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GLNERAL INTHODUOTION

The enzyme carbonic anhydrase (EC 4.2.1.1.) was first isolated,

from mammalian ezrvtfll‘«fs(}y?;esy b;‘;’ Meldrum & ;i@liégjh'i/oil 5'1933“'9 The isolation

of this enzyme provided conclusive evidence for a catalyst in blood that

11

facilitated the reversible hydration of ca

rbon dioxide; earlier experi-

ments had suggested the existence of such a catalyst (Van Slyke & Hawkins,

)

1930; Dirken & Mook, 1930; Brinkman & Margaria, 1931), and it had been

clear, since the work of Faurholt (1924), that the spontaneous reaction of

carbon dioxide was. far too slow to account for the observed composition of

air expired from the lungs. The development of the understanding of carbon

dioxide transport in blood, and the events which led up to the discovery of

carbonic anhydrase, have been described by Roughton

. o s / ~\ 3. 1. - P .
lin & Mann (1940) achieved nearly complete puriiication of the enzyme

[N

later Ke

from bovine erythrocytes and showed the presence of zinc as an essential

constituent, the first demonstration of a role for zine in biochemistry,

Mann &

ilin (1940) also made the important and interesting

the activity of carbonie anhydrage is powerfully and specifically inhibited
o o ). ) ca Y 1lnnibited

1 +

by aromatic w 1tuted sulphonamides.
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1961; Rickli & Edsall, 1962; Laurent , 1962), The first

step in the purification of the erythrocyte enzyme is its separation from
the great excess of haemoglobin in the red-cell. In the early investiga-
tions haemoglobin was removed by selective denaturation with chloroform
and ethanol (Tsuchibashi, 1923), Though the isoenzymes appeared to be
largely unchanged by this treatment (Gibbons & Edsall, 1964) considerable
effort was made in Edsall's laboratory to devise more gentle methods for

the removal of haemoglobin. A series of procedures was developed but by

far the most successful of these was a technique involving repeated ion-

e chromatography (A mstrong et al., 1966)

All the isoenzymes of carbonic anhydrase that have been examined

carefully were found to be composed of single peptide chains having molecular

weights of about 30, 000. There was no indication of the presence of subunits,

nor has aggregation of the

contains a disulphide bond though the native molecules appear to be
X S Lr
d almost et al., 1964). ach f the
contai e of zinc and this is it be removed by
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the discovery that the two major isoenzymes of

r markedly in specific activity (Gibbons & Edsall,

¥

igh activity component is some 30 times more effective than

activity form as a catalyst of -

reversible hydration of carbon

.
,._.

[he third, minor, isoenzyme is of the high activity type.

anhydrase fror

been separated

the erythrocytes of the rhesus monkey also has

and low activity components, very similar in all

respects to the human isoenzymes (Duff & Coleman, 1966). This similarity

extends even to

the marked differences in amino acid composition that are

found between

isoenzymes in both species (Armstrong et al., 1966;

several is

Horse erythrocyte carbonic anhydrase has been

oenzymes, of which the two major components are

activity forms; the high activity isoenzyme is unusual in

isoelectric

point greater than pH 10 (Furth, 1968).
L = i \ 7 7 °

contrast to

erythrocytes and this is of the higl

mparative electr

findings, there is only one major isoenzyme in
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to exist in the case where

oretic studies on a wide r:

Tashian et al. (1968) no other species have been

report has appeared recently describing

soenzyme from a

ivity isoenzyme (Byvoet & Gotti,
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Until very recently it was believed that carbonic anhydrase had an

absolute specificity for carbon dioxide and hydrogen carbonate. However
it has been shown that the enzyme also catalyses the hydrolysis of p-

nitrophenyl acetate (Schneider & Liefldnder, 1963; Pocker & Stone, 1965;

1967; 1968b; Verpoorte et al., 1967), naphthyl esters (Tashian & Shaw,

1962), and a sultone (Lo & Kaiser, 1966), as well as the hydration of

carbonyl compounds other than carbon dioxide such as acetaldehyde (Pocker

& Meany, 1965), other aliphatic aldehydes (Pocker & Dickerson, 1968), and

pyridine aldehydes (Pocker & Meany, 1967). The catalytic activity of
bovine carbonic anhydrase for the hydration of acetaldehyde is several

hundred'times less than its ac atalyst of carbon dioxide
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hydration, and the hydrolytic activity with the pyridine aldehydes is
much lower again; with the esters it is even less. These findings

generally also to the human erythrocyte isoenzymes. It i

s interesti

that the high and low activity human components are comparably active in
ester hydrolysis.

Carbonic anhydrase is found in tissues other than blood, though in

most cases in very much smaller amounts. Typically, it is present in

cells having secretory functions; mention may be made of its occurrance
in the gastric mucosa (Davenport, 1939), the central nervous system (Ashby

he kidney (Ashby, 1943), the avian shell gland (Bernstein

and female animals
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quantities of the enzyme in most tissues other than blood, no detailed
examination of carbonic anhydrase from these sources had been carried
out before the present work was undertaken.

Many excellent accounts of the progress of research into carbonic
anhydrase have been published over the years; a complete list of reviews
up to about 1966 has been given by Maren (1967). In fact Maren's review

1967), while maintaining a physiological viewpoint, is very

comprehensive; the author provides an excellent bibliography. Other,

more recent, reviews have been presented by Edsall (1968a & b). Koughton
(1944) surveyed the whole subject of carbon dioxide transport in blood as
well as describing his early work with the enzyme, while Roughton & Clark
(1951), and Davis (1961), outlined methods of determining the activity of
zyme and described its properties, prior to the discovery of the

The aim of the present work was to compare, in the light of the recent
intensive investigations concentrated on the erythrocytes, carbonic anhydrase

occurring in the reproductive tracts of several mammal s

with the enzyme found in the erythrocytes of the same species, None of the

species that form the subject of the present work have been examined previously

for the presence of isoenzymes of carbonic anhydrase, hoped that

ht lead the way to the discovery of
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level of precision as the stopped-flow spectrophotometric technique and,

apart from being easy to assemble from standard equipment and straight-
forward in use, has several advantages in comparison with the stopped-flow
method.

Chapters 2, 3, and 4 deal with comparative investigations made of
carbonic anhydrase occurring in the erythrocytes and certain organs of
the reproductive tracts of rats, sheep, and rabbits. Chapter 2, concerned
with the enzyme in the erythrocytes and dorsolateral prostate of the rat,
contains details of the techniques that were later applied to the study of
the enzyme in the tissues of the other species; a great part of the time
was devoted to rat carbonic anhydrase because the level of the enzyme in
the prostatic tissue is very high and it can be isolated and purified
relatively easily. Apart from investigations of the general properties
of the isoenzymes, special attention was given to the kinetics of the
hydration of carbon.dioxide in the presence and absence of inhibitors,
the hydrolysis of p-nitrophenyl acetate and ?wnaputnyl acetate, and the
variation in behaviour of different sulphonamide inhibitors.

iments in

perties
L

pter 3 describes the results of exg

were compared of carbonic anhydrase isoenzymes isolated from:the erythrocytes

and uterus of the sheep. Most of the comparative data are concerned with

arbon dioxide.

ha WE3snat 3 o af tha huvdratinan of
the kinetics of the hydration of

parison of the properties of the enzyme

rned with a

3y oc oand ntermna a wmahhi+ e aloasl T - Tt e
4 A4 OO Al AVCLUS Lavuiv ) 4SS LAUSCLY ~ LA L J LU viapucclh
a
e

L er o deals 0 an 11 stigation oI the relationship between the
(i) of ca ras d zinc in tl uterus ol 1e rabbit




he connection between

se activity in this tissue and the ovarian hormones in
pregnancy were confirmed using the more precise method of assay.

Points of general interest arising from the experiments are consid

ered
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MATERIALS AND METHODS

Specialized procedures are described in the appropriate chapters,
Materials and methods of general application are presented here.

Reagents. Tris (ﬁeagent Grade ), p-nitrophenyl acetate, g—naphthyl
acetate, Fast Blue RR (4l-amino~21,51—dimethoxy—benzanilide), and soya
bean trypsin inhibitor were all obtained in a satisfactory state of
purity from the Sigma Chemical Co., London. DEAE-Sephadex (A-50),
Sephadex G-100, and Blue Dextran were obtained from Pharmacia Ltd., London.
Coomassie Blue (Brilliant Blue R250) was supplied by George T. Gurr Ltd.,
London, Diamox1 was the product of the Cyanamid Co., Pearl River, New

9
York, and ethoxzolamide® a gift of the Upjohn Co., Kalamazoo, Mich.; both

1

inhibitors were used without further purification. N, N, N7, Nl—tetramethm

ylethylenediamine, acrylamide, N, Nl—methylenebisacrylamide, and acetonitrile

(anhydrous grade) were supplied by Kodak Ltd., Liverpool. Myoglobin and
ovalbumin were generously given by Seravac Laboratories, Maidenhead, and
Dr E. F. Hartree respectively.

DNsA® was prepared by dissolving the sulphonyl chloride (British Drug

Houses Ltd., -Poole, Jorset} in acetone and adding strong ammonia; the

1. Diamox, the sodium salt of acetazolamide, 5-acetamido-1,3,4-thiadia-
zole-2-sulphonamide, was assumed to have an equivalent weight of 270
(Whitney, Folsé¢h, Nyman & Malmstrom, 1967).

2. Ethoxzolamide, 6-ethoxybenzothiazole-2-sulphonamide.

3. DNSA 1»iadimethvlamjmonahhfhajen@mﬁmsulwhanamiﬁLe
? b, v X




sulphonamide crystallized rapidly. He-crystallization was carried out

using ethanol, yielding pale lemon needes (Weber, 1952). Diethyl malonic
acid was prepared by the hydrolysis of diethyl-diethylmalonate (Kodak Ltd.,
Liverpool). The ester was refluxed with ethanol, water and EUH;' the
ethanol was distilled off, and the residue was dissolved in water and
acidified with conc.-HCI1, The free diethyl malonic acid was extracted
with ether and re-crystallized from petroleum ether (n.p.1250, Lange (1952)
quotes 1260). Most other chemicals were of A.K. grade and the water used
was deionized or glass-distilled.

Assay of hydratase activity toward COZ° Precise measurement of the

initial hydration rate was carried out by titration at constant pH using

the procedure described in Chapter 1., In the experiments with acetazolamide,
the enzyme and inhibitor were mixed 5 min., before the addition of substrate.
A unit of carbonic anhydrase was defined as that amount which catalysed the
hydration of 1 pmoleacu? min._l under the assay conditions state above, with
a substrate concentration of lmM-CO,. Because of the limited solubility of
002 in water it was impossible to use a concentration of this substrate
sufficient to saturate the enzyme ,

Carbonic anhydrase was determined in the effluents from column chromato-
graphy by a modification of the method of Philpot & Philpot (1936). 1In this
modified procedure buffering was provided by tris-HCl, pH 9.3 (4
apparatus of Philpot & Philpot was used, with a floatmeter to regulate the

flow of CO

g+ A volume of cold (4 )

{ =3 4 :
aturated water (oml. ), containing

a little phenol red, was added to a boiling tube standing in ice-water

followed by an aliquot (a few pl.) of

{ 1 ew b

was then bubbled

T
sS0iUuvilion,




through the assay solution (about @.51/miu,) and immediately 2ml, of 0.I1M-

tris-iCl buffer was added. The uncatalysed reaction was completed
(colour change ) in 60-70 sgec. It was found that under these conditions

3 3 5 3 2 . \ /f . ; 5 N
the logarithm of the fraction (catalysed tlme//(uncabaiysed time) was
inversely proportional to the enzyme concentration for values of the
fraction between 1.0 and 0.4 (Fig. l}, This observation facilitated

rapid, approximate quantitation of enzyme activity when analysing column |

effluents. The Philpot assay is discussed in the INTRODUCTION, Chapter 1. |

Assay of esterase activity toward p-nitrophenyl acetate. The

convenient and rapid spectrophotometric assay used was a combination of

procedures described by Armstrong et al. (1966), Thorslund & Lindskog (1967),

and Verpoorte et al. (1967)., At the wavelength of the isosbestic point

=

5 Do . . A . 3
of p-nitrophenol and the p-nitrophenolate ion, 348 mp, z=25.4x 10

= -1 ) ] . 3. -1
M~ cm, for both species, and at the same wavelength ¢= 0.4 x 10° M

cm, for p-nitrophenyl acetate (Bergmannet al,, 1958; Armstrong et s
1966 ). These values were not changed significantly by the concentration

of acetone used as a solvent in these e

<]
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through the assay solution (about O.Sl/minuj and immediately 2ml, of 0.1M-
tris-HC1 buffer was added. The uncatalysed reaction wags completed

(colour change) in 60-70 sec. It was found that under thesge conditions

the logarithm of the fraction (catalysed time}/(umcataly

sed time) was

inversely proportional to the enzyme concentration for values of the
) ) 5 4 (o .. \ 1= .
fraction between 1.0 and 0.4 (Fig. 1). This observation facilitated

rapid, approximate quantitation of énzyme activity when analysing column

> my Philnot = v is disec sed j the INTRODUCTTON
effluents. The Philpot assay 1s discussed in the iggggggggigg, Chapter 1.

Assay of esterase activity toward p=nitrqphggzi acetate.

The
convenient and rapid spectrophotometric assay used wag g combination of

procedures described by Armstrong et al. (1966)5 Thorslund &
and Verpoorte et al, (1967). At the wavelength of the isosbestic point
of p-nitrophenol and the p-nitrophenolate ion, 348 mp, z=5.4x 10°

: J = L <o y
-1 -1 : ; X L 1y ; : 3 1
M cm, for both specles, and at the same wavelength ¢= 0 4 x 10° M~

(*'. "
cm, for p-nitrophenyl acetate (Bergmannet a

» 1958; Armstrong et al,
s < kel 28]

1966 ). These values were not changed

icantly by the Concentration

of acetone used as a solvent in these experiments fVer;nmrﬁe et al 1967 )
\ 7 »{'¢n5 LIV j.

Therefore, if measurements were made in a ] cm, cuvette.

Se in

extinction at 348 mp divided by 0.005 gave the concentration ﬁuM} of total

hydrolysis product, independently of pH

4 PAle

observed rate of hydr@lv

included g contribut

‘om The non iy -» + 9
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was redug
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M stoc n of sul rate was €pared by dissols 27 ¢
of p-nj phenyl acetate ir mi. ol acetone ang diluting this - lv
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Figure 1. The relationship between concentration of carbonic
anhydrase and the logarithm of the activity function in the modified
Philpot assay. The activity function was defined as the ratio (time
for the enzyme-catalysed reaction)/(time for the uncatalysed reaction).

(O, Rat erythrocyte isoenzyme Eryth. 3 (CLE}; @, rat prostate isoenzyme

Post. lb (the nomenclature is explained in Chapter 2, EXPERIMENTAL

AND RESULTS ); /\ , human erythrocyte isoenzyme C (see Chapter 1,
]
EXPERIMENTAL).
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{1;67) it was found to be the weakest inhibitor of the esterase reaction.
Generally, it was impossible to prepare solutions of the substrate more
concentrated than 3mM. Measurement of the initial rate of hydrolysis
was carried out with an SP 800 double beam spectrophotometer, in a cell
compartment maintained at 25°. The use of the automatic sample changer
allowed the simultaneous examination of four assay solutions.

An assay solution was prepared by mixing, in a 1 ml, semi-micro

s
I

spectrophotometer cuvette, 0.1 ml of a 0.1 M-diethylmalonate buffer, pH
p . . 5 ¢ 4 . .
8.0, a suitable volume of enzyme solution (a few pl.) and finally a volume

of 2% {V/v) acetone in water, such that after addition of an appropriate

quantity of substrate solution, the total volume of the assay mixture

would be 1,0 ml, The reaction was started by the addition of substrate
and the initial rate was determined. In assays in which acetazolamide

lition

was included, enzyme and inhibitor were mixed 5 min. before the

of the substrate.

Assay of esterase activity toward @-naphthyl acetate. This spectro-

photometric assay depended upon the fact that whereas a solution of B~

which is the product of hydrolysis, has an absorption maximum

a solution of the unhydrolysed ester makes no si

4+ 1o S T S TR | {m 0 A
the extinction at (Fig. 2), For =
T en =1 o S ‘ ,
L, &= 1,70 x M cm, at 440 mp, in a solu
ac at pH 8,0 alonic acid buf g
in a 1 ecm. cu the increase in extincti t 330 m ded




Figure |2 . ABSORPTION SPECTRA OF B-NAPHTHYL ACETATE &
B-NAPHTHOL

Figure 2. A portion of the absorption spectra of f-naphthyl

acetate and A-naphthol, a, 1,0 mM- g -naphthyl acetate and b, 1.0 mM-

S P- 800 g UNICAM INSTRUME!

@ —naphthol, both in a solvent consisting of 5% (V/V) acetone in an
aqueous solution of 10 mM-diethylmalenate, pH 8.0. It can be seen
thatfi-naphthyl acetate makes no significant contribution to the

extinction at a wavelength of 330mm.

1

325 350
wavelength millimicrons




solution of the substrate was prepared by dissolving 18.6 mg. f-naphthyl

acetate in 5.0 ml, acetone.

An assay solution was prepared by mixing, in a 1 ml, semi-micro
spectrophotometer cuvette, 0.1 ml, of a 0,1 M-diethylmalonic acid buffer,
pi 8.0, a suitable volume of enzyme solution, and finally a volume of water
such that after addition of an appropriate quantity of substrate solution
(50 pl to give lmM—%-naphthyl acetate) the total volume of the assay
solution would be 1,0 ml, The reaction was started by the addition of
substrate and the assay temperature was 25°, Allowance was made for the
non-emzyme-catalysed reaction.

Assay of hydratase activity toward 4-pyridine aldehyde. The spectro-

Photometric assay used, which is summarised below, has been described fully
by Pocker & Meany (1967)q Measurement of reaction rate was carried out at
3% in the SP 800 spectrophotometer, the cell compartment of which was fitted

with tubing to allow a stream of N, to be passed continuously over the outer

2
surfaces of the cuvettes thus preventing condensation. Hydration of 4-
pyridine aldehyde was measured by recording the decrease in extinetion of
the assay solution at a wavelength of 32qu. From the progress curve of
the reaction was calculated, by the usual method, a pseudo-first-order rate
constant and multiplication of this by the approximate value of the fraction
of hydration under the present conditions {ﬁ,ﬁﬁ), yielded the rate constant
for the hydration reaction. The initial rate of the enzyme-catalysed re-
action was readily obtained after subtracting the contribution of the

uncatalysed rate,

Dy mixing, in a lml. semi-micro spectro-

photometer cuvette, 0.lml. of a 0.1M-dithyl malonate buffer, pH 7.0, a




suitable volume of énzyme solution, and finally a volume of water such

that after addition of substrate the total volume of the assay would he
1,0ml. The substrate solution was pPrepared by diluting 4-pyridine aldehyde
10 times with anhydrous acetonitrile; 1.2pl. of this solution, when diluted
to a volume of 1.0ml., gave a substrate concentration of approximately 1lmM.
A typical progress curve is shown in Fig. 28, Chapter 2.

The 4-pyridine aldehyde (L. Light & Co., Colnbrook) was distilled twice
under Né at reduced pressure before use. Né was introduced through a
bubbler in the distillation flask, heated on a water bath at 80°, The
bulk of the liquid distilled at a temperature of 77° (uucorrected) and a
pressure of 13mm.Hg leaving a dark tar, After re-distillation the pProduct,
which was colourless, was stored at 4° under nitrogen, The sample of 4-
pyridine aldehyde used by Pocker & Meany (1967) distilled at a temperature
of 76 - 77° under nitrogen at 12mm.Hg, The temperature of distillationg
together with the rate of the uncatalysed hydration of the 4-pyridine

aldehyde (see Chapter 2, EXPERIMENTAL AND RESULTS ), constitute the only

criteria of purity of my sample of the compound ,

Measurement of LIUOPQSCQUCQ. A Farrand flurometer, model A, was

used to measure fluorescence. The light source was a General Electric
ultra-violet lamp (type H3FG) with a hole cut in the outer envelope to
< my

increase the output of short-wavelenoth ultraviolet radiation, The

excitation filter was Wood'sg the fluorescence filter was a

Farrand interference filter, 442, The sample cuvettes were made
from "Spectrosil" ¢ and required a sample volume of 1ml. The

T . 0F Mmas et v . - deseribed 111 . \ n & Karn ke
mevnoas of measu Sed, described full y 0y Chen & Ke rnoian




Figure 3. The transmission characteristics of the filters
FILTERS FOR FLUORESCENCE
used in the measurement of the fluorescence displayed by carbonic

anhydrase in the presence of DNSA, illustrated as a graph of per

cent transmittance against wavelength. A, excitation filter

(Wood's glass); B, fluorescence filter (Farrand interference

filter, type 442), Neither filter transmitted a significant

amount of radiation in the range of wavelength at which the

8

uejjiwsued)

other was transmitting.
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are summarised here.

Binding of UNSA to carbonic anhydrase is accompanied by great enhance-
ment of ligand fluorescence. Moreover, while the wavelength of maximum
fluorescence of UNSA alone at neutral pH is 580mp, maximum fluorescence
of the combination of ligand and enzyme occurs at wavelengths from 460 to
470mp. Consequently it is a simple matter to follow the progress of the
interaction between DUNSA and carbonic anhydrase. Because DNSA is bound
relatively weakly to the enzyme (KD about 0'2PM)’ it is displaced quantita-
tively by the addition of ethoxzolamide (KD about O.ZmpM).

Experiments were carried out by adding aliquots of a solution of DUNSA
to a solution of carbonic anhydrase contained in the\fluorometer cuvette,
and plotting the progressive increase in fluorescence. When a considerable
excess of DNSA had been added, in order to obtain an estimate of the maximum
fluorescence, titration with ethoxzolamide was carried out and the decrease
in fluorescence was recorded, A stock solution of DNSA was prepared by
dissolving 3.33mg. (Cahn microbalance) of dried sulphonamide in 10ml. of
0.02M-iCl, giving a 1.33mM solution which was stable at 4° for several weeks.
A stock solution of ethoxzolamide was prepared by dissolving 3.04mg. of the
sulphonamide -in 10ml. of 50% {va} acetone, giving a 1.18mM solution which
was also stable. The stock solutions of inhibitor were added to the assay

solutions (containing approximately 0.5uM-carbonic anhydrase in 0.02M-sodium

phosphate buffer, pH 7) with a 10pl., Hamilton syringe. Hesults were
expressed in the form of graphs of fluor aingt the molar ratio

of inhibitor to enzyme.

DbAli-Sephadex ion-exchange chromat:




to the manufacturer's instructions. Finally, the gel was equilibrated

with the desired buffer at 4°. Three buffers were used; 0.lVM-tris-
-0.024M-HC1 (pH 9.3 at 40}, and the same buffer diluted twice and four
times with water. These buffers were named I, II, and III respectively.
The prepared gel was packed to form a column measuring (35 x 1.35)cm.

and was washed with at least 200 ml. of the appropriate buffer to complete
the equilibration. Carbonic anhydrase was eluted using the buffer with
which the particular column had been equilibrated, according to the method
of Armstrong et al., (1966). All chromatography was performed at 4°.
Routinely, pooled fractions of effluent were concentrated by lyophilization

after exhaustive dialysis against deionized water.

Isoelectric focusing. Electrolysis in stable pH gradients was

carried out as described by Svensson (1962) and Vesterberg & Svensson (1966).

The 110 ml.-capacity apparatus and the low molecular weight aliphatic poly-

amino-polycarboxylic acid carrier ampholyte mixtures were manufactured by

LKB Produkter AB, Sweden. Stabilization of the electrolytic column was

achieved with a 0 - 50% (wfv} stepwise gradient of sucrose and the anode

(top) and cathode (bottom) solutions were composed of dilute orthophosphoric
(1]

acid and ethanolamine, respectively. The apparatus was maintained at 0 .

ploying a potential difference of 400 v., equilibrium fractionation was

attained after column contents were displaced by pumping

water onto the top of the gradient. 1 - 2 ml. fractions were collected
0° was d immediately with
e, type 401-M5 (W. G. Pye & Co.,
type TTT1C, compen: ope
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Absorption of uug by the fractions was considered to be negligible at the

pH of the fractions in which the isoenzymes of carbonic anhydrase were found

(Vesterberg & Svensson, 1966). No correction was made for the effect of
sucrose on the measured pl, since this is small at neutral pH (Flatmark &
Vesterberg, 1966).

Polyacrylamide gel electrophoresis. The method of Davis (1964) was

used except that sample and spacer gels were omitted. The stock solutions

used to prepare the gel had the following compesitions:
Solution A,
1 N-HC1 48ml .,
Tris 36.6¢g.

N R | 3
N,N,N",N " ~tetramethylethyl-

enediamine 0.23ml.

Water to 100ml.
Solution B,

Acrylamide 28,.0g.

| SRR T R R e

N,N -methylenebisacrylamide 0.735g.

Water to 100ml.

4mg
, Water to 100ml.
A gel solution was prepared by mixing 1 vol.-A + 2 vol.-B + 1 vol,-C
4 vol .-water, This ire wa into tubes standing en a pad of

WDl aadsasnafl water wae laverad 1 4 the enrfa y a1 Tomart +13 601 >
Plasticine", water was layered onto the surface and polymerization was

carried out in strong light. The protein, in a volume of 5 - 30 ul.
containing both naphthalene blue (to indicate the progress of eleetro—




phoresis) and sucrose, was layered directly onto the upper surface of

the gel. The current was lmiA/tube until the samples had entered the
gel, whereupon it was increased to 3mu/tube. The temperature of the
gel did not then exceed 35°, That region of the discontinuous buffer
system in which the proteins separated is reported to have a pH of 9.5
(Ornstein, 1964). Protein was detected with the dye Coomassie Blue
dissolved in 12,5% trichloroacetic acid (Chrambach et al., 1967) and
esterase activity toward @—naphthyl acetate at pH 7.0 was demonstrated
by the appearance of claret coloured bands resulting from the coupling
of the diazotised salt Fast Blue KR with released ¢ -naphthol (Tashian &
Shaw, 1962), Acetazolamide was added to control gels to inhibit
esterase activity of carbonic anhydrase,

Determination of molecular weight by gel filtration. The method of

Andrews (1964, 1965) was used and the gel employed was Sephadex G-100,
packed in a column measuring (50 x 1.5) cm, The elution volumes of
bovine plasma albumin, ovalbumin, myoglobin, and soya bean trypsin
inhibitor, used to calibrate the column, were measured by monitoring

the effluent gt 280 mp, and those of the majority of the carbonic
anhydrase isoenzymes found by measurement of activity. Human erythrocyte
carbonic anhydrase isoenzymes B and G (Rickli, Ghazanfar, Gibbons &

kdsall, 1964), of known molecular weight, were also used for ca

; - _ £ bt e ol K
'he the 1soenzymes of high sSpecilic activity

column rangedfrom 10 - 50 g whereas in the cases of the

the rat erythrocyte 1soenzymes that have a low specific

¢tivity, 1 - 2 mg was used. Filtration was carried out at 4° wi th
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Buffer III containing 0.05M-NaCll. A Blue Vextran high molecular weight
reference was included in every experiment. Activity was assayed approx-
imately using an automatic device (constructed by the author) incorporating
a pl meter and potentiometric recorder, the operating principle of which
was based on a changing pi method similar to the modified rhilpot assay
described above,

Estimation of haemoglobin in solutions that were not optically clear.

The apparatus used for the quantitative comparison of spectra of haemoglobin

has been described by Keilin & Wang (1946 ) and Hartree (1955, 1t consisted

of a Zeiss mierospectroscope fitted with a wedge trough. the concentration ‘
of oxyhaemoglobin in an optically unclear tissue homogenate was determined

by comparison of the major absorption band of oxyhaemoglobin in the homogenate
with the same band produced by diluted whole blood, contained in the wedge
trough. From a knowledge of the depth of the sample solution, together with
the width of the trough at the point of equal absorption and the dilution of
the blood, it was possible to calculate the degree of dilution of the blood |
contaminating the sample. in this way estimates could be made of the degree ]
of contamination of the homogenate (such as a centrifuged extract of rabbit \
endometrium) by erythrocyte carbonic anhydrase; the true contamination was
probably less than that estimated because no correction was made for the
contribution by other haematins to the observed absorption.

Determination of zinc. iffluents from column chromatography were

analysed directly to find the elution pattern of zine, using a Perkin

1
|

filmer atomic absorption spectrophotometer, model 303. The apparent zinc

concentration measured in this way, without first digesting
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was inaccurate owing to a viscosity effect in the instrument.

The zinc contents of small samples of the purified isoenzymes were
determined after oxidation (with Ak fuming Hﬁﬂgj of the protein which
had previously been exhaustively dialysed against glass-distilled water.
The samples were evaporated to dryness before adding the HNU3 and the
digestion was then allowed to proceed for 24 hr. The bulk of the acid
was removed by gentle heating and the digested residues were then diluted,
and analysed using the atomic absorption spectrophotometer.

Zinc in samples of tissue was determined in much the same way. ‘issue
(100-200mg. wet weight) was dissected with appropriate safeguards and
transferred to weighed micro-Kjeldahl flasks. After reweighing, lml.
of fuming HNUB was added to each flask and digestion allowed to proceed
to 24 hr. at room temperature. Acid was evaporated until approximately
O0.1ml. remained, care being taken to avoid the loss of volatile zinc
compounds, The contents of each flask were made up with glass distilled
water to 2ml. ‘

Blanks apd standard solutions were similarly treated. A standard
curve is shown in Fig, 4. Standard solutions were prepared by dissolving
a weighed amount of AR-grade zine in 6N-HC1 (re-distilled), and diluting

to a known volume. When estimating zinc in samples of tissue no

correction was made for light

scatter caused by the presence of other

salts because the effect is unlikely to bhave been significantly great

(Willis, 1963). Zinc could be determined wi an average repr

~F - o7 . I TR U T QI g sankad 2. £
of - 5? used 1n these ¢ ments was soaked 1n O6n-iHCl

e Al

or 24 hr. and rinsed well with glass-distilled water before use.




Figure 4. A standard curve for the determination of zinc

by atomic absorption spectrophotometry. The results are illustrated
by a graph of extinction at about 213.9§P against the concentration
of zinc in a standard solution of zinc chloride. 213, 9mp is the

wavelength corresponding te the energy required to excite atomic

zine in the ground state to its lowest excited state.

Figure 4. DETERMINATION OF ZINC
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were monitored at 280 mp with a Gilson UV meter. Estimates were made

of concentration of protein in certain of the purification procedures

using the method of Lowry et al., (1951), standardized with bovine plasma
albumin. Allowance was made for water adsorbed on the albumin (10.1% of

the total mass). Specific extinction coefficients of the purified isoenzymes
at 280 mp were determined by weighing, under atmospheric conditions (Cahn

microbalance), the dried residues from weighed aliquots of protein solutions,

which had previously been exhaustively dialysed against glass-distilled water.

1 cm.

L280 of each solution was measured prior to drying and allowance for light

scatter at 280 mp was made by linear extrapolation from higher wavelengths.
It was assumed that approximately 10% of the measured dry weight was contri-
buted by absorbed water because when a sample of the rat erythrocyte high

activity isoenzyme was weighed after equilibration with an atmosphere having

a relative humidity of 52%, and after drying over P_0., the amount of adsorbed

3

)

N

water was 9.6% of the total mass.




21

CHAPTER 1

ASSAY OF CARBONIC ANHYDRASE BY TITRATION AT CONSTANT pH

INTRODUCTION

Unlike many enzymes, carbonic anhydrase catalyses reactions which
themselves proceed at an appreciable rate in the absence of any catalyst.
These reactions may be expressed, in a simplified form, as:

€O, + Hy0 &= HCO,~ + g
At or near neutral pH the equilibrium constant allows the reversible
reaction to be conveniently examined when proceeding in either direction.
In the past the study of carbonic anhydrase has been considerably impeded
by difficulties in estimating precisely its activity, and the majority of the

methods that have been evolved require important assumptions.

Manometric methods. The first suécessful technique for assaying
carbonic anhydrase was the manometric method developed by Meldrum & Roughton
(1933) and elaborated by Roughton & Booth (1946&). The rate of uptake of
Cug was measured manometrically in a specially designed vessel that contained
the assay mixture and was shaken vigorously at 0°. Several corrections were
applied to the results in order to derive kinetic information: (a) allowance
was made for the limiting effect of diffusion using a complex formula.

(b) An estimate was made of the rate of enzyme inactivation caused by the
extremely vigorous agitation of the reaction vessel. (c) A correction was
made for the solubility of the C0, in the assay solution. (d) Care was

taken to check that with any given enzyme preparation, the rate of the

reaction was proportional to the enzyme concentration. In some cases this
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proportionality was not obtained;v the reason for this is considered in
the section entitled DISCUSSION, below. The method was subsequently
adapted for use with the standard Warburg apparatus; in this case pairs
of flasks having equal volumes were required (Krebs & Roughton, 1948),

A simple though less precise manometric method, together with an ingenious

way of recording photographically the results, have been described by Van

Goor (1940).

Indicator methods, The simple procedures described by Brinkman (1934)
and Philpot & Philpot (1936) depend on measurement of the time required for
the pH of a reaction solution te fall by several units, In the original
Philpot method an aliquot of carbonate buffer (pH 10.5) was added rapidly
to ice-cold water, through which was bubbled continuously a stream of 002.
Unfortunately carbonate ion, at the concentration used, is an inhibitor of
carbonic anhydrase (Roughton & Booth, 1946b) and therefore it is preferable
to substitute another type of buffer. Roughton & Booth (1946b) suggested
both the use of a veronal buffer (pH 8) and the addition of the 002 in the
form of an aliquot: of a saturated aqueous solution. A modification of the

Philpot method that was used in the course of the present work is fully

described in the section of the dissertation entitled MATERIALS AND

ANALYTICAL METHODS. These simple methods are suitable only for approximate

determination of enzyme activity; I have found that the present modification
of Philpot's procedure is particularly convenient for detecting the presence
of carbonic anhydrase activity in effluents from column chromatography. The

chief disadvantages of these technique are: (a) over the wide range of pH

T Rl O Y S SR bhains s ad 4] imeastalvaad oo ot S o - £,
Studled the mechanism of the uncavalysed reaction changes from




C0, + 0H = HCo

to
602 + h20 HCU3 + H .

{

(b) No allowance can be made for any progressive inactivation of the

enzyme that might occur sgince only one observation is made in each test,

(c) No correction is made for the limiting effects of the rate of solution

of 002. (d) The effect of extraneous buffers is considerable. (e) The
carbonate ion at these concentrations exercises a serious inhibitory effect

on the enzyme which varies during the course of the reaction. Further
limitations are imposed by the relatively high concentration of indicator
which is probably inhibitory (Wilbur & Anderson, 1948), and the broad range

of pH over which the reaction is carried out. The procedure described by |
Wilbur & Anderson (1948) is probably the most precise version of the indicator }

techniques, |

Electrometric methods. Certain of the difficulties of the indicator

methods are avoided by the continuous registration of pH in the electrometrie
procedures, These were developed by Brinkman & Magaria (1931), using an
antimony electrode; by Stadie & O'Brien (1933), using a quinhydrone electrode;
and by Wilbur & Anderson (1948), using a glass electrode. The last of these

methods employed a specially designed reaction vessel having permanently

attached tubes for the delivery of reactants, The whole apparatus was
submerged in a cooled bath. The course of the reaction was followed over

& range of pH that was narrow in comparison with the range covered in the
case of the indicator methods. This approach was also adopted by Davis

(1958) who introduced the use of a sensitive pll meter to reduce to a minimum

the change of pPH requ




Miscellaneous methods. An indirect assay has been reported by

Cutolo (1957) but not carefully examined. it depends on the sensitivity
to pH of the alcohol dehydrogenase-catalysed oxidation of ethanol.

Assays in current use. Reliable assays in current use depend on

rapid measurement of the change in extinction of a buffered reaction mixture
containing an acid-base indicator, in a stopped-flow device (DeVoe &
{istiakowsky, 1961; Gibbons & Edsall, 1963, 1964; Ho & Sturtevant, 1963;
Kernoban, Forrest & Roughton, 1963). A flow technique has been developed
by Kernohan & Roughton (1966) that depends on the measurement of the heat

of reaction and is particularly suitable for use with concentrated solutions
of the enzyme. These methods all avoid the serious difficulties of the
earlier procedures,

The method for the determination of carbonic anhydrase activity that
was developed in the course of the present work depends on the titration at
constant pH of H" ions produced by the hydration of Cdg. Compared with the
spectirophotometric procedures, the titration method offers several definite
advantages. It makes possible the maintainance of constant pH; it elimin-
ates the specific ion effects arising from the use of highly concentrated
buffers; it‘dispenses with the need for the determination of the relation-
ship between the H® ion concentration change and the buffer-indicator
ionization; it also can be simply assembled using commercially available
standard equipment,

Previously reported titration assays. Several authors in the past

have used titration for the purpose of studying catalysis by carbonic

anhydrase, particularly with regard to the influence of inhibitors
y k o »




(Holmgard, 1961; Leibman, Alford & Boudet, 1961; Leibman & Greene, 1967).

However, none of these studies has been concerned primarily with the

possibility of developing titration into a strictly quantitative and

dependable method. The brief description of these earlier methods which |
is to be found at the end of the section entitled DISCUSSION, below, illustrates
certain limitations and difficulties which I believe have been eliminated in |
the present technique. Nor has the claim been made previously that methods
based on titration can achieve the same standard of precision as the stopped-
flow spectrophotometric technique. The present study describes a titration
method for the quantitative assay of carbonic anhydrase that offers a J

satisfactory alternative to the spectrophotometric method and achieves the |

same standard of precision. The method has been published (McIntosh, 1968), }




EXPERIMENTAL

Reagents. The chemicals used were all of A.R. grade unless
otherwise stated. Bacteriological peptone was obtained from British
Drug Houses Ltd., Poole, Dorset. The water was deionized, 002
(purity> 99.5%) at atmospheric pressure was used to saturate water
at 0° in a gas absorption bottle, When a sample of the Cug—saturated
water was added to Ba(dﬂ)g solution back-titration indicated a concentra-
tion of CU2 within 1-2% of that predicted by calculation based on the
Henry's law constant (Harned & Davis, 1943), when the atmospheric
pressure and the vapour pressure of wvater at 1° were taken into account.
Two Nalll solutions were prepared by diluting (with degassed water) the
supernatant obtained on centrifugation of a saturated NaOH solution from
which the carbonate had been precipitated. These solutions had concentra—
tions of approx. 0.3N- and 2N-NaOH; the bottles in which they were kept
were flushed with Ng. The 0.3N-NaOH solution was suitable for use when
assays of enzyme activity in terms of units of enzyme were carried out, at
a substrate concentration of lmM;Cﬂg. The 2N-NaOH solution was used in
those experiments in which determinations were made of kinetic constants.
The stock mixture of buffer and NaCl contained 45mM-Naﬂ2}:U4—Na2ﬂf’u4 and
0.405M-NaCl at pH 6.89 {25@}. At 0% the PH of this mixture was 6,99 and

A . . 1 3. . . y N AEn e p
the ionmic strength, after dilution in the assay, was 0.050 (oSmM concn, of

phosphate ions). Though it was possible to carry out titrations without
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buffer, a low concentration of phdsphate ions smoothed considerably the
response of the titrator mechanism and improved the results.

Enzyme . Isoenzymes B and C (Rickli, Ghazanfar, Gibbons & Edsall,
1964) of human erythrocyte carbonic anhydrase was prepared from the
erythrocytes of a single individual by the method of Armstrong, Myers,
Verpoorte & Edsall (1966). This isolation entailed ion-exchange
chromatography of the ethanol-chloroform extract from the haemolysate
on UEAE-Sephadex (A—SO) using the procedures described in detail in the

section entitled EAPERIMENTAL AND RESULTS, Preparation of the erythrocyte

isoenzymes of Chapter 2. Chromatography was performed twice to ensure that
the preparation was homogeneous. The results of the chromategraphy are
shoﬁn in Fig, 5. The kinetic properties of isoenzyme B were not
determined. The concentration of the enzyme in the stock solution
was determined by measurement of extinction at 280mu (Gibbons & Edsall,
1964). There was no contamination by haemoglobin.

Titrator. The apparatus used for the continuous titration was a
Radiometer Automatic Titrator TTTlc together with a Recorder SBRZ2c
(V. A. Howe and Co. Ltd., London, W.11), with the controls set for
pH-stat operation, and the fastest motor (SOrev./min.) driving a syringe-
burette of 0.5ml. capacity. The glass electrode was a Radiometer G202c
type, recommended for use at 0°. A temperature compensator to correct
the response of the instrument at 0° was supplied by the manufacturer of
the titrator. pH calibration was performed by using a Beckman Instruments
Inc. standard phesphate buffer.

The aratus was connected

4+ y sacond recardar +had < . . ¢
LWEUl WO a sedild recorder vinav increased the

speed of recording and amplified the movements of the syringe,




A flow sheet summarizing the purification of human

Figure 5.

erythrocyte carbonic anhydrase and its resolution into isoenzymes, by

column chromatography using DEAk-Sephadex. The starting material was

a CHCla—EtUH extract of washed erythrocytes. The buffers had a pH of

9.3 at 4°. (Continuous), EZSO; (stepped), 002 hydratase

activity (modified Philpot assay); — — — , zinc. The heavy bars
near the horizontal axes show which fractions were combined for

further purification. The naming of the isoenzymes follows Rickli

et al. (1964).
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it possible to use more concentrated solutions of titrant. This additional
recorder was a Servoscribe potentiémetric instrument (Kelvin Electronics Co.,
Wembley, Middx.) linked to a precision 10-turn potentiometer that, mounted
below the syringe-burette of the titrator and operated by the drive, indicated
the position of the piston, thus giving a direct measure of the volume added.
Good results could also be obtained without this additional recorder, but only
when a second 30 rev./min. motor was used to move the chart paper of the main
SBR2c¢ recorder.

The 20ml. titrator cell was maintained at a constant temperature (0°) by
a circulating refrigerant, which was passed first through a copper coil
immersed in an insulated ice-containing bath, next to the titrator cell,
and finally back to a refrigerator. With the refrigerator set at - 1.5° and
the insulated bath remaining at a temperature of 0—0.50, the titrator cell had
a temperature of 0+0.1°. The gas absorption bottle and all solutions, as well
as two pre-set syringes, were kept in the ice bath. A burette was connected
to a coiled pipe of large volume and cooled by immersion in the bath, which
terminated in a narrow-bore polythene tube and syringe needle. This assembly
enabled a measured volume of cold water to be passed into the cell.

The temperature of the titrator cell was monitored with a calibrated
miniature thermistor and bridge circuit whereby a temperature change of
0.05° could easily be detected. The volume of the cell, when pesitioned
on the titrator, was adjusted by movement of the electrodes to exactly 18,0ml,
of liquid. The only access to the cell was by way of a small hole through
which additions of liquid were made. The mechanical stirrer was modified

by shortening its shaft to accomodate the small reaction vessel, and the

oy . " P .
area of its blades was increased The anparatis

1S -
Cle AN Appaiavus Lo L




Figure 6 . Apparatus for assay of carbonic anhydrase by
titration at constant pH.
A, Radiometer Automatic Titrator TTTlec.
B. Hadiometer Recorder SBH2c.

Titrant delivery tube.

Stirrer motor.

Reference electrode.

Glass electrode, Radiometer type G202c.

Burette for admitting cooled water to the reaction vessel.

Water-jacketed reaction vessel.

Bottle containing Cog—saturated water.

Bottles containing peptone and buffer-salt solutions.
Pre-set syringe.
Circulating refrigerator,

Tube for admitting cooled water to reaction vessel.

Insulated bath maintained at about 0.5°.

Beckman high-precision 10-turn potentiometer.

Titrant resevoir.

Servoscribe potentiometric recorder.

The device for monitoring the temperature of the assay solution

not shown in this figure.
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Assay procedure. The syringe-burette was filled with NaOH solution

of the appropriate concentration and air bubbles were carefully removed
from the delivery tube. Both recorders were set to zero. A quantity
of degassed water, equal to 18.0 ml. less the volume of the reacting

solutions, was admitted from the burette assembly into the cell, already
in place on the titrator. A 2.0 ml. sample of the buffer-NaCl mixture

vas next added by means of the pre-set syringe, followed by 2.0 ml. of

either 0.225mM-EDTA or 0.09% (w/v) peptone. When the contents of the cell

reached the correct temperature (usually in 5 min.), the enzyme was injected

and the pH adjusted by adding a small quantity of 0.0lN-HC1 and titration

by the instrument to pH 7.0, The second pre-set syringe was then used to

inject rapidly the required volume of 002—saturated water, and at the moment

of addition recording was begun. The initial part of the progress curve
was recorded and after a suitable interval (approx. 10 half-lives of the
reaction) the equilibrium value was obtained. At the end of the experi-
ment the cell was emptied, rinsed and replaced rapidly so as not to alter
the temperature of either the electrodes or of the alkali-delivery tube.

Treatment of experimental data. The rapid hydration reaction

catalysed by carbonic anhydrase makes it convenient to determine a rate
constant and calculate from it the initial rate, rather than to measure
the rate directly as is usual in the study of enzymes. Though the un-
catalysed reaction displays pseudo-first-order kinetics, it might be
expected that in the presence of the enzyme zero-order behaviour would
be observed, especially with substrate concentrations high in comparison
with the Michaelis constant. However, under the conditions of the

7.

present study satisfactory results were obtained by treating the

experimental data as though they obeyed first—order kinetiecs. A similar
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treatment of data was adopted by Gibbons & Edsall (1964) in their
experiments with the spectrophotometric technique,

The following relationships were derived for the uncatalysed
reaction, but were equally applicable in the presence of the enzyme,
where ki becomes the rate constant of the step in which the enzyme-
substrate complex reacts. By using the nomenclature of Gibbons &
Edsall (1963), the equilibrium between the reactants in solution may

be expressed as:

' + HCO,” =_12—A-__;2C(\3
koy
“13 || K3y K23 || a2 (1)

1 0 + CO

52" + C 5

. 0 . . A P [ 1 2

Since at 0" and pH 7 the ratio [C0,| / thccfj = 9.5 x 10° and the
L2 3

; Wir =~ . 3 . P N
ratio ancu3‘/LHgC°3j = 2,5 x 10° (Roughton, 1941), [ﬁz““aj is negligible.
Therefore the expression can be simplified to:

k! + -
COp + Hp0 === H + HCO, (2)
1- ¥

B
=]
where the primes denote values at a particular ionic strength, The

experimentally observed rate includes a contribution from the reaction:

ko
OH
CO, + OH= == HCO,~ \ &)
z kycos”
at pH values greater than 6-7. Pinsent, Pearson & Roughton (1956} report

1

. . e | -1 .0 .
that kKo = 1.1 x 10°M sec. at 0 and low ionic strength.
/8 (]

; T - (0) 34 & nacathil Lo derive the wate omiad s »ih, 4
From eqn. (2) it is possible to derive the rate equavion deseribing the
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hydration of CO,, as expressed in terms of concentration:
<]

o+
- I gosslr ¥ . 1 .
da/dt=k' a~k'_, (0 )x (4)
: Moo 1., [ica =1 ; . o o
where a= UU2 | and x= jubu3 | at any time. This reaction is seen to be

of pseudo-first-order at constant pH if the activity coefficient of H'
remains unchanged. Such an assumption is justified by the fact that the
ionic strength is approximately constant during the initial part of the

A reaction. Moreover, the rate constant is determined after extrapolation
to zero time.

At equilibrium, -da/dt = 0 and:

?1 ] =11 a (1"*‘\ ~
T =17 1%eqdV ‘eq.eq (5)

Substitution of this expression in eqn. (4) gives:

—ua/dr=k'1a—k'1agq.(HT)K/(H+¢eq;x&Q.

~—
=

)
Again assuming constant H' activity coefficient, it follows by substitution
of ;

%eq. %0 Yeq. (7)

where the subscripts indicate equilibrium and zero time, and rearrangement,

that:
-da/dt=k"' (a=a ) ( 8 )
app. ea., /
Thus:
1>r? =1-¢ (s o Y /A )
1 - " P L 4
" app. o eq. o v E 4
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where a and a, represent the molar concentrations of 802 at equilibrium
eq. ) ‘

y ’
and at zero time, respectively, and k (k ) represents the rate

apparent ' app.
constant of the pseudo-first-order reaction, as experimentally observed.

At the beginning of the reaction, assuming that there is no h003~ present:

(~da/dt) =k' a (10)

1o

This enables one to calculate the initial rate of the hydration reaction.

The value of (aO_aeq.)/aO is best found by experiment, though an
estimate of its magnitude can be made by introducing the equilibrium
constant K= aH+aH003—/a002. This constant has been measured by Harned &
Davis (1943) under conditions such that simple interpolation gives the
value 2,7 x 10_7M for the present case. However, the use of this constant
to calculate (ao—aeqn)/ao involves the substitution of the activity coeffici-
ent of H+ and so the result, 0.78 at pH7.0, is only approximately correct.
The experimentally determined value at the same pH was 0,72.

The record of the volume of NaOH delivered against time was analysed
by the usual methed for a first-order reaction, which yielded a pseudo-
first-order rate constant direetly since the volume of NaOH titrated was
proportional -to the H+ ions formed which equalled 002 hydrated. This rate
constant was equal to the sum k;pp. (catalysed reaction) + k;gp. (uncatalysed
reaction). The initial rate of the enzyme-catalysed hydration was calculated
after subtracting k;pp. for the reaction in the absence of enzyme.

The assumption that the uncatalysed reaction follewed first-order
kinetics was justified by the linear form of the plots of log(titrant

vol, ~titrant vol,t} against time, In addition, it was found that the
eq. o - ’

first third at least of the catalysed reaction closely followed this rate




law. There was no zero-order behaviour observed in the initial part of

the progress curves, even at the highest substrate concentrations used.
y :

Therefore good estimates of the initial values of Kapp were obtained by

extrapolation of the log plots to zero time. Approximate values of the

initial velocity, made by examination of the progress curves at zero time,

gave satisfactory agreement with those calculated as described \Fig. 7).

Programmes were written for the Olivetti P101 computer to facilitate calculation

of the kinetic constants. The equilibrium value for the volume of NaOH
titrated, and several points on the progress curve, together with the
volume of CO, solution injected and the atmospheric pressure, were entered
[~
. 3 . . 3 . 5 N "1\
into the computer, The machine calculated and printed values for k (sec. )s
1

b S S ; . " -1 i

the initial velocity of the hydration reaction v(mM sec. ), the initial
substrate concentration s (mM), s/v (sec.), and the number of units of

enzyme present in the assay (if the volume of COp solution added was 0,25 ml, ),
A typical progress curve is shown in Fig, 7 together with the computer
calculations, The values read from the progress curve were always chosen
near the beginning of the reaction to ensure that a good estimate was made
of the initial rate. The computer found the natural logarithms of the
differences between each point and the equilibrium value, calculated the
best fitting regression line of the logarithms on time, and from the slope
found the kinetic constants, The substrate concentration wvas calculated

simultaneously.

Variation of initial velocity with enzyme concentration,. Fig. 8
C n — elizyme concentration e
shows that the sum of the catalysed and uncatalysed rate constants of the

hydration reaction, and hence the initial velocit ir function




Figure 7. The results of a typical assay of CO_, hydratase activity
by titration at constant pH. A, progress curve of tﬁe reaction, and an
estimate of the initial slope; B, graph showing that the enzyme-catalysed
reaction was pseudo-first-order to at least 50% completion; C, results
produced by the computer, The first reliable value of the volume of
titrant added to the reaction mixture was obtained 5sec. after the addition
of substrate; zero time in B. refers to the time of this first observation
(t_ + 5sec.). The values of the logarithms in B. were obtained from the
computer for the purposes of illustration; normally the machine calculated
the slope of the line shown in B. by the method of least squares. 1In C.
the order of the figures is: volume of titrant added at equilibrium; five
points on the progress curve, at 5sec. intervals (all volumes in arbitrary
units); an approximate value of the correlation coefficient for the
regression of the experimental points shown in B., printed as a check
on the lineZarity of the points; atmospheric pressure (mm.Hg); the
volume of CU, solution added to the assay mixture. In this example,
since the voIume of substrate solution was 0.25ml., the computer calculated
the number of units of enzyme activity corrected to a CU, concentration of
precisely 1.0mM. - -

Calculation of the initial rate of hydration of CO. from the estimate
of the initial slope of the progress curve. -

Initial slope - (44/25) div./sec.

CU2 hydrated at equilibrium = NaOH added at equilibrium,

that is (0.72 x 0.996)uM 48 div,

Therefore, the initial rate of
the sum of the enzyme and non-
enzyme—catalysed reactions = (44/25) (0.72 x 0.996)/48 mM/sec.

0.026mM/sec,

The rate of the non-enzyme-
catalysed reaction 0.0022 x 0.996mM/sec.

Therefore, the initial rate
of the enzyme-catalysed
reaction = 0,024mM/sec., in good agreement

2l

with the result shown in C.

ie required of the strength of the NaUH solution for

s +1 Prantion nt wdration
te by either me ] the fraction of hydration

i

Figure 7. Calculation of kinetic constants
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of the concentration of the enzyme. These assays were performed in the

presence of 25uM-LDTA or 0.01% (w/v) peptone, with a substrate concentration

of 2,0mM-CO Each point represents the results of a single determination.

o
The useful upper limit of enzyme concentration was reached under the present
experimental conditions when the total rate was 15 times the uncatalysed
velocity. The initial velocity of the hydration reaction was not a linear
function of the concentration of the enzyme if neither peptone nor LEDIA was
included in the assay solution (Fig. 8). The concentrations of these
substances that were routinely used were sufficient to ensure a linear

relationship between initial velocity and enzyme concentration (Fig. 9).

Rate constant of the uncatalysed reaction. Extrapolation to zero

enzyme concentration (Fig. 8) yielded an uncorrected value of k;(uncat-
alysed)= 0,0024 sec.—l0 Subtraction of the contribution of OH” catalysis
mentioned above left 0.0023 sec.—l. Finally, it was necessary to allow
for the catalytic effect of phosphate ion. The data provided by Roughton
& Booth (1938) and Gibbons & Edsall (1963) indicate that this correction

amounts to a reduction of 4% and so the final value of k. = 0.0022 sec.-l°

1

Catalytic constants of human erythrocyte carbonic anhydrase isoenzyme C.
The initial velocity of the hydration reaction catalysed by isoenzyme C at
five initial substrate concentrations was measured, and the results are

shown in Fig. 10 as a graph in which [}uitial substrate | /(initial rate) is

plotted against | substrate |, Each point represents the average of
| 3 |2 :
three determinations. The average deviation from the mean of the individual

measurements was 2%. However, the error in the absolute value of each




Figure 8. VARIATION OF INITIAL RATE WITH ENZYME
CONCENTRATION

Figure 8. Relationship between the concentration of human

erythrocyte carbonic anhydrase isoenzyme C and the sum of the rate

constants of the catalysed and uncatalysed reactions, which is pro-
portional to the sum of the initial rates. The substrate concentra-

tion was 2.01‘;1}-1—002. @ ., In the presence of 25uM-EDTA; Q©, in the
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Figure 9. The effects of adding EDTA, peptone, or bovine plasma

albumin to the CU2 hydratase assay, illustrated by plotting k;ﬁp
{catalysed reacbiﬂn} + k;pp. (uncatalysed reaction) against the
concentration of the additive. The absence of any effect of the
additives on the rate of the uncatalysed reaction is shown by the
points near the horizontal axis. The enzyme was B.Gﬁmﬁéhuman
erythrocyte carbonic anhydrase isoenzyme C and the initial concentra-

tion of substrate was 2.0&&-;—(){;2. O , Peptone; @® , LbTa;

A N BPA .

‘Figure 9.

Effects of additives on titrator assay

1

>
108x [EDTA] (M)

: 0.01 0.02
[Peptone] or [BPA] (%)




Figure10.  HUMAN ERYTHROCYTE ISOENZYME C.
| CO, HYDRATION

Figure 10. The relationship between substrate concentration

and initial velocity of the hydration reaction catalysed by human

erythrocyte carbonic anhydrase isoenzyme C, illustrated by plotting

(sec.)

ginitial substrate] /(initial rate) against finitial substrate] .
L .

The enzyme concentration was 3.6mpM and the conditions were 00, pH
7.0, 45 mM-NaCl and 5mM-sodium phosphate. O, In the presence of

25pM-EDTA; @® , in the presence of 0.0l% peptone.
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determination was probably greater than this, since the errors in 002

concentration and in the volumes of the CO_, and enzyme solutions added

2
were of the order of i2% and :1ﬁ respectively. Moﬁ%ver, the temperature
control of 20,1° would be expected to lead to an uncertainty in k;pp of

:2% (Benson, 1960), and the accuracy of the pH-meter was probably not
greater than i0.0SpH unit. It was concluded that an absolute error of
i10,‘/5 could reasonably be expected in the measured valﬁe of}gn, though the
results obtained on separate occasions agreed within i5ﬁ. The uncertainty
in V was likely to be greater owing to the difficulty of estimating EE;B
with accuracy and to systematic errors in the initial velocities and the
determination of (ao— aeq.)/ao.

It can be seen that over the 16-fold range of initial 002 concentration
examined, in the presence of both peptone and EDTA, isoenzyme C closely
obeyed the Michaelis equation. Consequently, it was possible to assign

to it the values Km=8.2uM, v/ Eﬂoj =5,0 x l04sec.—1, under the conditions

of this experiment.
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DISCUSSION

In the present investigations only the hydration reaction catalysed
by carbonic anhydrase was examined. The apparatus used for that purpose
could equally well be employed to study the dehydration reaction, though in
this case certain precautions would have to be observed for the following
reasons, The Km of dehydration appeared to be considerably greater than
that of the hydration reaction when both were examined by Gibbons & Edsall
(1964). Therefore, to make reliable measurements, higher concentration of
the substrate, which is HCOa_, would have to be used and this would induce
much variation in the initial ionic strength. Kernohan (1964) has suggested
that results may be wrongly interpreted if insufficient attention is paid to
the maintenance of constant ionic strength and anion concentration. In his
kinetic study of the bovine erythrocyte enzyme, he found Eﬁ of the dehydration
to be dependent on the anion concentration, becoming very large concomitantly
with an increase in the anion concentration. Moreover, he found that the
initial velocity decreased as the anion concentration increased, and it was
therefore presumably affected in this way by the substrate itself.

The value of k; for the uncatalysed reaction, found by the titration
method used in the present study, is in good agreement with previous deter-
minations at 00, which averaged 0.0021 szec.“1 (Edsall & Wyman, 1958),
Roughton & Booth (1938), Mills & Urey (1940) and Gibbons & Edsall (1963)
have all shown that this rate constant is independent of ionic strength,

In addition, Roughton & Booth (1938) have demonstrated that hcu3“ ions have
no significant catalytic action on the hydration rate.

On the other hand, the enzymic hydration rate may be influenced

it s
exninlde

purely by ionic strength and there
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a specific inhibitory effect, as in the case of the reverse reaction.
Evidence obtained with the use of the manometric assay, presented by
Roughton & Booth (1946b), showed that the anions of many neutral salts

were mildly inhibitory at pH 7.4 to the action of carbonic anhydrase,

In his experiments with the bovine erythrocyte enzyme, Kernohan (1964)
found anion inhibition also in the hydration reaction, though he presented
no evidence that Km was influenced by anions, For these reasons care was
taken in the present work to minimize the increase in ionic strength during
the reaction by adding sodium chloride; the added C1~ ion caused a mild,
but constant, inhibition of the enzyme,

With deionized water the initial velocity was not a function of the
enzyme concentration unless peptone or EDTA was included in the assay.
Instead, the slope of the plot of velocity against enzyme concentration
increased with rising enzyme concentration and appeared to approach a
maximum (Fig. 8). A similar effect was observed by Roughton & Booth (1946b)
and also by Clark & Perrin (1951). The addition of peptoneor LEDTA completely
eliminated this behaviour, It is assumed that some impurity, perhaps a
heavy-metal ion, was responsible for causing an inhibition, and that when
sufficient enzyme was available to chelate the inhibitor the effect was
abolished, In the present work relatively small amounts of EDTA were
required to produce a linear relationship; %ﬂMuhﬂTﬂ was found to be
sufficient, A plot of initial velocity against the EDTA or peptone concentra-
tion indicated that the amounts used as a routine were ample and that neither
substance 1led to inhibition when present in large quantities (Fig. 9). If
peptone was replaced by EDTA in the assay there was no difference in the

U

initial velocity and ne change was detected under such co

tions in the




kinetic constants of isoenzyme C (Fig.10), Gibbons & Edsall (1964)

reported a similar finding and state that neither one nor the other
substance affected the uncatalysed reaction. Davis (1959), too, showed
that EDTA had no inhibitory action on the human erythrocyte enzyme.

In all routine experiments peptone, rather than EDTA was added to
the assay. This procedure was followed because it has been observed by
Ho & Sturtevant (1960) that LDTA causes a sixfold activation of the bovine
erythrocyte enzyme.

Experimenting with an electrometric assay method in a flow system,
DeVoe & Kistiakowsky (1961) obtained erratic results that they explained
by postulating that the enzyme was being adsorbed on the surface of the
glass electrode., No such effect was observed in the present work, but
the presence of the peptone may have helped to prevent it.

When compared with the values of the kinetic constants of isoenzyme C

obtained at 25° by Gibbons & Edsall (1964), the results found in the present

' ; ; (o] . .
work show that Km decreased from 12mM at 25 to 8mM at Oo, and likewise
Mo = p 5 e 4 -1
Vytboj decreased from 2.8 x 10" sec.” to 5.0 x 10~ sec.” . 1In both
investigations the experiments were performed at approx. pH 7.0, but in
the present one the ionic strength was twice as great and resulted mainly
from the presence of sodium chloride, whereas the sodium phosphate

concentration was fivefold lower. This difference in the composition

of the assay mixture makes it difficult to compare the values of\L/FLl;i

J

found in the two investigations.




A Criticism of Previously Heported Titration

Assays.
The method of Holmgard (1961). This brief report was the first

to claim that the reaction in which CU2 is hydrated can conveniently be
examined with the use of titration at comstant pH. A pH-stat maintained
constant pH in the reactien solution, which was a mixture of buffer, 002-
saturated water, and enzyme. The initial rate of the hydration reaction
was found to be constant for 1 min. and this rate was proportional to the
amount of whole blood added to the assay solution. A modification was
mentioned in which C02 was bubbled continuously. No other data were

provided.

The method of Leibman, Alford & Boudet (1961), The apparatus

consisted of a sintered-glass funnel mounted upright, the bowl being the
reaction vessel. This funnel was maintained at a constant temperature
by partial immersion in a bath. A given substrate concentration was
produced by bubbling a NZ;CG2 mixture, of suitable composition, upwards
through the reaction solution. A gas flow of 1 1/min, gave maximum
rates of reaetion, at the single enzyme concentration used.

The initial rate of 002 hydration was measured and found to be
constant for 15 to 30 sec. After this time the rate diminished. It
was suggested that this could have resulted from an.’ effect of changed
ionic strength or from product inhibition. The possibility that it
could have been caused by a decrease in the UUZ saturation with time was
not considered.

The reaction was normally initiated by the flow of gas, though in

proceaqure dadoes




not appear to me to be satisfactory since the rate of solution of 802 in

water at 5° (their experimental temperature) is not great. Gibbons &
Edsall (1963) found that 20 min. of continuous bubbling was required teo

reliably saturate water at 0° with pure CO Therefore it is unlikely

2.
that the CO, concentration expected from application of Henry's law was

rapidly attained in these experiments.

A graph illustrating the rate of addition of alkali against the 002
concentration in the absence of enzyme was presented but no attempt was
made to calculate from this a pseudo-first-order rate constant for comparison
with accepted values.

No mention was made of the fractional contribution of the uncatalysed

reaction to the total rate nor of variation of rate with enzyme concentra-

tion,

The method of Leibman & Greene (1967). This technique measured the
dehydration reaction. In view of the comments made at the beginning of
the DISCUSSION, above, there is some doubt that results obtained from a
study of the dehydration reaction can be ihterpreted easily unless special
precautions, not mentioned by the authors , are taken during the experiment.
The apparatus was, in my opinion, complex in conception and design, There
were several steps in the course of the reaction as it was observed; evolved
002 was flushed from the reaction vessel by N2 and carried to the absorption

) AL

vessel where the CO, was re-hydrated rapidly in the presence of an excess of
i T ; . o g
enzyme and the released H titrated. No evidence was presented to establish

(a) that the flushing and absorption steps were quantitative, and (b) that

the rates of these processes.. were sufficiently raj
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the observed reaction rate.

The authors showed that in the absence of enzyme the rate at which
the mechanism introduced alkali to the absorption vessel was proportional
to the substrate concentration in the reaction vessel and concluded that

the titrator record showed a rate proportional to the rate of dehydration

of the HCO

€

3 However the rates were not equal because re-hydration

of the 002 proceeded to equilibrium only. Therefore, unless allowance
was made for this (no mention of such an adjustment appears) the measured
rates would be rather low. Also, unless the true rate was measured, in
the case of the uncatalysed reaction, it would be impossible to determine
the pseudo-first-order rate constant and hence check the method against
this well-known value.

The pH of the reaction solution must have risen during the experiment,
since for each equivalent of HCUa— dehydrated an equivalent of H' vanished,
The mixture was quite strongly buffered (43 mM-phosphate) and since an

estimate was made of the initial rate, the change in pH possibly was not

great, However no data were presented to show whether or not a significant

change in pH did occur,
It is not clear why the initial rate was maintained for 30 sec,

The rate would be expected to decrease from the start. The fact that

c+

it did not might be indicative of some anomaly.

The only experimental results presented were in the form of graphs

showing the behaviour of the enzyme in the presence of two inhibitors

S e

Except for one series, the points on the graphs deviated considerably from

la - o o heat_Ffi1+ alna dAvawrr Faor - ¢ 1 rali £ 1
the least-squares best-fit line, also drawn. Ior exampie, the value of ¥




for sulphanilamide calculated from these data varied from 1.0 to 2.5 x 10"5 M.

No mention was made of what fraction of the observed rate was caused by
the uncatalysed reaction. No examination was made of the variation of the
rate with variation of enzyme concentration so that it is not clear over what
range of enzyme concentration the method was applicable, if indeed it was
suitable for the assay of the enzyme,

The recent publication of an article by Magid (1968) brought my attention
to another report (Hansen & Magid, 1966) of a titration method. This was
similar to the procedure described by Leibman, Alford & Boudet (1961), referred
to above, in which the reaction vessel was a sintered funnel. The method of
Hansen & Magid is suited to the study of the dehydration rather than the
hydration reaction and therefore suffered from the disadvantages discussed
above.  The rapid (% Z/min.) flow of COQ-free air that was maintained through
the assay solution was claimed to remove continuously 002 as it was formed and
not to.cause deactivation of the enzyme. In this way it was possible to
examine the dehydration reaction in the absence of any back reaction for up
to 1 min,, after which time the rate began to decrease. It is not clear why
the rate did not decrease from the start. In the more recent article (Magid,
1968) a modification was described which was claimed to permit the determination
of the dehydration rate at several different concentrations of the substrate,
ﬁCugqy in a single experiment. In this modified procedure measurements were
of the rate at an unspecified number of 60sec. intervals, It was asserted

that since the reaction product was continuously removed from the medium, each

measurement represented an estimate of an initial rate at a new substrate
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concentration, No account was taken however of the progressive change
in the anion composition of the medium; in another section of the report

the author showed that different anions inhibit differently the activity

of carbonic anhydrase.




SUMMARY

1 -

ocity of the hydration reaction catalysed by carbonic anhydras

4
|

®

et

the method depends on the titration of H' ions at constant pI.
2. Human erythrocyte carbonic anhydrase, isoenzyme C, was used
to illustrate the method. Under the experimental conditions employed
P I e S . e L
(0, pH 7.0, in the presence of 45mM-sodium chloride and 5mM-sodium
Lo\ N P o =
phosphate) isoenzyme C obeyed the Michaelis equation over the range

of substrate concentration 1 - 16mM-carbon dioxide. The kinetic

: - - e o /T Lon 4 -1
constants found were K = 8.2mM; V/§M0] = 5,0 x 10" sec, .
m / L7od

4 ‘Ks
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IC ANHYDRASE ISOENZYMES IN THE ERYTHROCYTES AND
JORSOLATERAL PROSTATE OF THE RAT

INTRODUCTION

Much study has been devoted to the prostate gland because in certain
species, particularly in man and dog, it is a large organ, subject to
various pathological conditions, and endowed with the property of producing
a secretion which differs characteristically from other secretary fluids of

the mammalian body. An account of experimental and clinical research re—

lating to the prostate gland has been given by Jensen (1963). The state

of knowledge concerning the biochemistry of the prostate has been reviewed
by Mann (1964).

The prostate of the rat has a complex structure in which two major
parts can be distinguished, the so-called ventral and dorsolateral lobes
The ventral prostate secretes a remarkably large quantity of ecitric acid

but no fructose, while the dorsolateral prostate secretes both citric acid

Humphrey & Mann, 1949). The dorsolateral prostate itself

however consists of three parts, a dorsal part and two lateral lobes (Mann,

Q'+

1964; p.44). Striking biochemical characteristic
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LXPERIMENTAL AND RESULTS

Preparation of the isoenzymes

Erythrocyte isoenzymes. Male white rats were anaesthetized with

ether and bled. Blood was collected into an excess of chilled glucose-
citrate anticoagulant (Loutit & Mollison, 1943) and the erythrocytes were
washed four times with cold 0,9% saline, by centrifugation. The erythro-
cytes were then haemolysed by the addition of a volume of water equal to 1.1
times the volume of the packed cells. Haemoglobin was removed from the J
haemolysate by treatment with CHCl3 and EtOH using the method of Armstrong ‘
et al. (1966) and the carbonic anhydrase - containing extract was dialysed
against water and lyophilized. The residue, contaminated by only a little \
haemoglobin, was dissolved in Buffer I, dialysed exhaustively against the ‘
buffer, and applied to a column of DEAE-Sephadex equilibrated with the same I
buffer,

Fig. 11 shows the result of the chromatography and in addition indicates
several subsequent steps in which rechromatography was performed. The heavy
bars (close to the horizontal axes) show which fractions were pooled for lyophilm‘w
isation and rechromatography; in general, rechromatography in a buffer of ’
lower ionic strength increased the resolution of the peaks, Each peak of !
UUQ hydratase activity represents a distinct form of carboniec anhydrase, F |

ror

example the result of rechromatographing Peak 1 in Buffer IIT is shown; resolu-

tion of the major and minor vit

activity was thus achieved, The isoenzymes

)eaks of

— s s - 3 . ;5 s . !
were all identified by number™’ corresponding to their position on elution from

| ‘ “
- Ak PR . i ds B . G .
The CA isoenzymes will be referred to lerealter as follows: erythrocyte |

isoenzymes, Eryth. (number ); dorsolateral prostate isoenzymes,

,,,,,, 1soenzyme 1ndicates purification from a CHCI




the purification of rat

Figure 11. A flow sheel summarizing
i é i ' ti into isoenzymes
erythrocyte carbonic anhydrase and its resolution y .

by column chromatography using DEAE-Sephadex. The starting material

was a C“Cla-htUﬂ extract of washed erythrocytes. Each small box

ndicates another chromatographic

containing a description of a buffer i

step with that pbuffer; the pH of each buffer was approximately 9.3 at

4°. : (Conbinuous), ﬂ280; (stepped), Cug hydratas;act;v1ty

zinc., The heavy bars near the

(modified Philpot assay); — — —»
d for further

horizontal axes show which fractions were combine

s corresponds to the numbering

. naalr
purification. The numbering of the peak

of the isoenzymes.

Figure 11.
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the chromatographic column. Three isoenzymes were isolated; Iryth. la
(CEP), Eryth. 2 (CEP) and Eryth. 3 (CEP). Fig. 12 depicts the results of
polyacrylamide gel electrophoresis performed at successive stages of the
purification, The distribution is illustrated of protein bands and regions
showing esterase activity toward p-naphthyl acetate in the presence and

absence of acetazolamide,

To determine the effect of organic solvents on the erythrocyte carbonic

anhydrase an alternative method for removal of haemoglobin was used as follows.

The haemolysate was dialysed against Buffer II and applied directly to a half-

length column of DEAE-Sephadex equilibrated with Buffer II. Buffer I was
used to elute the isoenzymes which were slightly contaminated by haemoglobin
(Armstrong et al. 1966). When the active effluent was concentrated in the
usual manner and rechromatographed under the same conditions as were used
for the ChCla—thh extract, a different elution pattern was obtained. A
very small amount enly of activity, and ne protein, was detected in the
position of Peak 2 and Peak 3 was eluted more rapidly than in the case of
the CHCla—btﬂﬁ extract. However the behaviour of Peak la appeared to be
unchanged. The results of electrophoresis are shown in Fig. 13 where it

can be seen that the band corresponding to Peak 2 was missing, suggesting

that Peak 2 appeared as a result of the ireatment with GHUlB—LtUh. Rechromato-

graphy produced isoenzymes Eryth. la and Eryth. 3,
Electrophoresis showed that Peak la (Fig. 11), Eryth. la (CEP) (which

resulted from the repeated rechromatography of Peak la) and Eryth. la all

contained a miner component. The ratio of protein to acetazolamide-
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Figure 12. Polyacrylamide gel electropherograms obtained at
several stages in the isolation of carbonic anhydrase isoenzymes from
the CHClg—Etuﬁ extract of washed rat erythrocytes. The direction of
protein migration is indicated by the arrow. Isoenzyme la = Eryth.la

(CEP); isoenzyme 2 = Eryth, 2 (CEP); isoenzyme 3 = Eryth, 3 (CEP),

The numbering of the peaks refers to Fig. 11..
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—inhibitable esterase activity in both the major and minor bands was

almost constant throughout the purification procedure. Contamination

of Peak la would not be expected to arise from Peaks 1b or 2, for the
following reasons. Peak 1b was clearly separated from Peak la by
chromatography and in addition appeared to be of low activity toward the
ester, while Peak 2 was also clearly separated and was completely absent
from the preparations in which CHCIS—EtUH was not used. A minor carbonic
anhydrase component was observed similarly upon electrophoresis of Peak 3
(Fig. 12) and again this secondary band possessed the same ratio of protein
to acetazolamide-inhibitable esterase activity as Eryth. 3 (CEP) itself.
The possibility that the minor components were arifacts produced by
electrophoresis was ruled out by the following experiment.

A CHCI3—EtUﬂ extract was subjected to isoelectric focusing in a
gradient of pH 3 - 10 with the result shown in Fig. 14. Electrophoresis'
of the peaks clearly established their identity and Eryth. la (CEP) and
Eryth.3 (CEP) were revealed to be free of the minor components (Fig. 15),
demonstrating that the latter did not appear as a result of electrophoresis.

Electrophoresis of fractions 24, 26 and 29 does show however the presence

of bands which were tentatively identified, on the basis of their mobilities,

as the minor components.

Isoenzymes of the dorsolateral prostate. Prostatic tissue dissected

Paraim e d L bvad Wad i v 4hanansalhilss hlad fwaad €a 1, 11 PR £ . T
from rats that had been thoroughly bled (used for the collection of erythro-

R \ 3 " 9 e e | . ;. L A 5 - O N N 3 .
cytes) showed negligible contamination by blood. From 20 mature rats about




Hesults of the isoelectric focusing experiment

on the CHCl_-LtUH extract of washed erythrocytes. The fraction
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given; the measurement has little quantitative meaning because
the carrier ampholytes absorb strongly at this wavelength);
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Figure 15. Polyacrylamide gel electropherograms of fractions
from the isoelectric focusing experiment illustrated in Fig. 14. The
heavy staining at the positive ends of the gel is caused by the carrier
ampholytes. The direction of protein migration is indicated by the

arrow, The result of electrophoresis of the whole extract is included

for reference.
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10 gm. of dorsolateral pProstates could be collected; no attempt was

made to separate the lateral lobes from the dorsal region, The tissue
was ground with 0.2 parts by weight of acid-washed sand to disintegrate
the fibrous structure, When the thick mass had been reduced to a paste,
9 vol.-Buffer II was added slowly while the grinding was continued, The
homogenate was then centrifuged at 10,000g. for 30 min, at 40. The precipi-
tate was not re-extracted; as only a further 1/10 of the activity in the
first supernatant could be thus recovered, This supernatant, opalescent
and faintly pink, was centrifuged at 108,000g. for 1 hr. at 4°, A perfectly
clear solution was Produced and the slight viscous precipitate was discarded,
The extract of soluble carbonic anhydrase, which had an activity correspond-
ing to 56,000 units/gm, wet wt, dorsolateral prostate, was lyophilised, the
residue dissolved in Buffer I, and this solution exhaustively dialysed
against the same buffer.

Chromatography with DEAE~Sephadex was performed under conditions
identical with those used in the isolation of the erythrocyte isoenzymes,
The dialysed extract was centrifuged briefly to remove a slight precipitate
before being loaded onto a column equilibrated with Buffer I. The results
of chromatography are shown in Fig, 16 where subsequent steps in the
purification are outlined, Three isoenzymes could be identified,
Rechromatography (Buffer II) of Peak 1 yielded two forms of carbonic
anhydrase, Prost. la and Prost. 1b; rechrumatography (Buffer I) of Peak

2 gave Prost, 2, Prost. la was recovered in very small amounts and

®

electrophoresis showed it to be non-homogeneous; its properties wer

not investigated. Prost. 1b and Prost. 2 were judged to be fairly pure

17).

by electrophoresis at & single pH (Fig.




Figure 16. RAT PROSTATE DEAE -SEPHADEX CHROMATOGAPHY

SQLUBLE ERACTION

Figure 16. A flow sheet summarizing the purification of rat IOM s 1O GARMIFC

dorsolateral prostate carbonic anhydrase and its resolution into
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isoenzymes, by column chromatography using DEAE-Sephadex. The
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starting material was prepared as described in the text. The buffers
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Figure 17. Polyacrylamide gel electropherograms obtained at
several stages during the isolation of carbonic anhydrase isoenzymes
from a soluble extract of rat dorsolateral prostate. The direction
of protein migration is indicated by the arrow. It will be noted

that there was no acetazolamide-inhibitable esterase activity in the

extract. The resolution of the bands was considerably better than

this photograph suggests. The numbering of the peaks refers to Fig.

16: isoenzyme lb = Prost. lb; isoenzyme 2 = Prost. 2.
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Another purification procedure was tested, involving both acetone

and ammonium sulphate fractionations. These were performed on a dilute
extract of the prostatic tissue and the active fraction was lyophilised
and dialysed against Buffer I before being chromatographed in the usual
way . As a result an identical elution pattern was obtained. This
finding, together with the fact that an average of 86% of the activity
applied to the chromatographic column was recovered, support the conclusion
that the simple extraction and chromatography schemes adopted were adequate
and that no major soluble carbonic anhydrase isoenzyme with a high specific
activity toward UU2 hydration escaped detection.

No esterase activity that could be inhibited by acetazolamide was
detected in the gels after electrophoresis of either the extract of
prostate or the isolated isoenzyme. When the soluble extract of dorsolateral
prostate was assayed for{>-naphthyl acetate esterase activity by the spectro-
photometric method, a powerful esterase present that was insensitive to
acetazolamide (Fig. ]7} masked any activity which might have been exhibited
by the carbenic anhydrase.

Properties of the Isoenzymes

The properties of the isoenzymes isolated from the erythrocytes (Eryth.)

and the prostate (Prost.) are listed in Tables 1 and 2.

Molecular weights. The isoenzymes isolated from both the erythrocytes

and the prostate were found to have molecular weights in the range 26,000 -

32,000, and this variation must be considered to be withir

experimental error (Fig. 18),




:‘;‘:_4{‘=__-.w~ ==

=

v

'he conditions
constants were eva

'
+

= 10% and XL 20%

hosphate, and 0.C
values of K

and V

oS a2

e

2Q
L9l

18 18 18 17 17 18 -

=i
=X
=
I

perties as catalysts of ( rdration
]
|

1 - Te7 (o3 - - -
Ril’l@‘tic es
I Q « 7 4= g ¢
- Cel O.06 Betl [ (4 Je0
) o2 8.7 18 3
d - -
3 d - mixed, non=-comp.
- ( ), 1 F ) A D
‘ o o le2 Lo 4o O 260
) - (I 0o 8L 152 0 C -




) ) ) / - 7 B0 { - % = s i
1 . S W . , 10mii-gd } ) Yol o ] \£2) respectively.
W o o1 - TE 1 wa 3 ; ' 5 S f 1b and thei

g
sStanaara

B s i Sl e A
nil=p=-n1trophe:

LYy cOmpe.




Figure 18. MOLECULAR WEIGHT BY GEL FILTRATION

Figure 18. Molecular weights of the rat erythrocyte and dorsolateral

prostate isoenzymes, determined by gel-filtration on Sephadex G-100. The

] eluting buffer was 0.025M-tris-0.006M-HC1, pH 9,3, at 40, containing 0,05M-

N
o
I

NaCl. O, myoglobin (mol.wt.17,800); A, soya bean trypsin inhibitor (21,500);
@, buman erythrocyte carbonic anhydrase isoenzyme C (30,000); A , human erythr-

ocyte carbonic anhydrase isoenzyme B (29,000); <, ovalbumin (45,000);[],

o)
|

i bovine plasma albumin (67,000); O, bovin plasma albumin, dimer (134,000).
Ela = Eryth. la (CEP); E2 = Eryth. 2 (CEP); E3 = Eryth. 3 (CEP); Pla =

Prost. la; Plb = Prost., lb; P2 = Prost., 2. The behaviour of the standards

=
(0))
1

(except for the carbonic anhydrase isoenzymes) on filtration was precisely
as described by Andrews (1964). It will be noted that the carbonic

anhydrases are eluted rather more slowly than expected for a molecule

IN
l

of that mass. Slight variations of this kind were noted by Andrews
(1964, 1965) and were explained by him as possibly arising from differences

in shape, The ratios of the elution volumes of the rat isoenzymes to

Blue Dextran (very high molecular weight} were indistinguishable from

=
N
T
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The CO, hydratase activities of the isoenzymes and their inhibition
&

by acetazolamide. Measurements were made of the dependence of the initial
velocity of the hydration of C02 on the initial substrate concentration in
the reactions catalysed by the isoenzymes of the erythrocytes and prostate
after verifying that the initial velocity of hydration was in each case
proportional to the concentration of the enzyme. Assays were also

carried out in the presence of a constant concentration of acetazola-

mide., The concentrations of the isoenzymes in stock solutions (5 - lOpM)

1 cm., 1%
280

and the measured molecular weights. The results of the kinetic experi-

of distilled water were estimated using the measured values of E

ments are shown in Figs, 19 and 20.

It was possible to determine Michaelis constants and maximum velocities

for all the isoenzymes of the erythrocytes and the prostate except Eryth. la

(CEP), The initial velocity of the reaction catalysed by Eryth. la (CEP)
was pfoportional to the initial substrate concentration in both the presence
and absence of acetazolamide, showing that this isoenzyme was far from
saturated with substrate at the maximum experimental concentration of 802
(16mM).

The isoenzymes Eryth. la, Prost. lb, and Prost. 2 were inhibited non-
competitively by acetazolamide, while Eryth. 2 (CEP), Eryth. 3 (CEP) and
Eryth. 3 were inhibited in a mixed, but predominantly competitive, manner.
It was not possible to determine the type of inhibition of Eryth. la (CEP)

4. 2w\ ~ : 17
Fig. 19a). Values of K ,
- ’ m

~~~

| and approximate estimates of K. are

listed in Table 1.

The p-nitrophenyl a




Figure 19. Relationship between [002].and initial velocity of Cug
hydration catalysed by the rat erythrocyte isoenzymes, illustrated by
plotting [initial substraté]/(initial rate) against [initial substratg].
The conditions were OO, pH 7.0, 45mM-NaCl, 5mM-sodium phosphate, and
0.01% peptone. O , uninhibited; @ in the presence of acetazolamide,
at the concn. given in brackets. (a) 120mpM-Eryth.la (CEP) (64mpM) ;

A and A, 120mpM-Eryth.la (63muM); (b) 4,lmpM-Eryth.2 (CLEP) (2.6muM);
(¢c) 1.8upM-Eryth.3 (CEP) (1.3mpM); (d) 2. TupM-Eryth.3 (1.3mpM).
Constants derived from these results are presented in Table 1. Each

point is the result of a single assay. The lines were fitted by

least squares regression analysis.
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Figure 20. Relationship between [002] and initial velocity
of CO, hydration catalysed by the rat dorsolateral prostate isoenzymes,

illustrated by plotting {’

initial substraté}/(initi@l rate) against
[initial substrate]. The conditions were 0°, pH 7.0, 45mM-NaCl,
5mM-sodium phosphate, and 0.0l% peptone. Q, Uninhibited; @ in the
presence of acetazolamide, at the concn. given in brackets, (a)
2,8mpM-Prost. 1b (6.4muM); (b) approx. SmpM-Prost. 2 (1.3mpM).
Constants derived from these results are presented in Table 1.
Each point is the result of a single assay. The lines were fitted
by least squares regression analysis.

{D , 1.3mpM - Prost. lb after storage (in water, at a

£ R

. . moar) g I o .. L
concentration of 4,7uM) for a year at -20, illustrating absence

Figure 20.
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(CEP), Eryth. la, Eryth. 3 and Prost. lb were almost proportional to the

substrate concentration (Fig. 21 ). These isoenzymes were not saturated
with substrate at the maximum concentration of p-nitrophenyl acetate that
could be attained. Similar behaviour was noted by Thorslund & Lindskog
(1967) in their study of the bovine erythrocyte enzyme and by Verpoorte
et al. (1967) for the case of human erythrocyte isoenzyme C.

The nature of the inhibition of the isoenzymes by acetazolamide,UNSA

and ethoxzolamide. The values of Ki (Table 1) for the isoenzymes inter-

acting with acetazolamide were calculated from the results shown in Figs.

19 and 20 by the customary method, in which it is assumed that the concentra-
tion of free inhibitor is equal to the total concentration of inhibitor.
These values are unlikely to have proper physical meaning, for the following
reason., When the initial velocity of 002 hydration catalysed by Eryth. 3
\CEP) was measured at constant substrate concentration in the presence of
varying amounts of acetazolamide, a Dixon plot (Dixon, 1953) of the results
(Fig. 22) was not linear but curved, This is an example of the behaviour
typical of a "mutual depletion system" which is characterized by strong
association between inhibitor and enzyme (Webb, 1963, p.187). A similar
curved plot was obtained when the same isoenzyme catalysed the hydrolysis

of p-nitrophenyl acetate in the presence of the same inhibitor (Fig, 23).

It is clear that in the present conditions of assay and with the nomenclature

of Webb (1963), acetazolamide inhibition of kryth, 3 (CEP) lay within zone B
of inhibition,. The binding of inhibitor to enzyme was not complete because

activity remained when the concentration of acetazolamide was greater than

that of the enzyme (Figs. 22 and 23). In fact, the approximate value of




Figure 21.

Relationship between [p—nitrophenyl acetate| and
initial velocity of the esterase reaction catalysed by several rat

carbonic anhydrase isoenzymes. The results are illustrated by

plotting [initial substrate] /(initial rate) against [initial

substrate]. The conditions were 250, pi 8,0, 10mM-diethylmalonate,

and 1.7% (v/v) acetone. A , 0.35pM-Eryth. la; @, 0.55pM-Eryth,

la (CEP); (O, 0.1lpM-Eryth. 3 (CEP); A , 0.26pM-Prost. 1b. Each

point is the average of two assays.
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Figure 22, Relationship between the reciprocal of the initial
rate of 002 hydration catalysed by Eryth. 3 (CEP) and the total concn.
of acetazolamide (Dixon plot). The conditions were 00, pH 7.0, 45mM-

NaCl, 5mM-sodium phosphate, 0.01% peptone, and the initial C0_, was

2
1,0mM. The enzyme concn. was 1,8mphM. Each point is the result of

a single assay.

Figure 22.
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Figure 23. Relationship between the reciprocal of the initial
rate of p-nitrophenyl acetate hydrolysis catalysed by several rat
carbonic anhydrase isoenzymes and the total concn. of sulphonamide
inhibitor (Dixon plots). The conditions were 250, pil 8.0, 10mM-
diethylmalonate, 1.7% (v/%) acetone, and the initial p-nitrephenyl
acetate was 1.0mM (except where indicated as being 0.5mM). A ;

0.42pM-Eryth. 3 (CEP) inhibited by acetazolamide; ], 0.55pM-Eryth,

la (CEP) inhibited by DNSa; O, 0.42pM-Eryth. 3 (CEP) inhibited by

DNsA; @, 0.26pM-Prost. 1b inhibited by DNSA, Each point is the
result of a single assay. The straight lines were fitted to the
experimental points by least squares regression analysis; the

derived constants are to be found in Table 2,

Figure 23.
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[Eoi/Ki (Table 1) indicates that the system varied between zones A and B

(Webb, 1963, p.70) which meant that in the case of Eryth.3 (CLE} the value

calculated for Ki was a good approximation,

Lesults presented in Fig. 23 and Table 2 show that Eryth. la (CEP) and
Eryth. la were more powerfully inhibited by acetazolamide than were Eryth. 3
(CkP), Eryth. 3, or the other high activity isoenzymes. Therefore the Eryth,
la and acetazolamide system was certainly in zone B of inhibition, and the
calculated value of Ki was only approximate.

The results of inhibition experiments with the three sulphonamides DNSA,
acetazolamide and ethoxzolamide, in the hydrelysis of p-nitrophenyl acetate
catalysed by the isoenzymes, clearly illustrate zones A, B and C of inhibition,
respectively. DNSA, which has been shown to combine with bovine erythrocyte
carbonic anhydrase causing inhibition of the enzyme and giving rise to an
interesting fluorescent system (Chen & Kernohan, 1967), is a relatively weak
inhibiter of Eryth. 3, kryth. 3 (CEP) and rrost. 1b. With this inhibitor
and Eryth. 3 (CEP) a linear Dixon plot was obtained showing that the system
was in zone A of inhibition, The results of inhibiting Eryth, 3 (CEP) with
DNSA at two substrate concentrations are shown in Fig. 23, from which it is
concluded that the inhibition is probably partially competitive because the
lines at the two substrate concentrations do not meet on the x—axis>(Dixon,
1953). (The intercepts with the x-axis have been shown to be significantly
different at the 1% level; Mr. J.G.Rowell kindly performed the rather complex
calculation), The inhibitien can only be partially competitive because

when K (p-nitrophenyl acetate) was calculated from this result assuming
A

ks . 11 et e S wre N T 24 < . : 4 3 4+
totally competl tive inhibition 1t8 magnitude was low in

N o r+ + ) <. -r Y 29 an £ 7 - e Aaod 3 4+ 1 b - ; 24} - b 2 4 n ’
comparison with the value of K indicated by the experiment with Eryth.3 (CEP)
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illustrated in Fig. 21.

Acetazolamide was a stronger inhibitor of Eryth. 3 (Cﬁf} than was DNSA,
giving rise to a curved Dixon plot (Fig. 23); the system lay in zones A
and B. Ethoxzolamide however had a very great affinity for Eryth.3 {(CLP)
and Prost. lb and stochiometrically titrated the activity; in other words,
this was zone C mutual depletion inhibition (Fig. 24a and b).

In comparison with Eryth. 3 (CEP) and Eryth, 3, Eryth, la {Cﬂf) and
Eryth. la were more powerfully inhibited by the three sulphonamides, though
the relative efficiencies of the inhibitors were maintained (Table 2), and

even DNSA yielded a zone B system (Fi 28}. The prostate isoenzyme Prost.

Ib was clearly non-competitively inhibited by DNSA (Fig. 23) though generally

it resembled Eryth. 3 in its properties as a catalyst of p-nitrophenyl acetate

hydrolysis.

The interaction between sulphonamides and the isoenzymes., Inhibition

of p-nitrophenyl acetate hydrolase activity, fluorescence quenching, and

inhibition of CU__hydratase activity. Most of the measurements presented
[=]

4

ig. 24 indicate that the esterase activities of the isoenzymes were

completely inhibited at a molar ratio of inhibitor to enzyme of about 0.5,

The exception was Eryth. la \CEP) where the ratio was about 1. These ratios
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Figure 24a. Relationship between the concentration of inhibitor
in the assay for p-nitrophenyl acetate hydrolase activity and the
fraction of uninhibited activity remaining, illustrated by plotting
the residual activity against the molar ratio of total inhibitor to
total enzyme. @ , 0.55pM=-Eryth. la (CEP), inhibited by acetazolamide
and [l inhibited by ethoxzolamide; [] , 0.42pM-Eryth. 3 (CEP), inhibited
by ethoxzolamide, The conditions were 250, pH 8.0, 10mM-diethylmalon-

ate, 1.7% (v/v) acetone. EBach point is the result of a single assay.

Figure 24b. As for Fig. 24a but the enzyme was 0.26pM-Prost.

1b, inhibited by ethoxzolamide,
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technique could be applied with ejual success to the rat isoenzymes.
results illustrated in Fig. 25a, which were obtained with the use of a
sample of the bovine isoenzyme (provided by Dr J.C.Kernohan), record the
progressive increase in the blue fluorescence characteristic of UNSA in
combination with carbonic anhydrase, as the concentration of the ligand

was increased. Also illustrated is the progressive decrease in this
fluorescence on titration of the DNSA-enzyme combination with ethoxzolamide.
Both processes indicate that the ratio of binding of ligand to enzyme was
about 1; this was the result reported by Chen & Kernohan and provides
evidence for the correct functioning of the technique. However the other
parts of Figs, 25 and 26 show that in most cases the rat isoenzymes appeared
to interact with only half an equivalent of ligand, confirming the results
of p-nitrophenyl acetate hydrolysis (Fig. 24). In the case of Lryth. la
{CQP} however the ratio of DNSA to enzyme was about 1, while the amounts of

either acetazolamide or ethoxzolamide required to replace the UNSA yielded

(91
o

a ratio of only 0.5 (Fig. 26b).

When the points of Fig, 22 were re-plotted in the form of a graph of

per cent CU, hydratase remaining against the molar ratio of inhibitor teo

enzyme, the result illustrated in Fig. 27 was obtained. This suggests

5
that the Gug hydratase activity of Eryth. 3 (CkP) required 3 or more

equivalents of acetazolamide for complete inhibition.
Interpretation of these experiments is impossible at the present time,

Careful repetition is reguired to confirm or disprove these prelimi:

and particular atte

"bonic
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Ligure 25. Results of fluorescence measurements on solutions of
DNSA in combination with carbonic anhydrase, Fluorescence intensity

is plotted against the molar ratio of UNSA or ethoxzolamide to enzyme,

The procedure is described in MATERIALS ANU METHOUS . O , UNsA; @ ,
ethoxzolamide. (a) 0.88pM-Bovine erythrocyte carbonic anhydrase,

isoenzyme B (provided by Dr J. C. Kernohan); (b} 0.55pM-Eryth. 3.

iy

The sensitivity was increased before beginning titration with

ethoxzolamide.

Figure 25.
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Figure 26. HResults of fluorescence measurements on solutions of

UNSA in combination with carbonic anhydrase. Fluorescence intensity is
plotted against the molar ratio of UNSA, ethoxzolamide, or acetazolamide

to enzyme. The procedure is described in MATERIALS AND METHODS. (a)

O and A , UNSA; @ and A , ethoxzolamide ( /\ and A , repetition
with the initial sensitivity increased), 0.83uM-Eryth. 3 (CEP); (b) O
and A\ , DNSA; @ , acetazolamide; A , ethoxzolanmide, 0,55pM=
Eryth. la (CEP).

The sensitivity was increased before beginning titration with

ethoxzolamide in ( a ) (@®).
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The effect of p-nitrophenyl acetate on the C0_ hydration reaction.
[

An attempt was made to determine whether an ester, when added to the co,

hydratase assay, would act as a competitive inhibitor of C0 p-Nitrophenyl

¢
acetate was included in the routine titration assay at concentrations up

to lmM, the maximum concentration attainable under the usual experimental
conditions. The ester was added to the assay mixture 30 sec. before initia-
tion of the reaction. The results of several experiments are summarised in
Table 3, where it can be seen that the presence of the ester caused no signifi-

cant change in the rate of C02 hydration.

The effect of 4-pyridine aldehyde on the LU, hydration reaction. The
o "

hydration of 4-pyridine aldehyde has been shown by Pocker & Meany (1967) to
be catalysed effectively by bovine erythrocyte carbonic anhydrase. In the

present investigation, an attempt was made to influence the rate of the 002

reaction by the addition of this compound to the routine assay of C0O_, hydra-

2

tase activity. First however a cursary examination was made of both the
enzyme-catalysed and uncatalysed rates of hydration of 4-pyridine aldehyde,
in the absence of UUQ.

The progress curve of a typical experiment, shown in Fig. 28, illustrates

the spontaneous hydration of 4-pyridine aldehyde at 3  and pi 7.0. This

result yielded a value for the pseudo-first-order rate constant of the

hydration reaction Kl = 0.72 min. ~, in good agreement with the value of

0.63 quoted by Pocker & Meany (1967), obtained under identical conditi

but at the slij ly lower temperature of 0, The results of similar

pLrool 01 TiAe ldent




Table 3. The effect of p-nitrophenyl acetate on the CO hydration reaction
cataly§ed by several of the rat carbonic anhydrase isoenzymes. The conditions
were O(, pH 7.0, 45mM-NaCl and 5mM-sodium phosphate.

——

k’, the rate constant of the

Initial concn. Initial concn. enzyme-catalysed CU, hydra-
Isoenzyme of CU of p-NPA tion reaction, proportional
(mM) (mM) to enzyme activity.
(sec™ ™)
1, J )
Eryth.la(CEP) 1.0 - 0.0188
(0.2 4 puM)
1.0 1.0 0.0192
25 ’ Y
Eryth. 3(CEP) 1.0 - 0.0202
(1.8 muM)
. 1.0 1.0 0.0205
4.0 - 0.0145
4.0 0.33 0.0140
4.0 1.0 0.0147
3.
Prost. 1b 1.0 - 0.0270

{ p
(2.8 muM)

1.0 1.0 0.0273
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Figure 27, The results of inhibiting progressively with
acetazolamide the GUQ hydratase activity of 1. 8muM~-Eryth. 3 (Cﬂf},
previously illustrated in Fig. 22 and replotted here as per cent
activity remaining against the molar ratio of total inhibitor to
enzyme (Dixon plot). The conditions were 00, pH 7.0, 45mM-NaCl,

SmM-sodium phosphate, 0,01% peptone, and the initial CO_ concentra-
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tion was 1.0mM. Each point is the result of a single assay.
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Table 4. The catalysis of the hydration of lmM-4-pyridine aldehyde o
by several isoenzymes of carbonic anhydrase. The conditions were 3,
pH 7.0 and 10mM-diethylmalonate. The concentrations of the isoenzymes
in the assays were such that the catalysed rates were about twice the
uncatalysed rates, With the same conditions, and the same concentra-
tion of ihe substrate, Pocker & Meany (1967) obtained a value for v/[E]=
N e = : . o
900 min ~ with the bovine enzyme.

Isoenzyme v/[EO} (min—l}

1. Bovine erythrocyte 170
carbonic anhydrasez
isoenzyme 5 (3.8uM).

2. Eryth. la  (4.2pM) 230

3. Eryth, 3 (2.8uM) 360




Table 5. The effect of 4-pyridine aldehyde on the CO_ hydration reaction
catalysed by several rat carbonic anhydrase isoenzymes® The concentration
of C0, = 1.0 mM and the conditions were 0°, pH 7.0, 45mM-NaCl and 5mM-
sodium phosphate.

kl’ the rate constant of the

Initia}'?ogcn. eizyme-catalysed 002 hydra-—
Isoenzyme of 4-PA(mM) tion reaction, proportional
to e?zzﬁglact1v1ty
1. Eryth.la(CEF) (0.32 nM) 0 0.0022
(0.63 nM) 0 0.0050
(0.63 pM) 23 0,0038
(0.95 pM) 0 0.0076
(0.95 pM) 0 0.0072
(0.95 pM) 23 0.0064
(0.99 uM) 23 0. 0059
|

2. Eryth, la (0.99 nM) 0 0.0111
(0.99 M) 0 0.0108
(0.99 nM) 23 0.0113
3. Eryth. 3 (3. 1mpM) 0 0.0108
(3. lmpM) 4.6 0.0109
(3. LmpM) 23 0.0105
4, Prost. 1b (2.8mpM) 0 0.0266

(2.8mpuM) 23 0.0288
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experiments conducted in the presence of Eryth. la, Eryth, 3, and also
bovine erythrocyte carbonic anhydrase isoenzyme B, are summarised in
Table 4. Though the value of'V/[E;] for the bovine isoenzyme found
here was 5 times less than that reported by Pocker & Meany (1967), it
was clear that both rat isoenzymes catalysed the hydration of 4-pyridine
aldehyde.

The results of adding 4-pyridine aldehyde, at a final concentration
of about 23mM, to the routine UU2 hydratase assay, in which the initial
concentration of 002 was 1.0mM, are shown in Table 5. The 4-pyridine
aldehyde was added to the assay mixture (using a micro-syringe) 10 sec.
before initiating the UU2 reaction, Allowance was made for the slight
increase in pH occuring on addition of the pyridine derivative. The
fact that the 4-pyridine aldehyde was hydrated at the same time as the
002 did not lead to interference with the assay because the hydration of
the aldehyde is not accompanied by release or absorption of H' ions. it
is clear from Table 5 that, apart from a slight inhibition of the C02
reaction catalysed by kryth. la (“BP}, there was no difference between
assays carried out in the presence and the absence of 4-pyridine aldehyde
in the cases of the isoenzymes that were examined.

The ¢ ~naphthyl acetate hydrolase (esterase) activities of the isoenzymes,

The results of measurements of initial velocities using the spectrophoto-

metric assay fully confirmed the earlier ohservatign, made after electro-

s, namely, that at a substrate concentration of lmM both preparations

the low activity erythrocyte isoenzyme Eryth. la were superior te both

preparations of the high activity form fryth. 3 as catalysts of the
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hydrolysis of @-napthyl acetate. Neither dorsolateral prostate isoenzyme
could be shown te act as a catalyst of this reaction (Table 2).

The zinc content of the rat dorsolateral prostate and of the prostate

isoenzymes. The concentration of zinc in the dorsolateral prostate
varied from 160 - 190 Pg. zine/g. wet weight, with an average value of
180 pg./g. wet weight, This result is in agreement with the findings

of Mawson & Fischer (1952). Since an homogenate of the tissue contained
an average of 56,000 uni‘ts—UU2 hydratase activity /&. wet weight, the
average value for the ratio of carbonic anhydrase activity to zinc in
Prost. 1b and Prost. 2 was 6,200 units/ug. zinc, assuming approximately
equal quantities of the two isoenzymes in the intact tissue. Therefore
in the dorsolateral prostate carbonic anhydrase accounts for only 5% of

the total zinc found in this organ.




The two major carbonic anhydrase isoenzymes of rat erythrocytes,
which are present in haemolysates in almost equal amounts, differ
markedly in their efficiencies as catalysts. This conclusion is
admissable even though the purity of the isolated isoenzymes has not
been rigorously established. Comparison of values of V/[EO] shows
that as a catalyst of 002 hydration Eryth. 3 was more effective than
Eryth. la by a factor of 70.

Removal of haemoglobin from the rat haemolysate by denaturation
with CHC].3 induced distinet changes in certain kinetic properties of
the carbonic anhydrase isoenzymes., For example, Km (002 hydration)
of Eryth. la (Cﬁf) was so large as to be immeasurable and yet, when

the isoenzyme had not been exposed to the organic solvents, its Km was

lower and could be estimated without difficulty. In the same conditions,

Km of Eryth., 3 (CEP) was lower than ﬁm of Eryth 3. The specific

activities, however, of these pairs of isoenzymes were indistinguishable.

It is conceivable that isoenzymes of rat erythrocyte carbonic anhydrase
are unusually susceptible to organic solvents, because in the case of
the two human erythrocyte isoenzymes Gibbons & Edsall {1964) found no
significant differences in the values of Km (002 hydration) when they
compared samples which had been extracted into Cuulamutuﬂ with those

n - | . N 30 3328 { VR .
from the alternative preparation. Moreover Riddiford (1964) obtained

identical protein titration curves from samples of the human B isoenzyme

prepared by both procedures.
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The appearance of Eryth. 2 (CEP) in the CMCI3-EtOH extract may
have been caused by the organic solvents facilitating its release from
he erythrocyte. Alternatively the CECla-EtUH may have modified one
of the other isoenzymes, probably Eryth. 3, to form this component.
Since some of the kinetic properties of the other isoenzymes are altered
by treatment with CHClS—EtUH it seems possible that changes might
similarly oceur in these parts of an isoenzyme molecule which are
responsible for interaction with DEAE-Sephadex.
In contrast to the erythrocyte isoenzymes, the two major forms of
carbonic anhydrase isolated from the dorsolateral prostate had similar
catalytic efficiencies. Like the erythrocyte isoenzyme Eryth, 3 they
had high specific activities, There were however notable differences
in the kinetic behaviour of, for example, Prost. 1b and Eryth. 3, The
values of Km and V/[FOJ for Prost. 1lb were 2 - 3 times greater than for
Eryth. 3 prepared by either method of purification. Moreover acetazola-
mide inhibition of Prost. lb was non-competitive while Eryth. 3 was
inhibited competitively, in identical conditions.
The interesting observation that the low activity erythrocyte
isoenzyme Eryth. la was considerably more effective than the high
activity form Eryth. 3 as a catalyst of lmM-f-naphthyl acetate hydrolysis,
illustrates a remarkable change in the relative catalytic efficiency of
two isoenzymes with a change in substrate. In the same conditions, the
high activity form was, however, the more efficient catalyst of the
hydrolysis of p-nitrophenyl acetate. The surprising observation that

) -
ne

neither dorsolateral prostate isoenz:

yme catalysed the hydrolysis of t

J
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naphthyl ester emphasizes the need for caution when attempting to detect,
with this substance, carbonic anhydrase activity after electrophoresis.
Acetazolamide caused both a competitive and a non-competitive type
of inhibition with the different iscenzymes, Whereas the high activity
erythrocyte isoenzyme was inhibited in a mixed but mainly competitive
manner, the low activity erythrocyte form and the prostate isoenzymes
were non-competitively inhibited in identical conditions, The results

of earlier quantitative experiments suggested that sulphonamides inhibit

carbonic anhydrase only non-competitively (Davis, 1959; Leibman, Alford &
Boudet, 1961). It must be noted however that these experiments were done

with a human erythrocyte enzyme preparation which presumably consisted of a

mixture of the two isoenzymes now known to differ considerably in their

kinetic properties (Gibbons & Edsall, 1964). Certain recent findings that

offer an explanation for these differences in inhibition type are summarised

in the GENERAL DISCUSSION,

A great deal of evidence has been accumulated showing that those
compounds which inhibit the 002 hydratase activities of the human and
bovine carbonic anhydrase isoenzymes also inhibit their esterase
activities (Pocker & Stone, 1965; 1967; 1968a; Verpoorte et al.,
1967; Thorslund & Lindskog, 1967; Pocker & Storm, 1968), Furthermore
there is universal agreement that acetazolamide, the sulphonamide most

commonly studied, causes reversible non-competitive inhibition of the

hydrolysis of several esters, particularly p-nitrophenyl acetate, when

by these forms of carbonic anhydrase, Competitive inhibition

en described but only in connection with certain substrate analogues,




all of them carbonyl compounds (Pocker & Stone, 1968b). The present

observation that the esterase activity of Eryth. 3 (CEP) was partially

competitively inhibited by DNSA is not incompatible with the previous

findings because, not only is it possible that the rat isoenzyme is

unlike the bovine isoenzyme in the nature of its inhibition by sulphon-

amides, but also in comparison with acetazolamide, DNSA has a much lower

affinity for the enzyme. Similarly, in the case of the 002 reaction it

is possible that the mixed, rather than purely competitive, inhibition

noted for certain of the rat erythrocyte isoenzymes resulted from the

greater affinity of acetazolamide for the isoenzymes and not from a

change in the mechanism of inhibition, since it is clear that purely

competitive inhibition cannot occur in a system in which there is

strong binding between inhibiter and enzyme (Webb, 1963, p.74). Clearly

it is preferable to base classification of competition-type on results il

from experiments with inhibitors of relatively low affinity for the enzyme.
The conflicting results of attempts to determine the number of

molecules of the sulphonamide inhibitors that combine with the rat

carbonic anhydrase isoenzymes, are inexplicable. It is clear that the

experiments must be extended before any conclusions can be reached.

Several previous reports involving bovine erythrocyte carbonic anhydrase

have demonstrated clearly that one molecule of acetazolamide causes complete

inhibition when bound to one molecule of this enzyme (Table 6). This is

not to say that the present results are impossible; it.fs conceivable

-

that the forms of carbonic anhydrase isolated from the tissues of the rat

are inhibited in a manner from the isoenzy previously studied.
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] Swmmary of investigations that have demonstrated that
carbonic anhydrase from both human and bovine erythrocytes combines with
inhibitors in the molar ratio of 1:1.

Isoenzyme Inhibitor Methed Reference
1. Cobalt form Acetazolamide Spectroscopy Lindskog (1963)
of bovine

2. Bovine Acetazolamide Hydrolysis of Pocker & Stone (1967)

p-nitrophenyl
acetate

3. Bovine Acetazolamide Hydration of Pocker & Meany (1967)
acetaldehyde

4. Bovine DNSA and Fluorescence Chen & Kernohan (1967)

ethoxzolamide

5. Bovine

6. Human C

Several anions

Acetoxymercuri- X-ray scattering

sulphanilamide

Hydrolysis of
p-nitrophenyl
acetate

of crystal

Pocker & Stone (1968a)

Fridborg et al.(1967)




It has been contended, partly on the basis of indirect evidence, that

the hydration of 002, the hydration of acetaldehyde and other aldehydes,
and the hydrolysis of p-nitrophenyl acetate and other esters, are all
catalysed at a single active site on the molecule of carbonic anhydrase.
For example, it has been reported that the zinc atom is essential for the

hydration of both CO_, and aldehydes (Pocker & Stone, 1968a) and that the

2
compounds that inhibit hydratase activity also inhibit esterase activity

(Pocker & Stone, 1967; Verpoorte et al., 1967; Pocker & Storm, 1968).

What is more, the relative potencies of a series of anions as inhibitors

of 002 hydration exactly parallels their behaviour as inhibitors of the

hydrolysis of p-nitrophenyl acetate (Roughton & Booth, 1946; Kernohan,

1965; Pocker & Stone, 1968a). More direct evidence for a unique active

site was provided by Pocker & Stone (1968a} when they showed that acetazola- |
3_

anions) in experiments involving mutual inhibition of the hydrolysis of

mide competed with the product of CO, hydration, HCO , (as well as other

2
p-nitrophenyl acetate. However, the effect of ester or aldehyde substrates
on the enzyme-catalysed hydration of 002 has not been previously investigated.

In the present work the' first attempt to inhibit competitively the
UUQ reaction was made using p-nitrophenyl acetate, It was anticipated that
if UU2 and p-nitrophenyl acetate interacted with the same active site, competi-
tion would be observed. In fact the rate of hydration of CUQ was not affected Y
by the presence of the ester, Absence of competition cannot have been

caused by the completion of ester hydrolysis before the addition of the CO

a

veis of the ester was much
yS1ls O (he ester was much

because under the conditions of assay the hydrol

|
o
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On the assumption that the lack of an effect might have been due
to the great difference in the rates of the two reactions or te the
possibility that the Michaelis constants. for the interaction of the

ester and the isoenzymes were much greater than those for CU_,, attention

2’
was turned to the compound 4-pyridine aldehyde, the hydration of which
was known to be catalysed rapidly by carbonic anhydrase, Almost completely
negative results were obtained, even though the concentration of the aldehyde
exceeded that of the 002 by a factor of 20 times.

These experiments indicate that, in the cases of the isoenzymes of
carbonic anhydrase that were examined, either 002 and p-nitrophenyl acetate
or 4-pyridine aldehyde interact at different sites, or the conditions were
not conducive to the occurrance of competition. While the latter explanation
could conceivably have been true in the case of the experiments involving
the ester it less likely to have been so for the experiment with the aldehyde.
One outstanding difference in the conditions of many of the experiments in
which 502 and either p-nitrophenyl acetate or 4-pyridine aldehyde are assayed
is the concentration of the enzyme. In the case of 002 hydration, the
concentrations that are used of the high activity forms of the enzyme are
in the region of 1-5mpM, while in the assay of either the ester or the
aldehyde the concentration of the same enzyme is between 0.5 and SuM. It
is perhaps significant that the only evidence for any competition was found
in the case of the addition of the aldehyde to the assay of the low activity
isoenzyme kryth. la (CLP), where the concentration of the isoenzyme in the

C0, hydration assay (9.5pM) was comparable with its concentration in the

22 b | 3 ( 1 l Avahg |
4-pyridine aldehyde assay (about ﬂph},
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The extraordinarily large quantity of carbonic anhydrase in the rat
dorsolateral prostate, demonstrated in these experiments, appears to re-
present only a small fraction of the unusually high concentration of zinc
in the same region of that organ (Gunn et al., 1955). Evidence of a
different kind also suggests that much of the prostatic sinc is not bound
to carbonie anhydrase, When certain zinc-chelating agents were administered
to rats, large quantities of the zinc-chelate complex were found in the
dorsolateral prostates (Sternberg, Cronin & Philips, 1965), Since carbonic
anhydrase is itself a powerful chelator of zinc, it is most unlikely that
the compounds that were injected could have removed the metal from the
enzyme ., Indeed it has proved impossible to extract zinc from the bovine
erythrocyte enzyme at neutral pH with even the most effective chelating
compounds {Lindskog & Malmstrom, 1960). Furthermore, examination of the
subcellular distribution of zinc in the rat dorsolateral prostate indicates
that about half only of the total zinc is to be found in the soluble
fraction of the homogenate (Ear & Chowdhury, 1966}. Experiments have
been carried out to examine the intracellular distribution of carbonic
anhydrase in several tissues and the conclusion in each case was that at
least as much as 80% of the activity was recoverable in the supernatant
fraction (Datta & Shepard, 1959; Karler & Woodbury, 1960),

It is difficult to assign to carbonic anhydrase a definite function

in the biochemistry and physiology of the rat prostate.

L=
[
=
®

prostate is

an accessory organ, the metabolism of which is dependent upon the male

hormone (Mann, 1964; p. 45). It would undoubtedly be of interest to

relationship between testosterone and the levels of the

el 2 & i | P wh e n , el o a8 1 e T ST Mgy
LHRLviddal prostavic caroonic anhydrase is oenzymes, 'wo
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this are possible, Rats could be castrated, thus directly depriving

the prostatic tissue of the influence of testosterone, or alternatively

the action of testosterone could be directly counteracted by administering

to rats anti-androgenic compounds such as chlormadinone acetate (McIntosh

& Lutwak-Mann, 1967} or cyproterone acetate, Either procedure however

would induce regression of the prostate tissue, resulting in less material for
the identification of the isoenzymes. The other approach might be to attempt
to synthesize carbonic anhydrase in vitro in cultures of prostatic tissue

and to study in this way the type of isoenzyme formed in response to

testosterone itself and also the antagonistic hormonal agents,




SUMMARY

1. Three forms of carbonic anhydrase were isolated from the erythrocytes

of the rat and two forms from the dorsolateral prostate of the rat. Several

additional minor components were observed but not isolated. Separation of the

isoenzymes was achieved by ion-exchange chromatography, polyacryl

{
o - (=

@

electrophoresis and isoelectric focusing.
2. The general properties of the isolated isoenzymes, their molecular

weights and their contents of zinc, were closely similar., As catalysts of

the hydration of carbon dioxide however, they were distinctly different. The

+

two most abundant isoenzymes of the erythrocytes, which were found in equal

proportions, d in specific activity by a factor of 70, whereas the
isoenzymes of the dorsolateral prostate were similar to one another and

resembled the component of the erythrocytes., The inhibition

ide was mair

conditions the low ac dorsolateral

nrostate isoenzymes were non—co

3. use of CHCl -LtUH to remove haemoglobin from the rat haemolysate

'

" {0\ 4 e . i . - e L 4 i .
was found (a) to bring about in the kinetic propert of the soluble

1s80éel alld (0] L0 Cause Lie appearance 01 an additional 12
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el

hat the ratio of the sulphonamides

5. Several experiments
to the isoenzymes causing complete inhibition were different in comparison
with previously reported results obtained with the use of carbonic anhydrase
from other species.

6. No significant inhibition of UUQ hydration was detected on the

addition of either p-nitrophenyl acetate or 4-pyridine aldehyde to the 002

assay.
7. The low activity erythrocyte isoenzyme was an efficient catalyst of
the hydrolysis cd?@«naphthyl acetate whereas the high activity forms were
much less active toward this ester. It is of interest that neither of the
isoenzymes present in the dorsolateral prostate was found to catalyse this
reation.
8. Carbonic anhydrase in the rat dorsolateral prostate accounts for no

more than 5% of the unusually high content of zinc in this organ.




CHAPTER 3

B

CAIKBUNIC ANHYDRASE ISOENZYMES IN
AND UTERUS OF THE SHEEP

INTRODUCTION

Carbonic anhydrase has been shown to occur in the female reproductive

tract of a variety of mammalian species, and the interior lining of the
uterus, or endometrium, has been established as one of the main loci of

activity (Lutwak-Mann, 1955). The endometrium of both the non-pregnant

and pregnant sheep was found to be rich in carbonic anhydrase activity,

of ovarian function. Though
a less attractive enzyme for study, perhaps, than rabbit endometrial
carbonic anhydrase {tﬂe activity of which is dependent upon ovarian
hormone control (Lutwak-Mann, 1955)), the sheep enzyme could be obtained
in large amounts which greatly facilitated its pur

examination of its properties.

The aim of this investigation was to characterize the

enzyme

&y

it with the forms of

from the red blood cells of the s
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LIMENTAL AND RESULTS

Preparation of the isoenzymes.

Erythrocyte isoenzymes. Blood was collected from a single female

|
sheep and the erythrocytes were isolated, washed and haemolysed, and then l
|

treated with CHCIQ-EtOHQ 'he details of these procedures have been described
L2
1
in Chapter 2. The lyophilized extract containing carbonic anhydrase was
\

dissolved in Buffer I, dialysed exhaustively against the buffer, and applied fl
to a column of DEAE-Sephadex equilibrated with the same buffer. \

Fig, 29 shows the result of chromatography and in addition indicates \
subsequent steps in which rechromatography was performed. In the first \

| chromatogram rather a large quantity of the initial extract was applied to

the column causing overloading with the result that the isoenzymes emerged
? more rapidly than was usually observed and the major peak was skewed. |

\ Two isoenzymes were found having similar specific activities. The

first to emerge from the column represented the major part of both the

|
arl i anhvdrase activity and 1 tel The two forms uld t Q ated ‘
carbonic anhydrase activity and protein. The two forms could be separated
* |
‘\
e o o . » 1 § 1 1 _ | 1 :t . i |
fairly efficiently by repeated chromatography. They were nu d in the
\ il
‘ : . bR = . ] \
usual manner acco ng to the order of their elution from the column; Eryth. }
|
1
1 (CEFP) and Eryth. 2 (CEP). Fig. 30 depicts the results.of polyacrylamide

purification,

I R I, - S
1§ sSnowing ester
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Figure 29. A flow sheet summarizing the purification of sheep
erythrocyte carbonic anhydrase and its resolution into isoenzymes, by
column chromatography using DEAE-Sephadex. The starting material was

a CHCl3wﬂt0H extract of washed erythrocytes. Iach box contains a

description of the buffer used in that particular chromatographic

step; the pH of each buffer was approximately 9.3 at 4°, ——
(Continuous), EZBO; —— (stepped), C02 hydratase activity (modified
Philpot assay); — — — , zinec. The heavy bars near the horizontal axes
show which fractions were combined for further purification. The numbering

of the peaks corresponds to the numbering of the isoenzymes.

Figure 29.

ACTIVITY
(.arbitrary activity units / aliquot of etluent fraction )

ACTIVITY

(arbitrary octwity units / aliquot of eflu

IS

SHEEP

ERYTHROCYTE

[fecoe

DEAE -SEPHADEX CHROMATOGAPHY

ETHANOL / CHLOROFORM g l%[

on )

ent fract
>

w

2

0O-050 M tris / O-OI2M HCI

O-IOM tris / 0-O24 M HCI

300

1

T ¢ u

OPTICAL DENSITY 280 my

[e]
g

o

200

300

400

500 g 600

VOLUME OF EFLUENT (mi)

§ecocococcoces

700

800

r 500
VOLUME OF ¢ EFLUENT (ml)
L]

OPTICAL DENSITY 280 my
and
ZINC ( pg / ml of etluent fraction )

600

LT
®e
u-o.....
o.....
%
oy

ACTIVITY

(arbitrary activity units / aliquot of eflu

et fraction )
>

w

~

O-IOM tris / O°024 M HCI

2

o

100

200

300 400 €00, 600 700 200

®
VOLUME OF EFLUENT (mi)

{eosccccooe




Figure 30. SHEEP ERYTHROCYTE ACRYLAMIDE -GEL ELECTROPHORESIS

Figure 30. Polyacrylamide gel electropherograms obtained
at several stages in the isolation of carbonic anhydrase isoenzymes

from the CHC].S—EtUi‘l extract of washed sheep erythrocytes. The

ETHANOL / CHLOROFORM u Esterase activity
EXTRACT

direction of protein migration is indicated by the arrow. Isoenzyme

1 = Eryth, 1 (CLF); isoenzyme 2 = Lryth, 2 (CEP), The numbering

Esterase activity in the
(3 . - omi
of the peaks refers to rig. 29, ] presence of acetazolamide
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activity toward g-naphthyl acetate in the presence and absence of acetazola-

©

mide. There appears to be a very minor carbonic anhydrase component moving
slightly faster than Eryth. 2 (CEP). There is no evidence for this on
chromatography, where the CO, hydratase assay was used. It is possible

&

that this minor component was a low activity form of the enzyme, only active
in the catalysis of p-naphthyl acetate hydrolysis.

A sample of sheep haemolysate was subjected to isoelectric focusing
with the result shown in Fig. 31. The colour photograph of the column,
taken after equilibrium had been attained, shows the presence of several

minor forms of haemoglobin. Before photography, a large part of the major

band of haemoglobin was removed using a capillary tube. The discontinuity
in the pH gradient thus produced is seen in the figure. The isoelectric

point of the peak of carbonic anhydrase activity was about 6.6; Eryth. 2
(CEP) can perhaps be seen as a small shoulder on the high-pll side of the
peak of activity. However, this result does not exclude the possibility
that the activity peak might be a homogeneous single component and that one
of the erythrocyte isoenzymes found on chromatography was produced by the
Ghﬁlaubtdh extraction procedure.

There was no opportunity to perform experiments similar to those
described in Chapter 2 in which carbonic anhydrase was extracted without
the use of UnClSmE:UH<

Indometrial isoenzyme. Endometrial tissue was dissected from the

o] +
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Figure 31. SHEEP HAEMOLYSATE ISOELECTRIC FOCUSING

10 4

Figure 31. Results of the isoelectric focusing experiment on

a sheep haemolysate, not treated with ‘JﬁCl3-Lt01{, The fraction

volume was 2ml. pH ; - - continuous, 5954 (no units given;

the measurement has little quantitative meaning because the carrier

ampholytes absorb strongly at this wavelength); — (’stepped),

UUZ hydratase activity (modified Philpot assay ).
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Contamination by haemoglobin was negligible,
The endometrial tissue was homogenized in a Waring blender with 2veol.-
Buffer II and then centrifuged at 10,000g. for 30 min, An assay performed
on the whole homogeénate showed that this sample contained 1,500 units carbonic
anhydrase activity /g. wet weight. (Other experiments showed that there was
no significant difference between the specific activities of sheep endometrial
tissue obtained from non-pregnant animals in the luteal and oestrus phases),
The 220ml. of slightly pink opalescent supernatant solution was dialysed
against three changes of water, after which a pilot ammonium sulphate fraction-
ation was carried out, It was found that almost all the carbonic anhydrase
activity was precipitated between about 35% and 60% ammonium sulphate satura-
tion (pH 7.7, 40). Consequently, 45g. of ammonium sulphate {containing 1
part in 600 Tris to neutralize acidity) was dissolved in the dialysed extract, |
|
giving a volume of 260ml. This was equivalent to adding 242g, salt / litre }
extract. The pH of the extract before the addition of the ammonium sulphate
wvas 7.7 and after, 7.8 (40). The suspension was centrifuged after stirring
for 15 min. at 4°, To the resulting pale pink supernatant solution was
added a further 67g. of ammonium sulphate; this was equivalent to adding
a total of 510g. salt / litre of the original extract. The precipitate
from this step contained 90% of the enzyme activity and all the pink coloured
material. It was dissolved in, and dialysed against, water to give a

solution.

sed material was freeze-dried and the residue dialysed against

Buffer I. DEAE-Sephadex ion-exchange chromatography was carried out in the
usual manner yielding a single, skewed, peak. The skewing is believed to

by overloa

o

have been caused The active led. and

Lo
ACLIONS were nNoo




after freeze-drying, subjected to isoelectric focusing. The results of
chromatography and isoelectric focusing are shown in I'ig. 32, 'The carbonic
anhydrase - containing fractions from the isoelectric focusing experiment

were lyophilized, dissolved in the minimum volume of Buffer III and subject-

ed to gel filtration, using the same column of Sephadex G-100 that wasemployed
in determining molecular weights; the enzyme was thus separated from the

low molecular weight ampholytes introduced during isoelectric focusing. The
purification is summarized in Table 7, and results of electrophoresis performed
at successgive stages are shown in Fig. 33.

A single isoenzyme only of carbonic anhydrase was observed. The two
strong bands of @—naphthyl acetate hydrolase activity, detected on electro-
phoresis, were undiminished in the control gels containing acetazolamide,

The good recovery of activity (Table 7) indicates that no major soluble
carbonic anhydrase isoenzyme of sheep endometrium, with a high specific
activity toward CO, hydration, escaped detection.

2

Properties of the isoenzymes.

The properties of the isoenzymes isolated from the erythrocytes (Eryth.)

and the endometrium (Endo.) are listed in Table 8,

Molecular weights. The isoenzymes from both the erythrocytes and the
endometrium were found to have molecular weights in the range 28,000 - 31,000
(Fig. 34).

kExperiments were

"f. he initi




_Figure 32. SHEEP ENDOMETRIUM DEAE -SEPHADEX CHROMATOGAPHY
AND |ISOELECTRIC FOCUSING

EXTRACT
—

v
SALT FRACTION
Figure 32. A flow sheet summarizing the purification of sheep

endometrial carbonic anhydrase by salt fractionation, column chromato- O'IOM tris / O-O24 M HCI

graphy on DEAE-Sephadex and isoelectric focusing, ~————— (Continuous),

N
1
o
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E280; —————— (stepped), 002 hydratase activity (modified Philpot
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assay); @ , pH of each fraction. Details of the extraction and of

the ammonium sulphate fractionation are given in the text. The heavy
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bars near the horizontal axes show which fractions were combined for

OPTICAL DENSITY 280 my

further purification.

o
[}

200 °e, 300 400 500 700
VOLUME OF EFLUENT (ml)
l.-

c
o
=
[¢)
o
e
&
-
c
[
b= ]
=
[
bl
o
o
> .5
E o
25
5\
< 2
[=4
=]
>
-~
>
=
v
(o)
>
[N
o
[N
=
Fal
[
o

o

T T

ACTIVITY
(arbitrary units/aliquot of efluent fraction)

0 20 ™% a0 50

EFLUENT: FRACTION

ISOENZYME |

890994

=4 14




Table 7. Summary of the purificati@n of carbonic anhydrase
of sheep endometrium.

Units of Total Yield of
Volume activity/ activity activity
ml (units) (%)
Supernatant of tissue
homogenate 222 500 110,000 {100}
Active fraction from
ammonium sulphate
precipitation. 18.5 5,600 98,000 90
After ion-exchange
chromatography. 335 280 94,000 85
After isoelectric focus-
ing, gel filtration
and lyophilization 2.0 44,500 89,000 81

(dissolved in 2.0ml
water).
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Figure 33, SHEEP ENDOMETRIUM  ACRYLAMIDE -GEL ELECTROPHORESIS
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Figure 33. Polyacrylamide gel electropherograms obtained at

several stages in the isolation of carbonic anhydrase from the
endometrium of the sheep. The direction of protein migration is
indicated by the arrow. The preparation of the extract and the ‘
Esterase activit
EXTRACT ‘ y

salt fraction is described in the text.
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Figure 34. Molecular weights of the sheep erythrocyte and
endometrial isoenzymes determined by gel-filtration on Sephadex G-100.
The eluting buffer was 0.025M-tris-0,006M-HCl, pH 9.3 at 40, containing
0.05M~NaCl. O , myoglobin (mol.wt.17,800); /\, soya bean trypsin
inhibitor (21,500); @ , human erythrocyte carbonic anhydrase isoenzyme
C (30,000); A , human erythrocyte carbonic anhydrase isoenzyme B
(29,000); < , ovalbumin (45,000); [0 , bovine plasma albumin
(67,000); 0O , bovine plasma albumin, dimer (134,000). El = Exryth,1
(CEP); E2 = Eryth. 2 (CEP); En = Endo. 1. The behaviour of the

standards (except for the carbonic anhydrase isoenzymes) on filtration

was precisely as described by Andrews (1964). It will be noted that

the carbonic anhydrases are eluted rather more slowly than expected for
a molecule of that mass, Slight variations of this kind were noted by

Andrews (1964, 1965) and were explained by him as possibly arising from

differences in shape. The ratios of the elution volumes of the sheep

isoenzymes to Blue Dextran (very high molecular weisht) were indistinguish-
y o [ = E=—} V4 (=}

PROTEIN ELUTION VOLUME / VOID VOLUME

able from the human erythrocytes isoenzymes.

D ————

1
100 150

1073 x MOLECULAR WEIGHT

et e s oy




ENDOMETRIAL ISOENZYMES. C02 HYDRATION

3

)
3
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Figure 35. Relationship between @pugj and initial velocity of

CU, hydration catalysed by the sheep erythrocyte and endometrial isoenzymes,
illustrated by plotting Einitial substraté}/(initial rate)against {initial
substratg]. The conditions were OO, pH 7.0, 45 mM-NaCl and 5 mM-sodium
phosphate and 0.01% peptone. O, uninhibited; @, in the presence of

acetazolamide, at the concn. given in brackets. (a) 5.4mpM-Eryth, 1 (CEP)

(3.2mpM); (b) 6.7mpM-Eryth., 2 (CEP) (6.4mpM); (c) 6.6muM Endo. 1 (2.5mpM),

SUBSTRATE CONCENTRATION / INITiAL VELOCITY (sec.)
SUBSTRATE CONCENTRATION / INITIAL VELOCITY (sec.)

Constants derived from these results are presented in Tahle 8. lach point
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J(’lewﬂ’ ] iru

of tilled water were estimated using the measured values of Eoco
i &S U
and the measured molecular weights, The concentration of the endometrial
. . » lem,, 1% v
isoenzyme was calculated assuming an average value for LW%@ " = 17. The
o

results of these kinetic experiments are shown in Fig. 35.

It was possible to determine Michaelis constants and maximum velocities
in each case, The three isoenzymes behaved as typical high activity forms
of carbonic anhydrase. Béth erythrocyte components were inhibited by aceta-
zolamide in a mixed manner while the endometrial isoenzyme was inhibited non-
competitively in identical conditions., Values of Km’ v/ [on and approximate
estimates of Ki are listed in Table 8; the values of [on /Ki show that the
inhibitions of all the isoenzymes lay in zone B (Webb, 1963, p.70),

The p-nitrophenyl acetate and gmnanhthyl acetate hydfﬂlasg,festerase}

activities of the erythrocyte isoenzymes. Measurements of the velocities

of both reactions were made under the conditions already described in detail

for the case of the ra

t enzymes (Chapter 2). Both erythrocyte isoenzymes
behaved as typical high activity forms of carbonic anhydrase at the single
substrate concentration of 1mM, The results are shown in Table 8, Though
thece was-uo-epperiunity to perferm experiments with the endometria] isoenzyme,
results of CO

hydration behaviour typical of a high activity

I

\w}

1\

component would have been observed.




DISCUSSION

[wlw

o

Sheep erythrocyte carbonic anhydrase is similar to the bovine enzyme

in that both consist mainly of a single, high activity, component together

with small amounts of a minor high activit

o

minor components were distinctly different from one another on the basis of

catalysis of CO_ hydration. Though the carbonic anhydrase was pre-

pared from a uh013~mtun extract only, the results of the isoelectric
focusing experiment done with an untreated haemolysate confirmed the
presence of but a single major isoenzyme. There was no evidence for a
low activity form of the enzyme, such as that found in rat blood,

characterized by its high efficiency as a catalyst of @ -naphthyl acetate

bhydrolysis, It would be most desirable, in the light of the findings with

inetically the forms of carbonic

the rat erythrocyte isoenzymes, to compare

anhvdrase prepared from sheep erythrocytes with and without the use of
I) P S P S o 4

Y
A
organic solvents.

The single isoenzyme isolated from sheep endometrium was also of the

but it was distinguished from the erythrocyte compon-
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ents by its purely non-competitive, rather than mixed, inhibition by

acetazolamide. There was no trace of an isoenzyme with high efficiency

hyl acetate reaction, though it can be seen freom the results
of electrophoresis that Endo. 1 did catalyse the hydrolysis of this ester

r

with moderate effic stponed until the

AW

y isoenzyme. The sheep major and




was inhibited non-competitively by acetazolamide, There was no evidence

SUMMARY

1. Carbonic anhydrase extracted from sheep erythrocytes with

CQUIB-ut'H was resolved into two forms by ion-exchange chromatography

and polyacrylamide gel electrophoresis. The isoenzyme which was eluted

more rapidly from the column was present in great excess of the other.
2. Both forms, Eryth. 1 (CEP) and Eryth, 2 (CEP) were typical in

most respects of the previously investigated high specific activity

isoenzymes of carbonic anhydrase, and possessed relatively low activities

as §«naphtﬁyl acetate hydrolases. Their UUQ hydratase activities were
inhibited in a mixed manner by acetazolamide,

3. Sheep endometrial carbonic anhydrase was isolated in very high
yield in the form of one isoenzyme. None of the difficulties met with
in the purification of the rabbit endometrial enzyme was encountered in
this case, The isolation procedure invelved an ammonium sulphate precipi-

tation followed by ion—-exchange chromatography and isoelectric focusing

(—Rd
("!}

le properties that were examined of the purified isoenzyme were typical

of high activity forms of carbonic ai

its ﬁug hydratase activity

for a component in the endometrium having a high efficiency as a B

ot at a Facrd v 1
iCclale ilyaroiase,

4. The molecular weights of the

J 4+ e o n) Fisiaa v » v r T o s
from those of the human erythrocytes




CHAPTER 4

ND) UTERUS OF THE RABBIT

INTRODUGTION
The presence of carbonic anhydrase was detected in the endometrium
of pregnant rabbits 6-8 days after mating by Lutwak-Mann (1954) who also
demonstrated that, unlike the case of the sheep, the non-pregnant rabbit
uterus + was almost devoid of activity. These experiments were extended
in later work (Lutwak-Mann, 1955) and the earlier observation, that the
appearance of carbonic anhydrase activity in the endometrium could be
stimulated by injection of gonadotrephins, was confirmed. Furthermore,

gesterone was shown to be the principal ovari

o

n hormone responsible

for exerting this control

An investigation of end

" [P .
1dometri

and to n
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red blood cell.
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EXPERIMENTAL AND RESULTS

Preparation of the isoenzymes.

Erythrocyte isoenzymes. Blood was collected from female cross—bred

rabbits and the erythrocytes were isolated, washed and haemolysed, and then
treated with CBUlS-LtUh. The details of these procedures have been described
in Chapter 2, The lyophilized extract containing carbonic anhydrase was
dissolved in Buffer II, dialysed exhaustively against the buffer, and applied
to a column of DEAE-Sephadex equilibrated with same buffer. Initial chromato-
graphy was carried out in Buffer II rather than Buffer I because experiment
showed that the rabbit extract did not contain any major slow-running isoenzyme
of carbonic anhydrase.

Fig. 36 depicts the result of chromatography and in addition indicates
a step in which rechromatography was performed. The heavy bars show which
fractions were pooled for lyophilization and rechromatography. Two major
isoenzymes were found having very different specific activities as COQ
hydratases in the modified Philpot assay; this difference was later confirmed

by kinetic experiments. A minor component of carbonic anhydrase was detected

1 4 mi 5 "o - 4 2 3 < * 1 + »
but not isolated. The two major isoenzymes were numbered in the usual
=

The carbonic anhydrase isoenzymes will be referred to hereafter as follows:

erythrocyte isoenzymes, Eryth. (number); endometrial isoenzymes, Endo,

‘ o \ ( D\ o . e 3 . s o 42 J
{(number ). (CEP) after an isoenzyme indicates purification from a

CHC] -EtOH extract.
5}
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Figure 36. A flow sheet summarizing the purification of rabbit
erythrocyte carbonic anhydrase and its resolution into isoenzymes, by
column chromatography using DEAE-Sephadex. The starting material was
a Ci’l&‘)la—EtUbi extract of washed erythrocytes. Each box contains a

description of the buffer used in that particular chromatographic step;

; - g : 0 ;
the pH of each buffer was approximately 9.3 at 4 . —— (Contlnuous),

(Stepped;, CO0_, hydratase activity (modified Philpot assay);

2

~ — — , zinec. The heavy bars near the horizontal axes show which
ractions were combined for further purification. The numbering of the

peaks corresponds to the numbering of the isoenzymes.
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manner according to the order of their elution from the column; Eryth.l

(CEP) and Eryth. 3 (CEP), Fig. 37 shows the results of polyacrylamide

gel electrophoresis performed at successive stages of the purification,

The low activity isoenzyme Eryth. 1 (CEP) can be seen to be very active

as a catalyst of the hydrolysis of g-naphthyl acetate. The high activity

isoenzyme Eryth. 3 (CEP) was isolated in a somewhat impure condition; re-

chromatography or isoelectric focusing would probably have improved its

purity. It was interesting to note the presence in the CLClamﬁtuh extract

of several powerful esterases that were not inhibitable by acetazolamide.
There was no opportunity to perform experiments similar to those

described in Chapter 2 in which carbonic anhydrase was extracted without

the use of Ch813nntun.

Endometrial isoenzymes. Attempts to chromatograph dilute, centrifuged

homogenates of rabbit endometrium on DEAE-Sephadex columns of the usual
dimensions were unsuccessful. (An experiment using a very short column

is described bhelow). Blocking of the column invariably occurred; this

was believed to be caused by the large proportion of mucoprotein in this

tissue. Several alternative procedures were examined for the extraction

of carbonic anhydrase from the homogenate.
Treatment with cnulq«mtuh was tried initially. Endometrial tissue

of 6-day pregnant cross-bred rabbits was carefully dissected from the uterine

A mass of 0.5-1.0g. of material could be collecte 1 animal, 20g
0 Il
0 tlissue was gi0ula 1il 4 morvaer wicvn sand av 4 . Wwien the tTlissue had

broken up Sml. (0.25vol. )-EtOH was added and then 5.9ml.(0.31vel, )-CHC1 as

|
(9}
“Lloy

the grinding

Finally, after the mixture had been let sta

» \ X i . g s 3
for l.) = 0, (0] aaline wa 8 stirred in




P e e R SMTEE
st RSN TS =

~retrmr=en

Figure 37. Polyacrylamide gel electropherograms obtained at

several stages during the isolation of carbonic anhydrase isocenzymes
from the CMU13_LtUH extract of washed rabbit erythrocytes. The
direction of protein migration is indicated by the arrow. Isoenzyme
1l = Eryth. 1 (CEP); isoenzyme 3 = Eryth. 3 (CEP). The numbering

of the peaks refers to Fig. 36.
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was centrifuged at 10,000g. for 30 min. The precipitate was re-
extracted with the same volumes of EtOH, CHE13F and saline, The

supernatant from this second extraction yielded a further 15% activity
and had the same specific activity as the initial extract; the extracts
were combined. After lyophilization the residue was dissolved in Buffer
II and then dialysed against this buffer. The dialysed material was
chromatographed on a column of DEAL-Sephadex equilibrated with Buffer
I1; the result of this is shown in Fig. 38. The material from the

)

major peak of activity was dialysed against water and lyophilized. The

residue was dissolved in Buffer II and passed through a column of Sephadex

G-100. The fractions containing carbonic anhydrase activity were collected
and lyophilized after dialysis against water. This material, when analysed

. - " y o on . . s |
by electrophoresis (Figure 39), was found to contain three protein components

I
P &

in approximately equal proportions and it was assumed therefore that the

carbonic anhydrase was approximately 33% pure. The purification is
summarized in Table 9. It is the properties of this preparation of the

endometrial enzyme that are reported in Table 10.
Another procedure, in which an homogenate was extracted with n—

butanol, fellowing one of the methods devised by Morton (1955

isolation of lipo-proteins, bas given promising results. A 10vol.-

pared using Buffer II; to

n-puitano




Figure 38. A flow sheet summarizing the purification of rabbit
endometrial carbonic anhydrase, by column chromatography using DEAK-
Sephadex and gel filtration using Sephadex G-100. The preparation
of the Uu013~LtUﬁ extract is described in the text. (Continuous),
EQSO; ——————— (stepped), C02 hydratase activity (modified Philpot assay ).

The heavy line near the horizontal axis shows which fractions were combined

for chromatography.

Figure 38. RABBIT ENDOMETRIUM DEAE-SEPHADEX CHROMATOGAPHY
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Figure 39. Polyacrylamide gel electropherograms obtained at

several stages in the isolation of carbonic anhydrase from the CHC1

3

BtUl extract of rabbit endometrium. The direction of protein migration

is indicated by the arrow.

The numbering of the peak refers to Fig. 38

| Figure 39. RABBIT ENDOMETRIUM
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Table 9. Results of three procedures for the extraction of carbonic
anhydrase from rabbit endometrium, and a summary of the partial purification
of an endometrial isoenzyme, The conditions in the assay (titration at

constant pH; Chapter 1) were: 0 » PH 7.0, 45mM-NaCl, 5mM-sodium phosphate
and 0.01% peptone, and the initial substrate concentration was 1, 0mM-CO,_ ,

Protein was determined by the method of Lowry et al., {1951}5 .

Units extracted/ Specific activity Recovery of
" . & . / . .
Treatment g. wet weight (units/mg, activity
tissue protein) (%)

1. 10 vol-homogenate,
made with Buffer II 2,500 29 (100)

After chromatography
(7cm,column) - 1,100 70
2. n-Butanol extract of

Buffer II-homogenate 2,300 - 64 92

After chromatography
{(7cm. column) - 1,500 80

3. CHC1l_-EtOH extract 2,100 95 84
J
After chromatography
(35cm.column) - 2,600 70
After gel filtration - 3,000 64




81

The fractions

phed on a column of UEAE

containing carbonic anhydrase activity were pooled, dialysed, and lyophilized.
A portion of the homogenate was chromatographed direct on a Tcm, column

of DEAL-Sephadex; in the case of this short column chromatography was success-

ful, though the recovery of activity was low. The active fractions were
pool and lyophilized. These treatments are summarized in Table 9. There

was no opportunity to continue further the purification of rabbit endometrial
carbonic anhydrase.

Lontamination of endometrial extracts with erythrocyte carbonic anhydrase.

When an homogenate of endometrial tissue was centrifuged, the supernatant
solution was pink in colour. Assuming that this colour was due mainly to
haemoglobin, an estimate of its concentration in the opalescent solution was

made using the microspectroscope. The results of many such determinations

showed that red blood cell rase accounted for between 5% and
15/ of the total activity this enzyme in the endometrial extract. There-

fore it is unlikely that the carbonic anhvdrase isolated from the endometrial

“Ow@ renate

ythrocyte isoenzymes.

Nevertheless, in view of the close similarity in the properties of

! a1 5 m_1. 13 10\ 41
fryth., 3 (CEF) and Endo. 2 (Table 10) t

\'tamination

cannot be excluded.

2 4 N R P
01 vhe 1lsoenzymes 1soliated

the erythrocyvtes
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Figure 40. Molecular weights of the rabbit erythrocyte and
endometrial isoenzymes determined by gel-filtration on Sephadex G-100.
The eluting buffer was 05025M=tris=00006M=£C1, pH 9.3 at 40, containing
0.05M=NaC1, QO , myoglobin (mol.wt.17,800}; /\ , soya bean trypsin
inhibitor (21,500); ) , human erythrocyte carbonic anhydrase isoenzyme
C (30,000}; A , human erythrocyte carbonic anhydrase isoenzyme B
(29,000}; <$ , ovalbumin (45,000); [ » bovine plasma albumin
(67,000); ) , bovine plasma albumin, dimer (134,000), El = Eryth,1
: (CEP).

(CEP); E3 = kryth.3 (CEP); kn = Endo. 25 The behaviour of the
standards (except for the carbonic anhydrase isoenzymes) on filtration
was precisely as described by Andrews (1964). It will be noted that
the carbonic anhydrases are eluted rather more slowly than expecﬁed for
a molecule of that mass. Slight variations of this kind were noted by
Andrews (1964, 1965) and were explained by him as possibly arising from
differences in shape, The ratios of the elution volumes of the rabbit

isoenzymes to Blue Dextran (very high molecular weight ) were indistinguish-

able from the human erythrocytes isoenzymes,

Figure 40. MOLECULAR WEIGHT BY GEL FILTRATION
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he CU_ hydratase activities of the isoenzymes. Ixperiments were
: Vo, dydratase vities Oi 1 28

&~

carried out using methods identical to those already described in Chapter
2: an investigation was made of the effect on the initial rate of varying

’ 1) =] |
the initial substrate concentration in the presence and absence of acetazola- ‘

|
mide. The concentrations of the erythrocyte isoenzymes in stock solutions

lem. ,1%

(5-10pM) of distilled water were estimated using the measured values of Esg0

y

and the measured molecular weights. The approximate concentration of the |

. “ 5 . e Y.l cm 1H'
endometrial isoenzyme was calculated assuming \1) an average value for ﬁq?@"’
(18]

2\

= 17 and (ii) a purity of about 33% (Fig, 39).

It was possible to determine the Michaelis constant and maximum velocity ‘
in the case of Eryth. 3 (CEP); the kinetic characteristics of this isoenzyme
were typical of high activity forms of carbonic anhydrase. Constants could

not be determined however in the case of Eryth. 1 (CEP), whose kinetic pro-

perties were very similar to those of the rat isoenzyme

|
The Michaelis constant was so high that it was not possible to make a

2 . . L . o - L3 1 T 4 " - . hY
reliable estimate of its value, though this was at least 40mM (F>g. 41).

inetic constants are listed in Table 10

m

The behaviour of the endometrial carbonic anhydrase was unusual.

)

|
done with the isoenzyme isolated from a CHCl_-

[

\

|

\

The results of experim

T4 ) ik o, £ . k] i I - - | [3) aniil wrs 4 Y 4 1A
Luvih exiracy, relelréd vo as nLuo. <, ana wivih uil

~ 4+ 2 e w3 A - > B3
other parvially puriiied

@

namely the pooled fractions frem
A I

N
Lag
na

DEAE-Sephadex in Fig.
Fig. 42a depicts the results in the form of the customary plot of s/v against ;
Tor 4 L e e o . & ks = T ams 3 i T L ST R A~ Y wremer @t e ol
S, In the presence of acetazolamide t behaviour of Endo. 2 was straight-
‘
forward. [n the absence of the sulphonamide however the result was complex:




3 . 2 Tea 1 .
Figure 41. Relationship between LLUQ; concentration and initial

velocity 002 hydration catalysed by the rabbit erythrocyte isoenzymes,
illustrated by plotting [initial substratef /(initial rate) against
Einitial substrate]. The conditions were 00, pi 7.0, 45mM-NaCl and
5mM-sodium phosphate and 0.0l% peptone. (O , uninhibited; @, in
the presence of acetazolamide at the concn. given in brackets. (a)
250mpM-Eryth. 1 (CEP) (64mpM); (b) 4.5mpM-Eryth.3 (CEP) (6.4mpM).

Constants derived from the results are presented in Table 10 Each

hoint is the result of a single assay. The lines were fitted by least
P g Y )

squares regression analyses.
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ationship between | U))} and initial velocity

€

of CO_ hydration catalysed by rabbit endometrial carbonic anhydrase.

(9]

The conditions were O , pH 7.0, 45mM-NaCl, 5mM-sodium phosphate and

0.01% peptone. Approximately 6mpM-Endo.2 (CEP) (preparation 3,

Table 9); QO , uninhibited; @, inhibited by 6.4muM-acetazolamide;

1 4 e
}; D , n-butanol extract (2, Table

/

/A , Tris extract (1, Table 9

Each point is the result of a single assay.

Figure 42. RABBIT ENDOMETRIAL ISOENZYME.
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of the reaction catalysed by the isoenzyme appeared to become proportional
to the substrate concentration. A proportionallity of this sort was seen |
in the case of the rat erythrocyte low activity form of the enzyme after

SwEtUh (Chapter 2), but the results were consistant over i

the range of substrate concentration. Turning attention to the preparations ‘

treatment with CHC1

of the rabbit endometrial enzyme that were not treated with CHCIB—EtOh, it 1l
can be seen that aberrant behaviour was again observed. When replotted in MH\
the form of a graph of l/v against 1/5, the results were clearly suggestive
of substrate inhibition (Fig. 42b).

The p-nitrophenyl acetate and g—naphthyl acetate hydrolase (esterase}

activities of the erythrocyte and endometrial isoenzymes. Measurements

were made of the velocities of both reactions, at initial substrate concentra-

tions of 1,0mM, in the conditions already described in detail for the case

of the rat isoenzymes (Chapter 2). The two rabbit erythrocyte isoenzymes

were found to be very similar to the two rat erythrocyte isoenzymes; though ‘
|

the high activity component was slightly more effective than the low activity N

one in the catalysis of the hydrolysis of the phenyl derivative, the low

hydrolysis of %m w

activity form was clearly superior as a

naphthyl acetate (Table 10), confirming the observation made after electro- ‘

phoresis (Fig. 37). The properties of the endometrial isoenzyme were very

similar to those of the high activity erythrocyte coumponent.



DISCUSSION

inhydrase that were found

o

The two major isoenzymes of carbonic

o

to occur in CHC1,-ktUH extracts of rabbit erythrocytes in approximately

(3]

amounts, were markedly different in their efficiencies as catalysts;

o

rties were very simi to low activity isoenzymes
isolated from rat erythrocytes. Thus one of the rabbit isoenzymes (Eryth.

1

(CEP), though much less effective as a catalyst of CO, hydration than

the other, was much superior in the ¢-naphthyl acetate reaction, more

o]

efficient even than the rat low activity component, Another point of

similarity between the low activity isoenzymes from the two species was
their rap
Once again, it would be most desirable to compare kinetically the

isoenzymes isolated with and without the use of organic solvents. For

example, it would be interesting to observe whether the rabbit low activity

component obtained here from a CHCI qsutdu extract would, if isolated with-

out such treatment, exhibit changed CO  hydration kinetics in the same way

as did the anologous rat erythrocyte isoenzyme.

%

endometrial enzyme,

the crude homog

kinetic behaviour unusual for carbonic anhydrase. Though the

ways of

s a y e .
. 1t eare to be susc T inhibition bv .
While 11 1s tTrue that the kinetlc experiments were carried out using only

preparations of the enzyme there is little

id elution from DEAE-Sephadex, indicative of high isoelectric points.

., at present,.
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1. Carbonic anhydrase extracted from rabbit erythrocytes with
CHC 3-Etuh was resolved into two major isoenzymes by ion-exchange
chromatography and polyacrylamide gel electrophoresis. The pattern
of elution from the chromatographic column was similar to that observed
in the case of the rat erythrocytes; the first isoenzyme to emerge from
the column was a low activity form (Eryth. 1 (CEP}} while the second
major isoenzyme was a typical high activity type (Eryth. 3 iCmP}}.

2, The properties of Eryth. 1 (CEP) closely resembled those of the
rat low activity form. 1In particular, it was superior to the high
activity isoenzyme in its catalyéig of the hydration of %-naphthyl
acetate, and its catalysis of 002 hydration was characteri%Zed by an
unusually high Michaelis constant. The high activity rabbit isoenzyme
was inhibited non-competitively by acetazolamide.

3. Partially purified rabbit endometrial carbonic anhydrase exhibited

unusual kinetic behaviour in its catalysis of CU_, hydration, strongly

general

o

suggestive of substrate inhibition, However it possessed the
properties of a high activity form of carbonic anhydrase. There was no
evidence for more than one iscenzyme, or for a form of the enzyme with
unusually high efficiency as a hydrolase of p-naphthyl, in the rabbit

endometrium.

anzvmes were indietinouicehal
Denzymes were i1ndlstingulshail

from those of the human erythrocytes, being approximately 30,000.




SUMMARY

1. Carbonic anhydrase extracted from rabbit erythrocytes with
CBCla-ﬁtUH was resolved into two major isoenzymes by ion-exchange
chromatography and polyacrylamide gel electrophoresis. The pattern
of elution from the chromatographic column was similar to that observed
in the case of the rat erythrocytes; the first isoenzyme to emerge from

the column was a low activity form (Eryth. 1 (CEP)) while the second
major isoenzyme was a typical high activity type (Eryth. 3 (Cﬁr}}.

2. The properties of Eryth. 1 (CEP) closely resembled those of the
rat low activity form. In particular, it was superior to the high
activity isoenzyme in its catalyéis of the hydration of F—maphthyl
acetate, and its catalysis of 009 hydration was characteriZed by an
unusually high Michaelis constant. The high activity rabbit isoenzyme
was inhibited non-competitively by acetazolamide.

3. Partially purified rabbit endometrial carbonic anhydrase exhibited

unusual kinetic behaviour in its catalysis of CO_ hydration strongl
o l:)v o 3 (ﬁy

ive of substrate inhibition, However it possessed the general
properties of a high activity form of carbonic anhydrase. There was no

evidence for more than one isoenzyme, or for a form of the enzyme with

3

unusually high efficiency as a hydrolase of p-naphthyl, in the rabbit

the

isoenzymes were ind

ervthroevtec
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oli, developed in the course of the present work (Chapter 1), in addition

i+
X

to the less precise method (Philpot & Philpot 1936) used previously
I \ S 1, ] / b

(Lutwak-Mann, 1955). Finally it was hoped to derive from these
experiments, together with those reported in Chapter 4, an estimate

of the proportion of uterine zinc that can be ascribed to the endome
carbonic anhydrase. This work has been published (Lutwak-Mann & McIntosh,

1969).
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ometrium was dissected from the uteri of rabbits at the following

stages: (i) non-pregnant; (ii) pregﬁant, days 0-10; (iii) pseudopregnant
(after intravenous inoculation of 25 IU of Luteohormone ), days 6-16; (iv)
superovulated (treatment schedules in Table 11), day 6.5; the day of mating
or injection of gonadotrophin being designated day O. Also used was whole
uterine tissue (from which the endometrium had not been removed ), of non-
pregnant and pregnant (days 4-6) rabbits, early placental tissue (days 8

and 9), free-lying 6.5 day old blastocysts, and 7 day blastocyst fluid. All
animals were multiparous does aged 1-2.5 yr, except two non-pregnant does

aged 6.5 yr (Fig. 43aj.

AN

7inc was determined in aliquots (100-200mg. wet weight) of tissue.
The remaining tissue was ground with a volume of distilled water equal to
four times the wet weight of the sample; the homogenates were centrifuged
and the supernatants, which contained almost all the enzyme activity, were

used for assay. Correction for blood contamination of the tissue was not

'y made, because it was established that this accounted for only a

negligible proportion of the total carbonic anhydrase activity of the rabbit

uterine tissue (see Chapter 4, LXPLRIMENTAL AND RESULTS ), Activity of
\ l » 7 5

3

carbonic anhydrase was determined by the origin

Fniipot (19Yo0) as well as by tiiratloll at constant pi ‘\w.uk.i:.;a ‘5/. oetwee

¢ = ¢ 178 oo | ¥ ]
20 and 200nl. of
}

supernatant was necessary for each assay

b

on, The average reproducibility of detex

= - J ~ ] £ & 2.4 g
method of titrati

b

formed on any one supernatant was 5 per cent.




Figure 43. ZINC AND <CARBONIC ANHYDRASE IN RABBIT ENDOMETRIUM

N
o

Figure 43a. Zinc concentration in the rabbit endometrium,
gxperimental animals: (O , non-pregnant (NP) KR , senescent

rabbits (6.5 yr. old); . , pregnant; placental tissue and

(ug./g. wet weight )
[

X

contiguous endometrium (days 8 and 9) are designated @ ,
and @ @ respectively; A\ , pseudopregnant (25 IU
Luteohormone intravenously); A , superovulated, listed 1-4 in

Table 11. B, Whole blastocysts, 6.5 days old; BF, 7 day blasto-

Zinc concentration

BF

1 1 1 1 1 L 1 1 1 1

8 12 14
Days since mating or gonadotrophin injection

cyst fluid.

Figure 43b. Assay of carbonic anhydrase activity in rabbit

endometrium by titration at constant pH (Chapter 1). The conditions

B
o

were OO, pH 7.0, 45mM-NaCl, 5mM-sodium phosphate, and 0.0l% peptone.

e
@)

The initial [002—; was 1.0mM, Experimental animals: (O , non-

pregnant (NP); @ . pregnant; A , pseudopregnant.

9

)

o
o

10_3x Carbonic anhydrase concentration
(units / g. wet weight )

o
s 8
0 2 4 8

Days since mating or gonadotrophin . injection

i 1 1
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activity and the concentration of zinc were assayed, with
minor exceptions, in samples of tissue recovered from the same animals
thus making the results directly comparable.

Effect of pregnancy, pseudopregnancy and superovulation on the uterine

concentration of zinc and carbonic anhydrase activity. Fig. 43a shows that

in the rabbit endometrium the concentration of zinc was not constant but

varied with the endocrine conditions prevailing during the period investigated

Moreover, at each point there was marked, presumably genetically conditioned,
variability in concentration of zinc. For purposes of statistical appraisal
the results were divided into four groups: I, non-pregnant, including two
aged does, and groups II, III and IV, which corresponded to the follbwing
intervals from mating or gonadotrophin injection, respectively : 5 hr. after
coitus - dayIS; days 4-9; and days 10-16, Mean values {ug. of Zn/g. wet
weight) for each group are given in brackets.

Group II (10s1) representing pregnant animals in the post—ovulatory

phase, was slightly but significantly (P = 0.04) higher than the non-pregnant,

o S

group I (8.2); values in the latter for the senescent rabbits with a patho-

§

logically altered cystic endometrium were within the "normal" range for
reproductively active eestrous rabbits. The highest concentration of

- v e
ry @ CAal

zinc (17.3) - double that of group I and highly statistically significant

(P<0.001) - was attained by group III which comprised pregnant and pseudo-

pregnant rabbits during days 4-9 (a period which is also characterized by

high carbonie anhydrase activities). Placental tissue (days 8 and 9) had

J J

concentration of zinc than the contiguous endometrium

a trend in agreement with values for carbonic anhydrase activities)




& " S > . 3 - i N .
stage in pregnancy suitable for dissection of the endometrium), all the

rest being pseudopregnant rabbits, the values were significantly lower
(P<0.001) than in the preceding group. The terminal values on day 16
clearly reverted to the non-pregnant range.

In comparison with endometrium, very low concentrations of zinc
were found in unimplanted 6.5 day old blastocysts, and in 7 day blastocyst
fluid, The slightly higher concentration of zinc in the entire blastocysts,
compared with the cell-free fluid on day 7 probably arose from contamination
of the embryos (which had not been rinsed) with endometrial secretion and
epithelial cell debris. It may be added here that very low, but by no
means negligible, values for carbonic anhydrase activity were also established
in these embryonic materials.

Comparison of the concentration of zinc in the endometrium with

that in the whole uterine wall. The following observations were made

when zinc analyses were done using separately the dissected endometrium
and the intact uterine wall of the same animals, at two different endoerine

stages - the oestrous condition and the progestational phase of pregnancy

(Fig. 44). The uterine wall had a markedly higher concentration of zinc
y g

e-°

than d endometrium alone, and was evident both in the non-
pregnant and progestational uteri. Like the endometrium, the zinc values

A

@
<«
g
<
a
o

in the whole uterine tissue showed marked individual variation; thi
least in the oestrous group, but was rather pronounced in the endometrium

£

- ; ., o A
- when the low value for one of the

animala 24 Snelundad hhit+ nhla ] i A MAVaRG
animals is included 1bbit two,Table 11). The increase

2lween uie oestirous and Uthe progestationa

enaomedvrium
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Figure 44. ZINC IN THE ENDOMETRIUM AND UTERINE WALL
\ I
] 1 '
R :
il |
[ Figure 44. Comparison of zinc concentration in the endometrium 28
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! 1 alone (L} and in the intact uterine wall {U), in non-pregnant rabbits
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Comparison of the results of the titration and Philpot assays.

Parallel with determinations of zinc, carbonic anhydrase activity was
assayed by the Philpot and titrater methods. Within the titrator range
of 200-1,200 units of carbonic anhydrase activity, the correlation between
the results was fairly consistent. The agreement was less close, however,
with higher enzyme concentrations, corresponding to titrator units 1,200~
2,400 (Fig. 45). No linear relationship can be éxpected between the
enzyme added and the time recorded in the case of the Philpot assay,
because of the way in which activity is estimated. It is possible that
the results obtained by the two methods would begin to differ if another
carbonic anhydrase isoenzyme, with a different Zﬁ, appeared at stages
characterized by high carbonic anhydrase activity, because the concentration
of the substrate is different by a factor of 40-50 in these two methods of
assay. As was shown in Chapter 4, however, there is no evidence for more
than one major isoenzyme of carbonic anhydrase in endometrium of the rabbit.
Because the titrator method gives results which are proportional to
the volume of endometrial supernatant added, however, and because its pre-

cision is relatively high, the discrepancies with the high enzyme concentra-

Clldy

o+

tions probably arise from the generally acknowledged shortcomings of the

]

Philpot technique (see Chap INTEODUCTIQN).

endometrial carbonic

ot e e . L} . 1 4 1
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Figure 45. Comparison of the results of titration and Philpot
assays performed on homogenates of rabbit endometrium, expressed as
the time required for colour change of the indicator to occur in the
Philpot assay against the carbonic anhydrase activity (units/g. wet
weight tissue) found by titration at constant pi. The conditions
in the titration assays were OO, pH 7.0, 45mM-NaCl, 5mM-sodium phosphate,
and 0.01% peptone; the initial [602] was 1.0mM.  Experimental

animals: (O, non-pregnant; @ . pregnant; A ; pseudopregnant.
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substantiated by the Philpot test. Such unusually high values have
been reported before (Lutwak-Mann & Adams, 1957 ), but are rare and
have not been explained. 1t may be added that the zinc concentration
of this particular endometrium was within the range typical of that
endocrine stage.

liffect of large doses of gonadotrophins. Results for superovulated

animals are summarized in Table 11. 1t can be seen that in rabbits 1-4
which received large amounts of gonadotrophins (following a recommended
schedule of treatment (Brinster, 1968)), there was evidence of excessive
stimulation of the ovaries, poor sexual receptivity (the animals had to

be force-mated), pathologically altered uterine tissue, and a failure of
embryonic development. In addition, there was a distinct decrease in

the activity of endometrial carboniec anhydrase (rabbits one, two and three),
and an unusually low concentration of zinc (rabbit two). In contrast, in
rabbits five-eight, which were treated with smaller doses of gonadotrophins,

mating proceeded very well, and there was good agreement between the number

n

of corpora lutea and blastocysts. Zinc was not determined in this group,

7

but values for carbonic anhydrase were all within the range established

for day 6.




DISCUSSION

Calculations based on the experiments with partially purified
rabbit endometrial carbonic anhydrase described in Chapter 4 indicate
that not more than 1-2% of the zinc present in the endometrium of the
rabbit is associated with carbonic anhydrase. This disparity probably
accounts for the fact that no quantitative relationship was observed
between the changes in zinc and carbonic anhydrase concentrations in
the endometrium.

A marked increase in the concentration of zinc occurred in the
progestational phase of pregnancy in the rabbit, both in the endometrium
and the uterine tissue as a whole. In effect this means that zinc must
bave been shifted from body depots to the uterus, ostensibly to meet the
requirements of what is often referred to as the histiotrophic (endometrium
-mediated) phase of embryonic development. How this mobilization of zinc,
or for that matter, of other trace elements, is brought about in higher
mammals is not well known. In the post-implantation or haemotrophic
phase of gestation the placenta presumably takes over from the endometrium
the supply of zinc to the foetus.

When fertilization failel to take place after ovulation, and pseudo-
pregnancy resulted, the pattern of uterine zinc was essentially the same
as in pregnancy, except that as pseudopregnancy drew to an end the concentra-
tion of zinc gradually reverted to preovulatory levels,

Determination of carbonic anhydrase activity by means of the titration

procedure yielded results that confirmed satisfactorily the earlier observa-

tions of changes in the endometrial activity of this enzyme

in pregnancy and

pseudopregnancy.
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unusually low zinc concentration in one out of four of the treated animals,

Un the other hand, when the dose of gonadotrophin was adequately scaled down,
reproductive performance and blastocyst development were entirely satisfactory,

and carbonic anhydrase activity was in the physiological range of values.




SUMMARY

1. The concentration of zinc in the rabbit endometrium was found
to increase near the beginning of pregnancy and then to decrease again
gradually as pregnancy progressed. The increase in zinc paralleled the
increase in carbonic anhydrase activity in the endometrium. However
the zinc increased by a factor of 2 while the activity of the enzyme
increased by a factor of 10.

2. Zinc in the whole uterine wall also increased in pregnancy.

3. Overdoses of gonadotrophins followed by mating resulted in changes
in the uterine tissue, absence of fertilization (though ovulation occurred )
and lowered levels of carbonic anhydrase in the endometrium, Lesser
doses, however, gave good fertilization and normal levels of carbonic
anhydrase activity.

4. Carbonic anhydrase zinc was calculated to account for about

1-2% of the total endometrial content of this element.




GENLRAL VISCUSSION

The most striking feature of the isoenzymes of carbonic anhydrase

is that while the general physical characteristics are invariant, the

catalytic properties differ greatly, All isoenzymes of carbonic

anhydrase that have been examined have molecular weiy

hts of about 30,000,

all have one atom of zinc associated with each molecule, all are extremely

efficiently inhibited by aromatic compounds having an unsubstituted

sulponamide group, and all are stable and water soluble. However a great

difference is observed between the high and low activity forms of the enzyme

in catalytic efficiency of €0, hydration. Moreover, there is reversal of

relative efficiency of the two forms of the enzyme in the catalysis of the

hydrolysis of B —naphthyl acetate, and neither of the rat prostate isoenzymes

catalyses the hydrolysis of this ester,

Species may be classified into two groups by the nature of the carbonic

anhydrase isoenzymes found in their erythrocytes; those that have both high

and low activity forms of the enzyme, and those that have only the high

activity form. Furth (1968) proposed that carbonic anhydrase isoenzymes
) ] Projx ) )

should be classified according to specific activity, rather than on the

basis of chromatographic behaviour as suggested by Rickli et al. (1964).

Furth's nomenclature is

certainly more appropriate when applied to the

isoenzymes examined in the present work. According

1 i L. 7.
rat bkryth. la and

@

rabbit Eryth. 1 are listed as type B, together with the low

activity i

enzymes from the erythrocytes of hwumns; monke

while the

high activity is




that results to date group together human, monkey, horse, rat and rabbit

(having both high and low activity erythrocyte isoenzymes) and cattle and
sheep having one or more high, but ne low, activity forms,

It is difficult to Judge the significance of the minor carboniec

anhydrase isoenzymes, Farth (1968) found lesser components in varying

quantities when she chrunatographed carbonic anhydrase from horse erythrocytes

and suggested that these fractions, which sometimes occurred in surprisingly

large amounts, were artifacts produced in the course of purification, They

all appeared to be closely similar to the high activity horse isoenzyme. In

a recent review, jidsall 1968a) refers to unpublished observations made in
’ / r

his laboratory where as hany as five carbonic anhydrase components were

detected in rabbit erythrocytes, The present report desc

scribes several

two major forms, in both rat and rabbit

is possible that the rat isoenzyme Eryth, 2 (CEP)

resulted from treatment of Eryth. 3 wit]

T .}
1, Tl

iere wvere seve ral

litional minor components whi

wWerse in Preparationg that had
not been expos to nic solvents, Moreover, the presence of minor
isoenzymes was detected by chromato and electrophoresis in the

soluble extract of the rat dorsolateral prostate
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inhibition of bovine erythrocyte carbonic anhydrase under certain

parent non-— ‘

the reason for

competitive behaviour noted by others (CI 2, DISCUSSION) could

hibitor. 1In

be explained by slow dissociation of enzyme and

Al

] experiments the sulphanilamide inhibition of C0, hydration catalysed by

as examined using

the cobalt bovine erythrocyte carbonic anhydrase 1

a stopped-flow apparatus (Lindskog &

Thorslund, 1968)

cinetic behaviour were observed when a solution of CO  was mixed

-

oyt

types of

rapidly with a solution containing both enzyme and inhibitor. The rates ‘

of the reaction at the instant of mixing yielded apparent non-competitive

J
4

inhibition but the rates measured after a short time interval indicate«

competition between (U,

mixed prior to reaction with the substrate solution

®

velocity on mixing was equal to

degree of inhibition

progressively over a

was constant. These observations were explained by postulating slow

inhik

the
vely
2 1y

aevice.

slow response of

oS4

nzymes

between the non-competi
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of the inhibitor and enzyme was extremely slow.

There is a good deal of information available describing the nature
of the active site of carbonic anhydrase. The results of elegant infra-
red spectrophotometric measurements performed by Riepe & Wang (1968) have
shown that, under the conditions of their experiments with the bovine
erythrocyte enzyme, ethoxzolamide and azide compete for binding to the
zinc atom, and that both inhibitors interfere with the binding of CUQ.
The Cug molecule was shown, however, to bind at a hydrophobic site and
not to the zinc atom. From these observations the authors inferred that
the Cug became bound to a site closely adjacent to the zinc, making the 002
susceptible to steric hindrance by the inhibitors. These findings, together
with the observation that anions (including Lﬂvgﬂj bind at the zinc, led
Riepe & Wang (1968) to postulate a detailed mechanism of enzyme catalysis
in which JU? is hydrated by zinc-bound OH ™, Interference by sulphonamides
with GUQ binding, revealed by the infra-red measurements, does not necessarily
conflict with the many reports of non-competitive acetazolamide inhibition

of p-nitrophenyl acetate hydrolysis (Chapter 2, DISCUSSION), because of the
extremely strong binding that occurs between acetazolamide and the enzyme.

For this reason it is surprising, perhaps, that competitive or even mixed

inhibition of CO_, hydration is caused by acetazolamide and other sulphonamides.

hypothesis which explains my results is as follows. The lack of
inhibition of CU_ hydrati henyl acetate or 4-pyridine aldehyde,

+hat s v 2 o mnra T s "7 O n
sts vnal tTiere 18 more tian one oinaing

hasg wad 3 1 b - 4 ~ T
opserved 1n viie presenv woils,

It is conceivable that the CU_ binding site is the

site for subs :
2

"true" substrate binding site and the other site, which is probably




also adjacent to the zinc atom, binds the aromatic esters and

derivatives in addition to being responsible for the binding of the

aromatic parts of the sulphonamide

n

: It is possible that the very

strong binding of the aromatic sulphonamides results from a two-point
attachment; for a sulphonamide to be a powerful inhibitor of carbonic
anhydrase both the unsubstituted amino group, and an aromatic ring or

pseudo-aromatic ring, are necessary (Mann & Keilin 1940). The unsub-

CLLLlil,

stituted amino group is probably the way of attachment of the sulphonamide

ke

to the zinc (Mann & Keilin, 1940); certainly if the zinc is removed the
apoenzyme binds the sulphonamides only about as

ester substrates (Lindsk

ester and pyridine substrates, in comparison with the sulphonamides, might

the amino group; that these

(=)

bind in such a way that they can be hydrolysed 1

y the enzyme

be coincidental to the "true"

of carbonic

that competition should occur between

ster substrates and aromati

on
7 bound sulphonamide
d sulp g de

lude the

ot 1 imant
Lctacnment




N-N
CH, g-NHJ\S}soz-NHQ

5-acetamido-1,3,4-thiadiazole=2-sulphonamide

Figure 46, Comparison of the structures of certain sulphonamide . ( P"J ( P—l
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(acetazolamide)

inhibitors of carbonic anhydrase and the substrate 2-hydroxy-5-w- \

toluenesulphonic acid sultone.

SO5-NH,

5-dimethylaminonaphthalene-1-sulphonamide (DNSA)

O ~S
N/ >0 NH,

6-ethoxybenzothiazéte-2-sulphonamide
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An example of a substrate of carbonic anhydrase that is even more

sridine derivatives is 2-

the esters or j

-
-
—
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e
—
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[
=
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similar to a sulj
1 4 - . N . Fre ~ f e 5\ N
hydroxy-5-nitro-of —toluene sulphonic acid sultone (see Fig. 46) the
hydrolysis of which is catalysed efficiently by the bovine erythrocyte

+ha a A P [ S
this compound from o-

sulphonate, followed by

5) and nitration (Marckwald

cyclization with P0Cl,_, (Zaborsky &
< 3

& Frahne, 1898), and have found its

be catal
J
isoenzymes. This compound will provide a useful test of my hypothesis

on the structure of the carbonic anhydrase activ




GENERAL SUMMARY

The dissertation describes the isolation and characterization of
isoenzymes of carbonic anhydrase that were found to occur in the erythrocytes
and certain organs of the reproductive tracts of the rat, the rabbit, and
the sheep. In addition, the relationship has been examined between the
concentration of zinc and the activity of carbonic anhydrase in the uterus
of the rabbit during early pregnancy.

An assay for carbonic anhydrase, based on rapid titration of hydrogen
ions produced by the hydration of the substrate, carbon dioxide, has been
developed and adapted to the measurement of activity in both crude and
purified enzyme preparations. The precision of the titration method

has been shown to be equivalent to that of the spectrophotometric stopped-
flow technique.

Carbonic anhydrase was resolved into isoenzymes by chromatography,
electrophoresis, and isoelectric focusing. In rat erythrocytes the two
major isoeniymes, referred to below as high and low activity forms, differed
markedly in their efficiencies as catalysts of the hydration of carbon
dioxide.

The Michaelis constants and modes of inhibition by acetazolamide

of the two forms were also different. Extraction of the enzyme from

erythrocytes with chloroform and ethanol caused changes in the properties

Y =

of the two major isoenzymes, and at the same time induced the appearance

of an additional isoenzyme. The relatively weak esterase activity of

investi

been




that the low activity form was the more efficient catalyst of the hydration

of p-naphthyl acetate.

¥

Carbonic anhydrase occurs in extraordinarily large quantities in the

dorsolateral prostate of the rat. Three isoenzymes were isolated from this
tissue, all of the high activity type. The two major isoenzymes were examin-
ed in detail. There were distinct differences in the kinetic behaviour of

the isoenzymes from the erythrocytes and the prostate, and neither prostate
isoenzyme catalysed the hydrolysis of p-naphthyl acetate. Zinc in the
carbonic anhydrase of the dorsolateral rat prostate was shown to account
for about five per cent of the unusually high concentration of zinc in this
male accessory organ.

Sheep erythrocyte carbonic anhydrase was separated into a major and
minor component, both of which were similar to the high activity forms found
in the other species. Sheep uterine carbonic anhydrase was isolated in a
high yield as a single component which had kinetic properties similar, but

not identical, to those of the sheep erythrocyte isoenzymes.

clls

Iy

Iwo major isoenzymes that have been isolated from the erythrocyte

2]

g 0

the rabbit closely resembled those of th

vile

carbonic anhydrase was found to consist of

he level of the uterine carbonic anhydrase is known to be under the control

of progesterone in the progestational

of the uterine enzyme increases by a factor of ten in two lays It

F,

shown




S W ERETNCTGQ
REFERENCES
= BAAGINLLD

C
4

o

Andrews, P. (1964).

3iochem. J. 91

Andrews, P. (1965). Biochem. J. 96, 595.

Armstrong, J.McD., Myers, U.V., Verpoorte, J.A. & Edsall, J.T.(1966).
J.biol.Chem. 241, 5137.

Ashby, W. (1943). J.biol.Chem. 151,521.

Ashby, W. & Chan, D.V. (1943). J.biol.Chemn. 151, 515,

Benson, S.W.(1960), Ihe Foundations of Chemical Kinetics.,

New York: McGraw-Hill Book Co., Inc.

Bergmann, F., Rimon, S., & Segal, R. (1958). Biochem, J. 68, 493,

Bernstein, k.S., Nevalainen, T., Schraer, R., & Schraer, }ise'lé%ﬁ%‘},

Biochim, biophys. Acta. 159, 367.
A o _t__”)

Brinkman, R. (1934). J.Physiel. 80, 171,

o

rinkman, R. & Margaria, R. (1931). J.Physiol. 72, 6P.

Brinster, R. 8). Exp.Cell.Res, 51, 330,

Brundell, J., Adler, L., Falkbring, $.0. & Nyman, P:0.(l

Abstr,, 6th meeting F.L.B.S., Madrid. Abstract No. 48

85
P 0. 209,

Byvoet, P. & Gotti, 4. (1967)

Chen, i.F¥. & Kernohan, J.C. (1967). J.biol

o

Chrambach, A., Reisfeld, H.A., Wyckoff, M. & Zaccari, J, (1967)

150
LIV,

b.D. (1951), Biochem.J,.




)). J. Physiol.

KT WV A -~
N.Y. Acad.

The lnzymes,

2nd.

{10291 5 8 I i
(1953 ). Biochem. J
1 o {1 ¢
L.A., & Coleman, J.k. (19
J.T (1968a A
9 e A e \ & Oa /' e Ann.
> m {1o0e L Y © (R
nasall, J.T. 1968b ; o liarvey

- { = Nodle
J. (1958},
\ )

Am. chem. Soc,

chem. Soec. 81,

vol.5,




Gunn, 5.A., Gould, T.C., Ginori, S.5. & Morse, J.G. (1955),
Proc. Soc, exp. Biol., N.Y. 88, 556.
Hansen, P. & Magid, &. (1966), Scand.J.¢lin.Lab.Invest. 18,

< - a S . 3 2 A 3 § 1 - v/ ;
Harned, H.S. & Davis, R. (1943). J.Am,chem.Soc. 2030.

Hartree, £.F. (1955). Modern Methods of Plant Analysis, IV

9

( y D ) I v m, o 1 1 w) 3 a . A h
\ed. H.Paech & M.V.Tracey). Berlin: Springer-Verlag.

Hilliard, J., Penardi, K., & Sawyer, C.I.(1967). Endocrinolog

Hilliard, J., Spies, H.U., & Sawyer, C.H. (1968). Endocrinol

Ho, C. & Sturtevant, J

iochem,biophys, 5. Corm

3 o o T 1 {1aca) . oy 1 1" YA C
lo, C. & Sturtevant, J.M. (1963). J.biol,Chem., 238, 3499,

A. (1961). Scand.J.dlin, Lab, Invest. 13, 416; ci

\
)

M1 1 ] /1 VAL |
viiem, Abstlr, \17009)

14377b.

Humphrey, G.F. & Mann, T. (1949).

ychem, J

Swenerton, H.

Jensen, k. V. (1963). B
Vollmer ), Nat.Cancer
Kar, A.B. & Chowdhury, A.k. (1966)., J. Urel. 96, 370,

" ) - 5 y ] IO Y "ro0en e ] R
harler, k, &« Wooabury, U.M., (1900)., Biocl

"

Tr sy e } m {1040
Keilin, V. &« Mann, 1, (1940)

Keilin, V. & War

dyoe Soce axn 3101 N
roc. 0C. exp., Dloi.,

21.

y 80, 90L.

{
&

ogy 82, 157.

. a OnN
un, 3, 20.
ted in




nernonan,

T

Ue

Jd.l,

ey

Kleinholz, h.W. & Hoekst
9

s 9 a
Nutrit. 75, 211.
Krebs, H.A. & Houghton, F.J.W. (1948). Biochem. J. 43,

Publishers, Inec.

)

Laurent, G., Marriq, C., Nahon, D., Charrel, M.

oeanc., Soc. Biol. 156, 1456,

Leibman, K. C., Alford, U. & Boudet, i. A. (19

=

°

Leibman, K.C. & Greene, F

55

0.

Physiol. 186, 138P.

(1961). J.

Handbook

& Derrien, Y. (1962)

N &
61). J. Pharmacol.

. E. (1967). Proc. Soc. exp. Biol., N.Y.

125, 106.

Lindskog, 5. (1960). Biochim. biophys. Acta 39, 218,

Lindskog, S. (1963). J. biol., Chem. 238, 945,

Lindskog, S. (1966a). Biochemistry 5, 2641,

Lindskog, S. (1966b). Biochim. biophys. Acta 122, 534,

Lindskog, S. & Malmstrom, B. G. (1960). Biochem. biophys., k Commun
2, 213,

Lindskog, S. B. G. gighﬁﬁe J. biol. Chen. 237, 1129,

Lindskog, S. & Nyman, P, -~ 0. (19@4}0 Biochim, biophys. Acta

b R, e 1 iy — s {100 [«R} ¥ _ = T " ) T
iLindskog, S. & Thorslund, A. (1968). European J. Biochen,
Lo - % ; )

,A_O,} n, Ve i b, L1, |

Loutit, J. F, & Mollison . J. 2, 74

LOWIY v
owry, U,




Lutwak-Mann, C. (1954). J. Endocrinol. 11, xi.

Lutwak-Mann, C. (1955). J. Endocrinol. 13, 26

Lutwak-Mann, C. (LQGZ}. Biochim. biophys. Acta 58, 637.

Lutwak-Mann, C. & Adams, C. E. (1957). J. Endocrinol. 15, 43.

Lutwak-Mann, C. & McIntosh, J. k. 4. (1969). Nature 221, 1111.

McIntosh, J. k. A. (1968). Biochem. J. 109, 203,

McIntosh, J. L. A., & Lutwak-Mann, C. (1967), J. Reprod. Fertil.
14, 344.

Magid, E. (1968), Biochim. biophys. Acta 151, 236.

Mann, T. (1964). The Biochemistry of Semen and the Male Heproductive

Aract. [ondon : Methuen & Co. Ltd.

Mann, T. & Keilin, D. (1940). Nature 146, 164,
’ 9 \ / E. ’

Marckwald, W. & Frahne, i. H. (1898). Ber. 31, 1854.

. -~ f 2 \ — . o - g
Maren, 1. H. (1967). Physiol. Rev. 47, 595,
Mawson, C. A. & Fischer, M. I, (1952). Archs Biochem. Biophys.
36, 485,

Meldrum, N.U. & Roughton, I. J. W. (1933). J. Physiol. 80, 143.

(—

Mills, u. A. & Urey, H.C. (1940). J. Amer. chem.

Morton, k. K. (1955). Methc

Pr THERE
ress 1inc,

Endocy 11, 323.
\cta, 52, 1,
Nyman, P. -0. Biochim. biophys. Acta 85, 141.

UOrnstein, L.




hia 1 nad i
Philpot, F.

[

nsent, B.K.W., Pearson, L,

Faraday Soc. 52, 1512,

Dickerson, U.G.

I, & Meany, o ..
v R I
4, « - {

Pocker, Y.& Stone, J.T. (1965

B R, e @4 i {102} - an 9
1ilpot, J. 8t. L. (1936). Biochem. J., 30, 2

(1965), Biochemistry, N.Y. 4,

1967). Biochemistry.6, 239,

& Roughton, F.J.W. (1956). Trans.

(1968). Biochemistry,

). J. Am, chem. Soc. 87,5497,

Pocker, Y. & Stone, J. T. (1967). Biochemistry, N.Y. 6, 668.
Pocker, Y. & Stone, J. T. (1968a). Biochemistry, N.Y. 7, 2936.
Pocker, Y. & Stone, J. T. (1968b). Biochemistry, N.Y. 7, 3021.

34 -
wLorm,

E. T,

dsall, J.

J. biol.Chem. 239, 1065,

iford, L.M. (1964

D.R. (1968). Biochemistry, N.Y. 7

B o PO s il :
b.E., Ghazanfar, S.A.S., Gibbons, B.H

(1962). J. biol

POER
I ’u,,_',sx,.x.

Edsall, J.7. (1964).

). d. biol. Chem. 239, 1079,

biol. Chem.

39

Series




o y .. ' Q. LY I » TR {1009 T . ] 1
Stadie, W. C. & O'Brien, H, (1933). J. biol. Chem.

Sternberg, S.5., Cronin, 4.P. & Philips, F.s. (1965). J. Path.

47, 325.

———

= T {10001 A 1 )3 ) g n4s 1 o)
Svensson, H., (1962). Archs Biochem. Biophys., Suppl. 1

b

K.k, & Shaw, M.W. (1962). Am, J. lum. Genet., 14,

Tashian, L.li., Shreffler, D.C. & Shows, T.B. (1968). Ann. N.

Acad. Sci. 151, 64.

Thorslund, A. & Lindskog, S. (1967). Kuropean J. Biochem. 3, 117.
Tsuchihashi, M. (1923). Biochem. 4. 140, 63.

Van Goor, H, (1940). Enzymologia 8, 113,

Van Slyke, D.D. & lawkins, J. A, (1930). J. bioel. Chem. 87, 265,

Verpoorte, J. A., Mehta, S., & Edsall, J. T. (1967). J. biol. Chem,

242, 4221,

820.

Neatrsma
iIca vare




CAMBRIDGE
UNIVERSITY LIBRARY

Attention is drawn to the fact that the
copyright of this thesis rests with its author.

This copy of the thesis has been supplied
on condition that anyone who consults it is
understood to recognise that its copyright rests
with its author and that no quotation from
the thesis and no information derived from it
may be published without the author’s prior
written consent.




