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SUMMARY

A rapidly recording stopped-flow apparatus has been used to measure the rate of
reactions catalyeed by carbonic auhvdrise. The methad allows high concentrations
of cnzyme to be used so that the contributions to the observed rate by the non-
catalysed and buffer-catalysed rates become unimportant. The rates observed were
proportional to the en.yme concentration up to the highest concentrations studied,
about one tenth of that found in the red blood cell.

It was shown that under physiological conditions the enzyme is largely in the
form uncombined with substrate. The activity of human carbonic anhydrase at
phvsiological temperature, pH, ionic strength and substrate concentration was
measured directly. From this it can be estimated that the enzyme in the red cell
increascs the rate of CO, output from bicarbonate by about 13 noo fold. This figure
mav be compared with the 700-fuld increase necessary for €0, evolution during the
transit of the blood through the lung capillaries.

INTRGDUCTION

Many attempts have been made to estimate the catalytic activity of carbonic an-
hyvdrase in the human red cell under physiological conditions!—3. Most of these esti-
mates have involved extrapolation fremn the results of measurements made in very
dilute enzyme solutions at temperatures below zo”. By using a rapidly recording
stopped-flow apparatus it has been possible to make measurements on the catalytic
activity of human carbonic anhydrase over a wide range of enzyme concentration
up to nne tenth of that found in the red cell at physiological pH, temperature,
ionic strength and substrate concentration. A new estimate for the catalytic activity
in the red cell is thence derivable.

The mcthods used i Lire past o rtudy the kinetics of the reactions catalysed
by carbonic anhydrase, the hydration of CQ,, and the dehydration of carbonic acid,
fall into two main classes: manometric techniques® and less accurate changing-pH
methodss. Both types of measurement are seriously limited by their slowness so that
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thev can bc employed only with very low enzyme concentrations. The reactions
catalysed by the enzyme proceed fairly rapidly in the absence of enzyme and their
rates are inaeased very markedly by rise of temperature. They are also catalysed by
non-enzyvimic solutes particularly the more clectronegative constituent of many
buffers8.7. Under these conditions of low enzyme concentration the observed reaction
velocity is thus the sum of the uncatalysed reaction plus contributions due to cata-
lvsis by the enzyme and the buffer system. A further compiication is that in dilute
solution carbonic anhvdrase is very susceptibie to inactivation by traces of impurities,
and possibly also by adsorption at interfaces. In much of the earlier work correct
allowane has not heen made for these factors, so that a great deal of the published
data ix contradictory (see discussion by CLARK AND PERRIN®).

Crark axp PERRIN used a combination of the changing-pH method with a
rapid reaction technique in studying the effect of activators of carbonic anhydrase.
This procedure allowed them to work with much higher concentrations of the en-
zvme than had been pessibie previously. This was a great advantage since the en-
zymically catalised reaction could be made tne only significant contributor to the
ubrserved kinetics and also because the enzyme 1s more stable at higher concentrations®.

EXPERIMENTAL

The technique employed in the present study was similar to that of CLARK AND
Prruixt. All kinetic tneasurements repurted here were made with a rapidly recording
stopped-fiow apparatus of the type described by Ginson aNp RougHTON!®. The
changes in pH were followed by the indicator p-nitrophenol, which is particularly
suitable for this work. It has a low protein error and has been shown to be virtually
non inhibitory at the concer  tions used!!. The absorption maximum of the basic
form near 4000 A is close to we peak sensitivity of the photomultiplier used in the
stopped-flow apparatus.

Reactions were initiated by mixing a buffer solution containiug enzyme and
indicator with a solution of carbon dioxide or sodium bicarbonate. Changes in pH
with time were followed photometrically and recorded by an oscilloscope. Calibration
of the apparatus was performed by measuring the displacement of the oscilloscope
beam when a bufier solution containing indicator in the observation tube was re-
placed by a similar solution to which small amounts of HCl or NaOH had been
added. By limiting the total pH change to 0.1-0.2 unit it was possible to work under
conditions where the displacement was proportional to the amount of HCL or NaOH
added. This caiibration was performed for each buffer concentration and pH used.
It was found to be more convenient than the calibration method described by CLARK
AxD PewrrIin®. The response time and stability of the recoiding system employed
were such that reactions with half times varving from about 5 msec up to several
seconds could be followed readily. The calenlation of the reaction rate is described
in a luier section

The temperature of the reacting solution in the observation tube was measured
to an accuracy of + 0.1° by means of a copper—constantan thermojunction placed
in the tube a fow millimetres from the observation point. Expeniments at body
temperature were carried out in a constant-temperature room.
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Materials

The precautions in the manipuliation ot enzy me solutions described by RotgrTox
AND BooTH*® were observed. Water used was distilled once from a metal still and
then from glass. In the early part of this work de-tonised water from ‘'Biodemin-
rolit” mixed-bed resin was used. No effects attributable to this change were ob-
served. Glassware was cleaned in chromic acid and rinsed well with glass-distilled
water. Analar chemicals where available were used in making up bufier solutions.
Potassium chloride was recrystallised twice from glass-distilled water. p-Nitrophenol
indicator was iew ysiailised iwice ftomn de-ionized water. The human enzvioe used
was a crude chloroform preparation made by the method described by Rovsurtoxs
AND BooTH* from outdated transfusion blood. It was stored in small batches at
- -20° and unfrozen just prior to use. It was found w0 be stable under these conditions
of storage. Enzymes prepared in the same way from sheep and bulleck bBlood ob-
tained at a slaughter-house were also used.

Carbon dinxide solutions were made up in tonometers by equilibrating water
with carbon dioxide gas at the required pressure. If used at 38° they werc trans-
ferred anacrobically to syringes before being warmed. Carbon dioxide concentration
was estimated by the Van Slyke manometric apparatus. Bicarbonate solutions were
made up shortly before use and werc stored in syringes. The pH of the bicarbonate
solution was determined on several occasions and was always close to pH &, showing
that negligible amounts of carbonate were present,

For CO,-uptake experiments 12.5 b7 mM phosphate buffers were used as n
previous work. For CO, output however, 20 mAf imidazole imidazole hydrochloride
buffer solutions were preferred for the following reasons: (a} Since only univalent
ions are involved the activity corrections are much simpler; (b) Other complications
also occur in phosphate buffers which do not seem to arise in imidazole solution: (c)
The catalytic activity of the imidazole is even lower than that of phosphate buffers
of the same strength; (d) It is true that the chloride conmwent of the imidazole buffers
would causc some slight inhibition of the enzyme; this did not prove to be a dis-
advantage in this work since further chloride in the form of KOl was always added
to bring the chloride concentration up to 80 mi! in order to simulate conditions in
the red cell, (e) The iomzing group in this buffer is similar te the group in haemeo-
globin which is preduvwinantly responsible for bluod bufiering under phvsiological
conditions.

a— Imitscl cond.%on
Time of
stopp:

Output from e

Protorradli Dl er

ApHa0. '8

Fingl equaliirmem condition

Time [mtec)
' .

0 S50 100 ®O 200 29 300 350

Fig. 1. Typical reaction trace.
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CALCULATION

The reaction iraces were enlarged on to squared paper and drawn carcfully. A typical
trace is shown in Fig. 1. The change in pH between the initial and final condition
in this case was 0.18 unit . The line AB is produced by the second beam of the oscil-
loscope and serves only to define the direction of the time axis. The line CD repre-
sents the final equilibrium conditions and was recorded on each reaction trace by
retriggering the oscilloscope scan at a time greater than ten times the half time of the
reaction observed. Since the calibration showed that the deflection of the oscilloscope
trace was proportional to the amount of H+ added to or removed from the buffer
the displacement of the trace will also be linearly related to the amount of CO,
liberated or bound by the reactions.

) CO, 4+ H,0 -+ H* . HCO,-
(b) He | HCOp~ — HO + CO,

The calculation of the results depends on the fundamental principles under-
Iving the kinetics of reversible enzymic reactions. HarLpaNgY? showed that for a
reversible enzvime reaction represented by

Ei S ES2FEP=E P P (s}
the rate of approach to equilibrium is given by
Ve vy
ds _dp_ “Kew P Rrmp 02
a0 ar pa Sy S
Kma Kmp

where Ry and Kmp are the respective Michaelis constants of the enzyme for sub-
strate and product, s and # are instantanenus values of snbstrate and product con-
centration, and V, and V', are the respective maximum rates of enzymic catalysis
of substrate and of product.

ds

dr

A{ equilibrium ~- — o, and so

Ve Kmp  Pe .

Ko 7, U™ K (3)
where K* is the equilibrium constant of tie reaction S—= I*, and se and p= are
the respective concentirations of substrate and produoct at equilibrium.

By the principle of conservation

S+ P — $a — Po ' (4)
‘Ahence by Eqns, 2, 3 and 4
ds ¥, x (s — s} (1 + LK)

T & T R S0 ¥ HEwa - plEe) (s)
Provided therefore that s/Km, and P/Kmp are both small the rate of the enzymic
reaciion is yiven by

_ds _ V. . K
At T Ry <18 7 s 0 1K)
Ve .
v k(s $a) where 2 = R {1 — 3f/K") {6)
ms
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In conditions in wivo, in the case of the catalviix of CO, uptake and CO, output it
can be shown that 5K n, and PrE o, wre Luth less than 0.00, and in the experiments
reported in this paper in which mammalian physiological conditions were simulated,
this lirnitation was observed.

Since {s — s&) is proportional to the displacement ¥ of the uscilluscope trace
from the line CD, it follows from Eqgn. 6 that a plot of log. ¥ against time shoukd
give a straight line of slope equal to k/2.303. Such plots wer: made over the first
30-309%, of the reaction and were found 1o be linear. A typical log. plot is shown
in Fig. 2.
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Fig. 2. Log. plot dehyvdration reaction; pl! 7.1, 207, 125 mM phosphate butter, 253 mM NatlCo,
tluman cnzvme preparation 1 in Ho.

The value of [CO, ; ., can be calculated from the composition of the soiutions
to ve mixed, as can alsu the value of ‘CO, , - «, provided that the pK's of the buffer
system and of the first apparent dissociation of CO, are also known under the con-
ditions of ionic strength and temperature employed.

Strictly speaking the abowve treatment is onlv valid if the pH remains constant
throughout the process. With the sinall changes of pH in oure actual expenments,
the errors from neglecting them in the application of Egn. 5 are very slight.

RESCLTS AND DISCUSSION
Enzyme concentration

The catalytic effect of the enzvme has been feund to be proportional to its
concentration up to the highest concentration employved under almost all the con-
ditions studied. This proportionality holds for both the hvdration and dehvdration
reactions. The effect noticed previously by one of us!® of a limiting catalytic activity
at high enzyme concentration was not confirmed. This effect was indeed found to be
due to the influence of the iinite respunse time of the 1954 recording apparatus on
the reaction traces. CHANCEM states that if the half time of response of the measuring
apparatus is somewhat less than the half time of the reaction to be followed then
the apparatus may be safely used to foilow the reaction. This may he the case for the
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main portion of the reaction trace but Sirs!® has shown that unless the half time of
response of the apparatus is less than 3/,,th to 1/gth of the half time of the reaction
the initial part of the rcaction trace will be greatly distorted. It is the initial part
of the trace which is of interest in this case.

The results ior the hydration reaction using sheep carbonic anhydrasc arc
shown iu Fig. 3 under ccnditions identical to those used by FOrRrESTI.

Limiting rate of WWF

Log,y hydration rate in mMisec

1 1 1
3 2 1 C
LOg,, dilvi.on of semipurified enZyme solution

Fig. 3. vataiyvsis by shoeep cartome anhydraze, Hydrauon reaction, Y 2.7, 207, 67 mA! phosphate
bufier, 9.3 mM CO,.

The plot of the logarithm of initial rate of C0, uptake against logarithm of
enzyme cuncentration gives a straight line of slope practically equal to unity, thus
indicating proportionality between catalytic activity and enzyme concentration over
a 2ou-fold range. The limiting velocity previously reported by FOrkEST has been
exceeded four times without any sign of a platcau appearing at the highest rates
measurable by the stopped-flow technique. We hope at an early date to measure
rates 10 or <o times faster by optical and thermal continuous-flow methods. The
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Fig. 3. Catalysis by human carbonic anbhydrase. iiydration reaction, pH 7.8, 38°, 12.5 mM
vhosphate buffer, 1.35 mM CO,, 30 m.Mf KCI.

Biochim. Biophys. Acta, 67 {1903) 31—41



CARBONIC ANHYDRASF ACTIVITY 37

latter method has the possible advantage of being applicable even in solution con-
taining haemoglobin of the order of concentration found in the red cells. The results
of a CO, hydration experiment with human carbonic anhydrase at pH 7.8 and 37°
are shown in Fig. 4, which again indicates proportionality between ¢nzymic activity
and concentration.

In stronger phosphate buffers it was found that the human enzyine, if present
in roncentrated sohition, llas a higher specific activity than in dilute solution. The
specific activity of the dilute enzyme <olntions could be increased to that found in
more concentrated enzyvme solutions by adding 1o * M EDTA, bovine serum albumin
(0.05%). or 1073 M reduced glutathione. The inhibition was thercfore probably due
to impuritics in the phosphate buffer used. No such inhibition at low enzyme con-
centration in these buffers was noted with the bovine and sheep ¢nzyme preparation.
The results of a dehydration experiment at pH 7.z and 38° are shown in Fig. 5.
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Fig. 5. Catalysis by human carbonic anhydrase. Dehvdration reaction, pll 7.2, 38", 20 mM/
imidazole buffer, 25 m.f NaHCUO),, Jo .nM totsl] chloride.

Tombarmtrre

Experiments on the influcnce of temperature on the rate of reaction gave a
temperature coefficient of 1.45 per 10° for the hydration reaction and 1.4 for the
dehydration reaction. The latter figure is in good agreement with the revised value
given by RouGHTON?% These experiments were carried out at low substrate con-
centration so the change in catalytic activity mignt be due to the influence of tein-
perature on both K and Vmax . Under phvsiological conditions the substrate con-
centration is alsu low s0 the same temperature coefficients would apply.

Influence of anions

The human red cell contains about 80 mg ions of chloride per litre of water.
This concentration of chloride was found #n reduce the activity of the enzyme ir the
hydration reaction (1.2 miM CO,, pH 7.3. /s M phosphate buffer) to 527 of its
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activity in the absence of chlaride. This is a slightly smaller effect than would be
expected fron the figures given by RoUuGHTON AN BootH! on chloride inhibition.

Substrate concendration

DeVor ann Kistiakowsky!? found that human carbonic anhydrase did not
obey Michaclis kinetics. This finding may be related to the demonstration by Nyaaxt?
that the enzyme exists in different forms not all having the same specific activity.
A mixtuce of diffcrent fursus of an enzyme need not obey Michaelis kinetics although
such kinetics could apply to each form individually. It is clear that any further
kinetic studies should be made on the separated forms.

It is possible to show experimentally that under physiological conditions the
enzyme is only slightly combined with substrate or product and consequently that
the hydration and dehydration reactions are approximately firsi order with respect
to CO, and HUQ; - concentrations respectively. If the enzyme was saturated or al-
most saturated with either substance the reaction would be zero order or inter-
mediate between zero and first order. This point is important when the overall
process of CO, loading and unloading by the red cell is being considered. The demon-
stration assumes that only one form of carbonic anhydrase i=s present but should not

he seriously apset if two or maore forms are present. HALDANE's expression Eqn. 2
may be rewritten

| I
we Voog Mo
a» . Hmp ANy (7)
s s P
T 4+ - - -}

. |:P
D S
s ] Wenp
W T @)
e

and the rate of the back reaction with substrate concentration p

'
‘E K'“’!. . 9)
Y O p ‘9
t -0
Kap

If s ts identified with CO, and p with bicarbonate

THCO,=1  [H+ [HICO,-) K,

l" i Te———— - pra— - —
) (€O ~ [(H* 'Co, T {H]

where K’ is the apparent first ionisation constant of carbonic acid.
The results of activity measurements on human carhenic anhydrase under con-
ditions close to physiological are chown in Table 1.
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TARBRILL L
INITIAL KATES QF €Oy HYDRATION BY 17100 DILUTION OF HUMAN ENZYME PREPARAION

pH 7101, Som M KCL 350 A = 112,

Sud-serate Rate

3.2my OO, -z mmoles/l'sec
20 mM Natlto, g anmuoles!see
F-2mH CO, | 2omif NaHuoy n.9 mmoles/1'sec

Applying Eqns. 8 and g to these data it follows that

Vo N
N [P
\mf;' o048 and ‘m','— - 0.395%
[ v PRUTRL
K roa 7 "“.:.p
Theretore
4
I - — =1 - P—
K oan [‘-mp
Hence
s N P

R'ln: - ’\'—mp
or both these quantities are very much smaller than unity. In the fornner case the
use of Eqn. 5 abhove gives

.-h.‘mp fro.2 - 3.2 20} -
. .- H.OQ

IFrom Eqgns. 8 and ¢ it follows that

"
Fp— (35.8 20)
=M -7 — o) = 7.3

4
A ma
Hence
s
e
Kmse 69
¢ = 3 7.3
KNoge
hence

The actual values of Ky and A, p which could be derived in this way are not very
reliable as slight inaccuracies in the activity measurements reported in Fable I
would lead to different values of these constants being derived. It is clear however
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that A and Km are both much larger than the concentrations of these
COoe HCOs™

substances in the red cell under physiological conditions. Eqns. 8 and ¢ can then
be simplified to
d {CO,) « Vo op .
@ K K—mp._(.,O,J (10}

and

A[HCO,~] Fp B
Qo Kinj _HCO, {11)

The rate muitiplication by carbonic anhydrase is thus proportional to K* Vp/Kmp
in the case of CO, uptake and to ¥ p/Kmp in the case of CO, output, and so depends
upon cnzyme concentration but not vn substrate or product concentrations.

Enzyme content of the red cell

Various estimates of the catalytic cffect of the carbonic anhydrasc have been
made by previous workers. In these calculations it has been generally assumed
that the effect remains proportional to the enzyme concentration over the whole
range extending from the dilute (0.1-1.0 mg/l) carbonic anhydrase solutions in which
the activity was measured up to the concentrations (2-3 gfl) found in the red cell.
This assumption has now been verified for semi-purified carbonic anhydrase up to
concentrations of about one tenth of those in the red cell and this provides some
support for the basic assumption in the earlier calculations. Unfortunately owing
to the optica! interference by the haemoglobin it is not possible to apply the
present method to ted cell haemolysates at higher concentrations than have al-
readv been studied by the classical manowmetric methods, but it is hoped how-
ever to get over this difficulty by means of other methods, e.g. the rapid thermal
technique.

We assume however, that the rates of enzyme concentration in the semi-purified
solution to that in the human red celi can be deduced from a comparison of the
catalytic activity of diluted semi-purified solution and red cell haeminlysates.

In the calcuiation now to be given the following data were used: (2) The non-
enzymic rate of CO. output at 37° from 25 mM NaHCO, and 20 mM imidazole
buffer at HH 7.2 in presence of o mM chloride, was found to be 0.33 mM COyfsec;
(b} In presence of semi-purified enzyme solution, diluted 1 in 5. the rate of CO,
output from the mixture used in (a) was 288 mM/sec; (¢) The enzyme content of
the semi-purified enzyme solution was 33.5% of the average present in the human
red cellt?,

The magnification of the rate of CO, output in the red cell, under physiological
conditions, should then be

288 I
— X §5 ¥ ——— = 13000
0.33 ©.335

This estimate may be compared with previous ones, which have ranged from 1500
to 8500 fold, but it may be pointed out that the conditions in our present calculation,

though still not fully physiological, are much nearer this idezl than have obtained
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in any work hitherto. The present estimate of 13 voo-fold magnification gives about
1B00%, margin of safety aover the minimum figure by which the reaction

H+ t HCO;- = CO, ~ H,O

needs to be catalvsed, if it is not to restoict the rate of CO, output in the lung (see
Tahle ix of ROUGHTUXN?).
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