinesterases, and the multiple
forms differ by the attachment of small molecules. In earlier investigations, sialo-
protein cholinesterase has been identified in mammalian tissues and sera, with more
than five sialic acid residues having been estimated in some cases, and the loss of the
sialic acid moiety has been shown to affect mobility without altering the activity3%34,35,

The carboxylesterases present the most complicated heterogeneity of all the
esterase classes examined in the guinea pig. As a first step, the ten recognizable bands
may be divided into two groups on the basis of their mobility at various gel concentra-
tions and their substrate specificity; the individual components of these groups
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may then be further differentiated on the basis of other characteristic properties.

In regard to the group of slow-migrating carboxylesterases, there is evidence
available in the literature to support the concept of a tetramer structure for this type
of enzyme in other species®®, and, hence, the possibility of interacting subunits under
the control of separate alleles must be considered for this cavian subgroup. Perhaps
the best indication of parental forms in these studies would be the occurrence of single
bands of activity in some tissues, and this is observable with two enzyme forms; a
band (Rm 15) in foetal spleen and kidney (Figs. 4 and 11), and one (Rm 23) in adult
intestine, and foetal brain and heart (Figs. 5, 8 and 10). The electrophoretic migration
of these particular forms in relation to the other slow carboxylesterase bands, and the
apparent lack of binomial-type distributions in this subgroup, would appear to weigh
against the possibility of an inter-relationship of the mammalian lactate dehydro-
genase type amongst these forms, however. Similarly, the phenotypic expression of
these esterases in tissues such as brain, spleen and skeletal muscle (Figs. g—I1) seem
to contraindicate band Rm 20 as representing an intermediate hybrid between bands
Rm 15 and Rm 23. Furthermore, although bands Rm g and Rm 11 migrate in propin-
quitous electrophoretic positions, they differ markedly in their developmental be-
haviour and physicochemical properties. The remaining bands, Rm o and Rm 4, also
possess individual characteristics, so that the slow carboxylesterases as a group show
little indication of close genetic inter-relationships.

Apart from the common substrate and inhibitor specificities, there is little
uniformity in the physicochemical properties of this group, either. Indeed these para-
meters exhibit a wider range of values in this subgroup than in any of the other
esterase classes. Altogether, these indications of considerable conformational variation
between the individual enzymes add support to an interpretation of the status of these
multiple forms as a series of proteins of widely varying size and configuration, cata-
lysing the same general type of reaction, but probably under independent genetic
control.

The inter-relationships of the three enzyme forms in the faster-migrating group
of carboxylesterases are more readily apparent. The band with Rm 40 possesses a
number of characteristics which distinguish it from the other bands; for example, the
ubiquitous distribution and individualistic gene expression (Figs. 3-14), the indica-
tions of a markedly different size and conformation (Fig. 17), and the responses of the
additional physical parameters (Figs. 15 and 16).

The other two bands (Rm 43 and Rm 47) are usually observed to be both present
at the same time in the developmental studies, with the latter band as the subordinate
activity (Figs. 3-14). They also resemble each other in many of their other properties
(Figs. 15-17), so that the available facts would suggest a responsibility of at least two
structural genes for this subgroup.

Overall, then, the twenty four forms of soluble esterase activity which have
been resolved in cavian tissues may be divided into four main groups on the basis of
substrate and inhibitor studies; arylesterases, acetylesterases, cholinesterases, and
carboxylesterases. Each of these groups may be considered as an isoenzyme system
in terms of the definition recommended by the Standing Committee on Enzymes?,
although there is a case for further subdivision of the carboxylesterases on the basis
of differences in substrate specificity. The developmental and physicochemical
studies have confirmed these broad groupings of esterase types, but also allow further
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differentiation and understanding of the individual inter-relationships within each
of these groups.

A number of esterase polymorphisms under simple genetic control at a single
locus have been described by previous investigators (one gene controlling the syn-
thesis of a group of isoenzymes), and this has led other workers to suggest that similar
relationships may hold in each of the separate mammalian esterase groups37-¢, Such
a proposal would seem inadequate in this instance, however, in view of the further
evidence of differential properties within the cavian esterase groups. Instead of four
genes controlling the synthesis of esterases as would follow from the application of
this suggestion, the characteristics of the soluble esterases detailed in this investiga-
tion would appear to implicate at least twelve structural genes governing the syn-
thesis of these enzymes,
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