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SUMMARY

SILVERMAN, DAVID N. : A new approach to measuring the rate of rapid bicarbonate
exchange across membranes. Mol. Pharmacol. 10, 820-836 (1974).

This is a description of a new method for measuring the rate of rapid bicarbonate exchange

across membranes, including a description of the inhibition of the bicarbonate exchange

across the rat erythrocyte membrane by sodium picrate. The method is based on the meas-
urement, by mass spectrometry, of the rate of depletion of 180 from labeled bicarbonate

dissolved in a solution in which red cells are suspended. The rate of this depletion depends
(a) Ofl the rate of diffusion of labeled bicarbonate into the cell, (b) on the rate of chemical
reaction of labeled bicarbonate to form labeled carbon dioxide, which then diffuses across

the membrane, and (c) on the rate of carbonic anhydrase-catalyzed depletion inside the
c(’ll. Expressions are derived for the permeability constant of the cell membrane to bicar-

bonate and the rate constant for the catalyzed, intracellular dehydration of bicarbonate in
terms of the rates of depletion of 180 from bicarbonate. The contribution of labeled CO2 dif-

fusion across the membrane, factor (b) above, is estimated by assuming that labeled CO2
generated intracellularly does not accumulate in the suspending solution, but is depleted
of its label inside the cell. This assumption is not rigorously verified and is a possible source
of error in separating the bicarbonate flux from the CO2 flux. This method is most accurate
ill regions above pH 9 and is restricted to cells containing carbonic anhydrase. At pH 9.6

and 25#{176}the permeability constant of the rat erythrocyte membrane to bicarbonate is
(1.81 ± 0.12) X 10� cm/see, giving a half-time of 0.13 ± 0.02 sec for the exchange of bi-
carbonate in the cell. The rate constant for the catalyzed, intracellular dehydration of

bicarbonate is 3.3 ± 0.4 sec’. P, calculated in this way, was found to increase when the

1)H of the red cell suspension was decreased.

INTRODUCTION application to the passage of bicarbonate

This is a description of a new method for across the rat erythrocyte membrane and

the measurement of the rate of rapid bi- the inhibition of that process by sodium

carbonate exchange across membranes. Its picrate is also described. The method is
heavily based on two previous studies which
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H� + HC’6O180’80 �=t C’60’80 + H2180

C’6O’80 + H2160 �± HC’6O’6O’80 + H�

For convenience, this exchange is measured

at chemical equilibrium, and the depletion

[C’6O’80] + 2[C’80180}
T = 2[C02]

18 . - .

are 0 in CO2 and HCO3 in solution are

given by r and r, respectively.

[HC’6O’6O’8O�] + 2[HC’6O’8O18O�] + 3[HC’8O’80’80]

3[HCO3j

of label from bicarbonate is based on the a!-

most infinite dilution of the species H218O by

H216O. Thus reaction 2 occurs with un-

labeled water and yields depleted hicarbc-

nate. If carbonic anhydrase is present in the

solution, the rate of depletion of 180 from

bicarbonate is enhanced, since reactions 1

and 2 are catalyzed by this enzyme. It is

important to note that the cyclic chemical

process represented by reactions 1 and 2 can

deplete only 1 atom of 180 from a bicarbonate

molecule in one cycle of chemical reaction.

Actually, two mechanisms for the un-

catalyzed dehydration of bicarbonate are

important in the pH range 8-10 (3):

HC03 + � CO2 + H2O

HCO3 �-�--� CO2 + OW

The kinetics of depletion of ‘�0 from CO2 and

HCO3 is then measured by observing the

decay of ‘�0 enrichment, d( r - r,�)/dl and

d(r - r �)/dt, where r,� and r � are the

atom fractions of ‘�O in CO2 and HC03 at

infinite time and are very Close to the natural

abundance of ‘�0, which is 0.002. For con-

ciseness in the derivations to follow, � write

T instead of r - r� and r’ instead of r’ -

and reintroduce r� and r’� in the final equa-

tions.

The decay of � from CO2 and HC03 is

described as follows (1, 2):

-� = k(T - T) (6)
(it

_�(T1_�T) (7)
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with rate constants k and k’ given by Eqs.

TJrey (1) were the first to measure this deple-

tion and from its velocity obtained the rate
constant for the hydration of CO2. Gerster

(2) made similar measurements and, in addi-

tion, used the 180 depletion to determine the

diffusion constant of CO2 between a gaseous

phase and an aqueous phase. The notation of

Gerster (2) is adopted in this work.

THEORY

Isotope depletion� in a homogeneous medium.

When enriched with 180 bicarbonate is
16 16

present as three labeled species: HC 0

018O, HC16O’8O’8O, and HC’8O’8O’8O. In

aqueous solutions, depletion of this label

from bicarbonate occurs by exchange of the

label with the oxygen of water according to

reactions such as

(1)

(2)

The composite rate constant for uncatalyzed

dehydration is k’:

= k_2 + L1[H�] (3)

and the composite rate constant for UJI-

catalyzed hydration is k:

k = k1 + k2[OW] (4)

Using k and k’, the following simplified ex-

pression gives the rates at equilibrium (Eq.

11 of ref. (2).

k’[HC03] = k[C02] (5)

The rate equations for the depletion of 180

from labeled bicarbonate in a homogenous

phase are presented in complete form I)y

Mills and Urey (1) and also by Gerster (2).

The fractions of total oxygen atoms which
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External solution

FIG. 1. Chemical and diffusive processes of CO2

(10) and HCOr as studied by isotope depletion technique
Medium I represents extracellular fluid, and

medium 2 intracellular fluid. k’ and k,’ are chemi-
cal rate constants; k,’ and k,’ are diffusion con-

stants as described in the text.
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3 and 4. The solution of these simultaneous

equations is of the form

-0�t -021

r =a1e +a2e (8)

with a similar expression for r. The values of

0� and 02, the roots of the characteristic

equation, are

20k, 2 = k + k’ ± �/(k + k’)2 - (4/3)kk’

These roots, in the form �/X2 - y, are ap-

proximated by I x - y/2x I. The approxima-

tion is excellent for pH values greater than

7, for which y/2x is less than 5 X 10� sec’.
This approximation gives the important

root

kk’ k’r 1
= 3(k+ k’) = �Li + k’/k

The second root becomes unimportant very

soon after the exchange begins ( 1 ) . Using

the rate expression, Eq. 5, we obtain

k’ r [HCOfl .1 k’
01 = -� [[HC03-} + [CO2]j = �f (9)

where I is the ratio in brackets. Above pH 8

the equilibrium between HCO3 and CO�

must be considered. The rate of proton

transfer between these two species is nearly

instantaneous in comparison with the time

scale of 180 exchange; however, its presence

must be accounted for, since CO� cannot be

depleted of 180 but must be converted to

HCO, for depletion to occur. Considering

this additional equilibrium in Eq. 5 and

following the above derivation yields an ex-

pression identical with Eq. 9, but with

- [HCO31

- [HCO3j + [CO2] + [COF]

Substituting Eq. 9 into Eq. 8, the solution

to the differential equations describing the

depletion of 180 from bicarbonate can be

written

ln(r’ - T�)

= -3/3k’ft + ln(r’o -

The atom fractions at infinite time, de-

scribed earlier, have been included in this

final expression. This same solution has also

been obtained by the following route. In

alkaline solution it is a good approximation

to set r = -r’ (4) . Using this approximation

in Eqs. 6 and 7 yields

_�i=#{231}�� (11)

with the factor I included to account for the

fraction of total carbonate species existing as

bicarbonate. The rate of depletion in an

intracellular solution containing carbonic

anhydrase is described by replacing k’ with

k’� , as shown in Fig. 1 . A study, using the

above equations, of carbonic anhydrase-

catalyzed 180 exchange in a homogeneous

solution has been reported (4).

Gerster (2) has shown that similar expres-
18

sions can be derived for the depletion of 0

from CO2 which is doubly labeled and from

HCO3 which is doubly or triply labeled.

The fraction of total oxygen atoms in CO2

which appear in doubly labeled CO2 is given

by c.

- [C18O’80]
C [CO2]



- [HC’60’8O18O] + 3[HC’8O’8O’8O1
C - 3[HCO3j

The kinetics of depletion of 180 from these

multiply labeled species is then described as

follows (2):

Following the same procedures used to solve

Eqs. 6 and 7, it can be shown that a solution

of these simultaneous equations for C is of

the form

The term in Eq. 14 containing ‘y� is not
significant, and the solution to the differen-

18
tial equations describing the depletion of 0

from multiply labeled bicarbonate can be

written

ln(c’ -

The atom fractions at infinite time are in-

eluded in this final expression. As was the

case with Eq. 7, the equation describing the

depletion of 180 from multiply labeled bi-

carbonate, Eq. 13, can be written

(16)

by making the approximation that c = c’ in

alkaline solution. This also yields the solu-

tion, Eq. 15.
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The fraction of total oxygen atoms in those

molecules of HCO3 which yield doubly

labeled CO2 upon acidification is c’. This

qualification is necessary because the enrich-

ment of HCO3 in each experiment is deter-

mined by converting it into CO2 with acid

and measuring the enrichment of the CO2

(see EXPERIMENTAL PROCEDURE).

dC /

= k(c - c)
F /

dC ‘1 ,

dl k � �C

C’ = bie�’t + b2e�2i

with the value of -y’ given by

2k’

= -�k’ft + ln(c’o -

dc’ - 2k’f ,

dl 3

To summarize, in a homogeneous solution

the rates of depletion of the total isotopic

enrichment of bicarbonate, r’ - r’� , and of

the isotopic enrichment of multiply labeled

bicarbonate, C’ - c’� , are related to the rate

constant for dehydration of bicarbonate in

the solution, k’. However, these rates of

depletion are not identical; rather, they

depend on whether we measure r’ - � or

C’ - C’oo , the rate of the latter being twice

the rate of the former. That is, the slope of a

plot of ln(c’ - c’�) vs. time should be twice

the slope of a plot of ln( r’ - r’�) vs. time in

a homogeneous solution.

Isotope depletion in Iwo media separated by
( 12 ) a membrane. In this section we consider the

isotopic depletion of labeled bicarbonate in

( 13 ) two solutions separated by a membrane
permeable to carbon dioxide and bicarbonate

ions. A further requirement is that the mem-

brane be impermeable to carbonic anhydrase

and that the concentration of this enzyme be

different in the solutions separated by . the

membrane. Reference is again made to Fig.
( 14) 1 , iii which k’ represents the extracellular

rate constant for dehydration of bicarbonate

and k’� represents the rate constant when

catalyzed by intracellular carbonic an-

hydrase.

The approach taken in the following den-

vations is first to consider the case for very

alkaline solutions in which the concentration

of CO2 is so small that the flux of labeled

CO2 across the membrane can be neglected.

In another section the case for lower pH is

( 15) discussed, in which the flux of labeled CO2
across the membrane is considered.

When the intracellular and extracellular

solutions are at very alkaline pH, only the

diffusion of labeled bicarbonate and cars)-

nate across the membrane is important. In

this case we consider a form of Fick’s first

law of diffusion, Eq. 17, containing the per-

meability constant for bicarbonate, P, the

volume of the cell, V2, and surface area of

the cell membrane, A (5). Alternatively, V2

can be taken as the volume of all the cells in

the suspension, and �4 as the total membrane



the following:

= i/f, + � - T’2)

F �

- �cf+ k1,_�_ k’e (21)
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surface area of all the cells. V1 is the volume

of extracellular solution. In regions of high

pH where the concentration of C0� is

appreciable, P represents a constant de-

scribing the permeability of both HC03

and COY.

dT’2 PA � I

� =�V�(r2_T1)

The subscripts 1 and 2 refer to the extra-

cellular and intracellular fluids, respectively.

This form of Fick’s law is valid for simple

passive diffusion of bicarbonate and for
facilitated diffusion at bicarbonate concentra-

tions far from saturation.

brane. (d) There is no isotope effect for

bicarbonate diffusion; that is, one P de-
scribes the permeability of all isotopic species

of bicarbonate.

In the experiments the isotopic enrich-

ments of the bicarbonate in the suspending

solution, Ti and C’1, are measured. The solu-

(17) tion of the simultaneous differential Eqs. 18

and 19 for r’i has the following form:

I -81t -021

T � = a1e + a2e (20)

Without mt roducing any approximation, 01

and 02 can be obtained by solving the quadra-

tic, characteristic equat ion obtained from

Eqs. 18 and 19.

201,2 �+ k’� + �1+ I/c ± {[(�t+ id1) - (�t+ k’s)] + 4k’�k’1}

Since the flux of labeled CO2 across the

membrane is neglected, it is more convement

to use here the expression for bicarbonate

depletion given by Eq. 1 1 rather than the

simultaneous equations, Eqs. 6 and 7, which

describe the same depletion. By incorporat-

ing Eq. 17 into Eq. 11, the kinetic processes

of Fig. 1 at very alkaline pH are described by

dT2 k’�f , , , I

- -�1�-. = � T 2 + k ( T 2 T �)

where k’, PA/V1 and k’� = PA/V2

These equations are based on the following

assumptions. (a) Chemical equilibrium

exists ()n both sides of the membrane, and

kinetic isotope effects are negligible. (b) At

very alkaline pH the concentration of CO2 is

so small that the flux of labeled CO2 across

the membrane is negligible. (c) The permea-

bility for bicarbonate going into the cell is

equal to the permeability for bicarbonate

going out of the cell; that is, one P describes

the bicarbonate permeability of the mem-

These solutions, in the form �/x2 + y, are

approximated by I x + y/2x I. The approxi-

mation is valid, since the experimental data

give a very small value for y/2x (less than

10_2 sec�’ in the red cell experiments) and

the error which results is much smaller than

the experimental errors.

This approximation gives

The � expression for � 02 colltains the terms

k ,,f/,� + k � and, with the knowledge that
( 18) k’. >> k’ andk’1 >> I/c , we can determine that

02 >> 0� . As a result, the second term on the

( 19) right in Eq. 20 becomes unimportant soon
after the experiment begins. The equation

. . 18 .

which describes the total 0 enrichment in

the external medium as a function of time

can then be written

I 1 I I

Tj - T� = (To - T�)e

where 0� is given by Eq. 21 and T� is intro-

duced so that the equation represents iso-

topic enrichment rather than total isotopic

content. Thus a plot of ln(T’1 - T’4 vs.

time yields -01 as its slope.

However, the slope 0� contains the two

unknowns i/#{128}and i/� and cannot be solved.



with

271,2 �‘+ k’1 + 2kCf+ i/c ± .t[(���+ k’1) - (�-�L+ k’e)] + 4k’6k’1}

Approximating the square root as above bicarbonate in the cell, related to the intra-

gives cellular activity of carbonic anhydrase.

- 2k”f k’

71 - + C - 2k’�f k’ 2k’f k’

3+2 � C
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For a second source of information we con-

sider the time dependence of c’1 and c’2.

dc’1 2k’f, , /
- = C i + k e( C 1 - C 2)

/ ,
(tC2 �KJ , �‘ , ,

= -�-c2+ k1 C2 - C1

A comparison of Eqs. 22 and 23 with Eqs.

18 and 19 illustrates in terms of kinetic cx-

pressions a cardinal point to be repeated in

the next section: The rate of depletion of

label depends on whether one observes c’ or

T, hut the rate of diffusion of labeled hi-

carbonate through the membrane is the same

for c’ and T.

The solution of the simultaneous differen-

tial Eqs. 22 and 23 for c’i is of the form

(25)

C � = bie�” + b2e�2l

Finally, a plot of ln(/i - c’�) vs. time yields

-�‘i as its slope:

I I 1 I -�)‘i�

Ci - C,:0 = (co - c�)e (26)

The information gained from the two

slopes 0� and ‘yi can now be used to obtain

k’0 and k’e. For this purpose we set 0 =

- �k’f and ‘y = - �k’f and note that

k = V1k e/V2. Solving Eqs. 21 and 2.

simultaneously gives

k’- �- 2 -

k’ 3v1( ‘yC 2fV2\-y/0 - 1

To obtain these solutions the term 1/f/3 +

k’6, which is about 102 sec� in our red cell

experiments, has been neglected with respect

to k’�f/3 + k’1 , which is about 10 sec�’ iii

our experiments. These solutions for i/c and

k’C are very similar to the expressions derived

(22 ) by Gerster ( 2 ) for the diffusion of CO2

between gaseous and aqueous phases. The

“2’3�’ term f appears in Eq. 28. It is necessary

‘ #{149}I since a fraction ( 1 - f) of the total car-

bonate and bicarbonate exists as enriched

carbonate and cannot be depleted of its label

until it is converted to the bicarbonate form.

In this section it has been shown that

under certain restricted conditions, mainly a

restriction to work with alkaline solutions,

t\V() kinetic constants can be obtained liv

measuring the rate of change of the isotopic

C()flteDts of bicarbonate in the extracellular

soluti()n ()iilV. The kinetic constants are the

‘ diffusion rate constant i/c , related to the

( 24) permeability of the membrane to bicarbon-

ate, and a rate constant for dehydration of

Explanation ol physical phenomena. In a

suspension of cells at very alkaline pH,

HC03 diffuses through the cell membrane,

but the flux of labeled CO2 across the mem-

brane is negligible because the concentration

of CO2 is very small. Furthermore, 180 is

depleted from the bicarbonate in the external

medium in a relatively slow process and is

depleted in the intracellular fluid more

rapidly in a catalyzed process, provided that

the cells contain carbonic anhydrase.

(27) Since the isotopic depletion of bicarbonate

depends on chemical reactions, such as Eqs.

(28) 1 and 2, the rate constants k, k’, k�, and k’�

can be obtained by measuring the rate of 0

exchange between bicarbonate and water.

But the diffusion constants i/c and k’1 (de-

fined by Eqs. 18 and 19) can also be obtained
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by observing the same isotopic depletion

rates, since access to the intracellular

medium containing carbonic anhydrase is

determined by these diffusion constants.

The rate constants k and k’, k� and k’� are

related by equilibrium constants. Further-

more, k’� and k’� can be related by assuming

that the permeability constant for influx of

HCO3 and for the efflux of HCO3 are the

same. The uncatalyzed rate constant, k’, can

be easily determined by experiments carried

out in the absence of any cells.

These considerations leave two unknowns,

i/� and k’� , which can be determined, using

the equations derived in the previous see-

tion, by obtaining two knowns from the rate
. 18 . -

of depletion of 0 in the HCO3 of the ex-

ternal medium. These two knowns are the

rate of depletion of the total 180 content of

the bicarbonate (the quantity T) and the

rate of depletion of 180 from bicarbonate

species which are doubly or tniply labeled

(the quantity C).

The fact that these two rates give in-

dependent information concerning the proc-

eases of Fig. 1 is the cardinal point in this

technique. This independence arises because

chemical reactions, such as in Eqs. 1 and 2,

can deplete labeled bicarbonate only one

label at a time. As a result, the rate of iso-

topic depletion of labeled bicarbonate de-

pends on whether one observes bicarbonate

which is singly or multiply labeled (2).

However the diffusion process by which bi-

carbonate passes from the extracellular en-

vironment to the intracellular environment

(or vice versa) cannot distinguish singly,

doubly, or tniply labeled bicarbonate and

passes each through the membrane with

equal facility. In the cell depletion is hun-

dreds of times faster than in the external

medium, and the bicarbonate passing out of
18

the cell is greatly depleted of 0. Thus the

isotopic depletion of bicarbonate in the cx-

ternal solution occurs by a combination of

two processes, one dependent (the chemical

mechanism) and one independent (the diffu-

Sioll mechanism) of the degree to which each

bicarbonate ion is labeled. How these two

processes are measured to obtain k’� and k’�
from experimental data is the main purpose

of this report.

Isotope depletion in suspension of red cells.

In order for this method to be applicable in

regions of more physiological pH and to be

applicable to red cells, the flux of labeled

CO2 across the cell membrane must be

accounted for. This is particularly important

for red cells, since the permeability of the red

cell membrane to CO2 is very large, so large

that it has not yet been measured experi-

mentally. Forster (6) estimated this permea-

biity to be 7.5 X iO-3 cm/sec or 0.58

cm/see, depending on whether CO2 moves

through membrane pores or passes through

the membrane in a way dependent cm its

lipid solubility. These values can be con-

trasted with the permeability of the red cell

membrane to water, 5.3 X i0� cm/sec (7),

and to bicarbonate, about 10� cm/sec

(8-10).

Labeled CO2 generated by Eq. 1 in the

suspending solution diffuses into the red cell

membrane. Its subsequent catalyzed deple-

tion in the cell contributes to the over-all

depletion measured experimentally. This

factor was neglected in previous derivations

by assuming very alkaline pH and very

small CO2 concentrations. However, this

contribution can be calculated by consider-

ing the rate of formation of labeled CO2 in

alkaline solution, which is slow compared to

the diffusion of HCO3 into the cell. This is

done below, using approximate permeability

constants and rate constants at pH 8.

The experiment is begun by dissolving

labeled bicarbonate in a suspension of red

cells. The labeled bicarbonate in the suspend-

ing solution can be depleted of 180 by two

processes, both shown in Fig. 1: diffusion of

labeled bicarbonate across the cell mem-

brane, followed by very rapid depletion in

the carbonic anhydrase-containing intra-

cellular solution (process A), and chemical

reaction of labeled bicarbonate in the extra-

cellular solution, forming labeled CO2 which



-3
[HCOfl dr’i = k’[HC16O’6O1801 + 2k’[HC16O180’801 + 3k�[HCisOis0lsO_]

�1 -�

(29) - dT’1 = fk’T’i
�ii-
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rapidly diffuses into the cell, where it is

depleted to a certain extent and may diffuse

back into extracellular solution ( process B).

The rate constant for process A is deter-

mined by the rate-limiting step, the diffusion

of labeled HCO3 into the cell. The diffusion

rate constant k’e (PHco3)A/Vl . Ap-

proximating PHCO3� by i0� cm/sec and

A/ V� = 133 cm’, a typical value for the red

cell experiments, k’e 1.3 X 102 �

equivalent to a half-time for diffusion of 53

sec.

The rate constant for process B is deter-

mined by the rate-limiting step, the rate of

disappearance of 180 from HCO3 in forming

labeled CO2. The rate of disappearance of

180 from HC03 in process B is written

Here the back-reaction of labeled CO2 to

form labeled HCO3 ( k = 3.8.5 X 10_2 sec’

for uncatalyzed hydration at pH 8) is

neglected because of the rapid rate of CO2

diffusion into the cell (k� = 13 sec� using

PC02 = 10-’ cm/sec and A/ Vi = 133 cm’).
Consequently the rate constant for process

B is approximated by fk’ = 7.4 X 10� sec’

at pH 8, giving a half-time for HCO3

depletion by process B of 16 mm. This is to

be compared with the rate and half-time of

depletion by process A ( 1 .3 X 10_2 sec� and

53 see).

It is concluded that, under the conditions

stated above, the contribution to the total

rate of depletion by labeled CO2 diffusion

into the cell is small compared to the contri-

bution of labeled HCO3 diffusion into the

cell. Furthermore, the contribution to total

depletion caused by diffusion of labeled CO2

into the cell is approximated by fk’. This

approximation is checked experimentally by

using a passive anion diffusion inhibitor

which blocks process A, leaving a total deple-

tion rate constant of fk’ due to process B

( see RESULTS ANI) DISCUSSION) . The magni-

tude of k’ will be increased by the presence of

any carbonic anhydrase in the extracellular

solution arising as a result of red cell lysis.

These considerations modify only slightly

the general approach taken earlier. The

depletion of 180 from bicarbonate in the

extracellular solution is measured as before.

Because of the rapid diffusion of labeled CO2

into the red cell, followed by i80 depletion,

the hack-reaction of labeled CO2 to form

labeled HCO3 is neglected in the suspending

solution. Consequently, for red cell suspen-

sions, in place of Eq. 18 we write

Ti ,, F, F F

�fkTi+ke(�TlT2 #{149}30

and in place of Eq. 22 we write

d Cl � � 1 �.

� = fk c � + k ei�C � � C 2) �#{149}�1

These equations are valid even if there is no

chemical equilibrium in the extracellular

solution.

Labeled CO2 generated by Eq. 1 in the

intracellular solution is now considered. The

very large carbonic anhydrase content of the

red cell favors back-reaction by Eq. 2 inside

the cell rather than outside the cell. That is,

diffusion of labeled CO2 across the cell mem-

brane occurs perhaps many times, but Eq. 2

occurs inside the cell. The differential equa-

tions for T2 and c’2 are written as Eqs. 19

and 23. This implies intracellular chemical

equilibrium between CO2 and HCO3. Such

an assumption is less firm than the assump-

tions leading to Eqs. 30 and 31. It is subject

to experimental verification by comparing

the value of k’� obtained using these equa-

tions with the value of k’� expected on the

basis of the known carbonic anhvdrase ac-
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tivity in red cells (see RESULTS AND DIS-

CUSSION).

The alternative assumption-that a sig-

nificant fraction of labeled CO2 formed intra-

cellularly by Eq. 1 diffuses out of the red cell

and remains in the suspending solution-is

not compatible with Eqs. 19 and 23. The

incorrect use of Eqs. 19 and 23 for this alter-

native ivssumptli)n introduces an error into

the determination of k’C and does not permit

the separation of CO2 and HCO3 flux in the

calculation of the permeability of the mem-

brane to bicarbonate. Furthermore, accumu-

lation of labeled CO2 in the suspending

medium, accompanied of course by accumu-

lation of unlabeled CO2 , would lower the

j)H of the suspending solution, an effect not

detected in the red cell experiments.

Equations 30, 31 , 19, and 23 also lead to

Eqs. 27 and 28, with the exception that in

this case 0 = 0� - k’fand � = 7i - k’f.

EXPERIMENTAL PROCEDURE

Preparation of labeled biCarbonate. ‘

labeled potassium bicarbonate-potassium

carbonate mixtures were prepared by dis-

solving these compounds in ‘80-enriched

water (normalized, up to 60 atom % 180)

obtained from �\Iiles Laboratories. The molar

ratio of carbonate to bicarbonate for this

mixture was 0.34 when the mixture was to be

used in isotonic solutions at pH 9.6; the ratio

was 0.16 when the mixture was to be used

in isotonic solution at pH 9.1 ; and pure

potassium bicarbonate was enriched for use

in isotonic solutions at pH 7.7. These com-

pounds were allowed to react with H218O for

12 hr, following which the water was dis-

tilled off.

‘3C-Enriched carbonate-bicarbonate mix-

ture was prepared by the following proce-

dure. Enriched CO2 was released by the

addition of acid to 1 mmole of ilcihd

BaCO3 (90 atom % ‘3C) obtained from

Merck Sharp & Dohme. The CO2 was ab-

sorbed in 1 ml of 1.0 N KOH, following which

the water was removed by distillation.

Preparation of red cells. Erythrocytes were

obtained from defibrinated rat blood ( rats

were female, Wistar strain ) and washed

twice at rOOm temperature with the following

solutions, referred to as the diluting media.

For isotopic depletion experiments at pH

9.6 the following diluting medium was used:

22.5 mM KHCO3, 7.5 m�i K2C03, 114 m�i

XaCl, and 5 m� glucose.

Experiments described in Table 4 were

performed with and without sodium picrate;

small amounts of sodium chloride were re-

placed by sodium picrate in such a way as to

keep the osmolality of the solutions constant.

For experiments at pH 9.1 and 7.7 the dilut-

ing medium contamed ( unless stated other-

wise) 30 mM KHCO3, 20 m�i glycylglycine,

5 mM glucose, sufficient XaOH to adjust to

the desired pH, and XaCJ (about 94 mM) to

bring the solution to 300 mOSM. In addition,

each dilution medium contained 0.05 %

(w/v) albumin.

After the last washing, red cells were

packed by centrifugation, and a measured

volume (0.2 to 0.6 ml) of packed cells was

resuspended in the appropriate diluting

medium. The ratio of the volume of the di-

luting medium tO the volume of cells, T’1/V2,

was carefully measured. This ratio varied

from about 200 to 1500. Erythrocytes re-

mained in this suspension for no longer than

2 hr until experiments were completed.

Performing exchange reaction. The cx-

change reactions were performed in a gas-

tight 5.0-ml glass syringe fitted with a water

circulation jacket to provide constant tern-

perature (25.0#{176} ± 0.1#{176},maintained with a

Haake type F constant temperature circula-

tor) . With this apparatus the reaction solu-

tion w’as not iii contact with any gas phase

from which CO2 could be absorbed. At zero

time 1 .0 ml of red cells suspended in diluting

medium and 3.5 ml of ‘tO-enriched diluting

medium ��‘ere mixed in the syringe. The

contents of this reaction vessel were con-

stantly stirred with a magnetic stirrer. The

composition of the enriched diluting medium

was identical with that of the diluting

medium, with the exception that the en-
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riched diluting medium was prepared with

‘tO-labeled bicarbonate and carbonate. Con-

sequently the chemical equilibrium (‘stab-

lished across the red cell membrane with the

diluting medium was not disturbed by addi-

tiofl of the enriched diluting medium. Small

adjustments of the pH of the diluting

medium and enriched diluting medium were

made immediately l)efore each run, using a

microsyringe and 0.1 N KOH or 0.1 N HCI.

Aliquots of this reaction mixture were

taken at intervals of 1-S mm. These aliquots,

approximately 0.5 ml in volume, were in-

jected from the reaction vessel by a syringe

needle through a serum stopper into an

evacuated flask containing sulfuric acid

( 9 M ) . This immediately stopped the slow

depletion of 180 from bicarbonate by liberat-

ing CO2 from the bicarbonate. This CO2 was

passed through a trap immersed in a Dry

Ice-acetone bath to remove water vapor and

was collected in sample vials.

At the end of each kinetic run the pH of

the contents of the reaction vessel was

measured.

�feasuring isotopic en tic/i ments. Isotopic

ratios were measured on a Dupont CEC

21-491 or a Finnigan 3000 mass spectrometer

at an ionizing voltage of 70 eV. Argon

abundance ( rn/e 40) was monitored in each

mass spectral scan to detect possible CO2

contamination by inadvertent introduction

of air during the experiments. The standard

deviations for a minimum of five scans in the

measurement of isotope ratios were less than

1 .5 % for 180 enrichment greater than 1 c/�

and less than 2.5 % for enrichments less than

1%.
At alkaline pH there is a negligibly small

concentration of CO2 in the reaction solution.

As a result, the atom fraction of 180 in the

CO2 liberated by acid is taken as equal to the

atom fraction T of 180 in the bicarbonate of

the reaction solution. The 180 enrichment in

the CO2 samples was determined by the

following formula:

- 3�’� (46) + (48)
T - (44) + (46) + (48)

where ( 44 ) , ( 46 ) , and ( 48 ) are the heights of

the corresponding mass i)eaks. Similarly, the

at()m fraction of ‘�O in CO2 containing a

double oxygen label can be taken as equal

to the at()m fraction C’ of bicarbonate. The

isotope ratio) C’ ill the (102 samples was deter-

mined by the following formula:#{149}F_ (48)

( - (44) + (46) + (45)

Finally, in taking aliquots of the reaction

mixture, red ((‘115 were sampled along with

the suspending solution. As a result, the CO2

liberated from HC03 in each aliquot by

treatment with acid contained CO2 originat-

ing from the intracellular as well as the

extracellular bicarbonate. Since 12/ Vi is of

the order of 10_1_10_2, and since the fraction

of the CO2 liberated liv acid and originating

from the intracellular solution is a compara-

he number, the error introduced by not

separatmg red cellS from the suspending

solution in each aliquot is quite negligible.

RESULTS ANI) I)ISCUSSION

ibm o�/eneous solutions. Experiments are

described here t() demonstrate that the rate

of depletion of the total enrichment of hi-

carbonate, as shown in Eq. 10, is half the

rate of depletion of the isotope enrichment

of multiply labeled bicarbonate, as shown iii

Eq. 15, in homogeneous solutions. That is, it

will be demonstrated that y/0 = 2.0 for

homogeneous solut lollS.

Figure 2 shows the data obtained for the

uncatalyzed depletion of 180 from bicarbo-

nate at pH 9.1 and 25#{176}with a total carbonate

and bicarbonate concentration of 108 m�i.

According to Eqs. 10 and 15, the rate coil-

stant for the uncatalvzed dehydration of

bicarbonate caii be determined from the

slopes of Fig. 2. [This rate constant

is, for example, the slope of the plot

of log (r’ - T� ) vs. time multiplied by

-3(2.303)/f; I is determined to he 0.945 at

pH 9.1, using a pK, of 10.33 for bicarbonate.1

The uncatalyzed rate constant for the de-

hydration k’ = (2.23 ± 0.10) X i0� see’
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FIG. 2. Rate of depletion of 180 from labeled bi-

carbonate resultin g front uncatalyzed dehydration
The exchange was observed at pH 9.1 and 25�

at a concentration of 102 m�i KHCO, and 6 mu

K2CO,. The reaction solution also contained 32 mM

NaCl and 5 mM glucose.

at pH 9.1 and 25#{176}is obtained from four runs

similar to that of Fig. 2. This is to be corn-

pared with the value i/ = 2.34 X i0� sec’

calculated from the rate constants of Gib-

bons and Edsall ( 1 1 ) . At pH 9.6 the slopes of

plots similar to Fig. 2 give k’ = (2.00 ±

0.08) X iO-4 sec’. The rate constants of

Gibbons and Edsall ( 1 1 ) at this pH yield

k’ = 2.04 X iO-4 sec’.

The ratio of the slope of the log (c’ - c’,,:)

plot to the slope of the log (T’ - r’,�) plot of

Fig. 2 gives 7/0 = 2.02. From four similar

runs the value, including standard deviation,

is 2.04 ± 0.03.
To find 7/0 in a homogeneous solution

containing carbonic anhydrase, 0.25 ml of

packed rat erythrocytes was diluted in 50

ml of distilled water, causing the cells to

lyse. Then K2CO3, KHCO3, glucose, and

NaCl were added to give the solution the

same composition as the diluting medium

used for the uncatalvzed runs at pH 9.1. The

isotope exchange reaction was carried out as

described earlier (Fig. 3). The slope 0, taken

directly from Fig. 3, is 9.45 X i0� sec’, and

the slope � is 1.91 X i0� sec’, yielding a

ratio 7/0 = 2.02. This result was easily re-

producible, three runs yielding 2.01 ± 0.04.

FIG. 3. Rate of depletion of 180 from labeled bi-

carbonate resultin g from catalyzed dehydration

This exchange was observed at pH 9.1 and 250.

The composition of the reaction solution was the
same as in Fig. 2, except that lysed rat erythro-
cytes were added to the solution. Before lysis

v1/v2 was 1.6 X 1O�.

Red cell suspensions. To find y/0 in a sus-

pension of intact rat erythrocytes, an experi-

ment similar in detail to that described in

the previous paragraph was performed. In

this run, however, 0.25 ml of packed rat

erythrocytes was diluted directly in 50 ml of

the same diluting medium used for the cx-

perirnents in homogeneous solution at pH

9.1 , a solution isotonic with the cells. The

isotopic exchange was then performed as

described earlier, and the results are shown

in Fig. 4. The slope 0� , taken directly from

Fig. 4, is 5.28 X 10� sec�, and the slope 7i

is 9.51 X iO-4 sec’, giving 71/01 = 1.80.

Three of these runs, all under identical con-

ditions and dilutions and using erythrocytes

from one rat, gave 7i/Oi = 1.81 ± 0.01.

The equations, Eqs. 10 and 15, describing

depletion in homogeneous solutions allow

only 7/0 = 2.0 and cannot explain the above

result using intact red cells. However, Eqs.
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FIG. 4. Rate of depletion of ‘�O from labeled bi-

carbonate resulting from catalyzed dehydration
This is identical with the experiment of Fig. 3

except that cells were not lysed. V,/V2 was 1.6 X
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10’.

21 and 25, which allow for diffusion as well

as depletion in two aqueous solutions sep-

arated by a membrane, introduce factors

id’6 and k’1 into 0 and � . As a result, 7/0 can

be less than 2.0 in such media, the value of

7/0 less than 2.0 being a consequence of the

diffusion of bicarbonate.

Equation 27 shows that 7/0 also ap-

proaches 2.0 for the case of very rapid diffu-

sion, that is, when k’e is very large. For no

diffusion, as in the case of an impermeable

membrane, the rate of depletion of labeled

bicarbonate is the same in the presence and

absence of cells. The ratio 7/0 also enters in

the expression for i/� , the rate constant for

intracellular bicarbonate dehydration , as

shown in Eq. 28. For very rapid diffusion of

bicarbonate across the membrane, that is,

when 7/0 equals 2.0, k’� = (3/2)( Vi/ V2)’y.

Substituting 20 for � results in 0 = (k’,/3)

( V2/Vi), and the catalyzed rate yields a

slope 0 as if carbonic anhydrase were spread

homogeneously throughout the entire solu-

tion. In the case of no diffusion across the

TABLE 1

Rates of depletion of 180 from HC03 in

suspensions of rat erythrocytes at 25#{176}

Rat erythrocytes were suspended in diluting

medium, and the ‘�() depletion experiment was

performed. 0, is the rate obtained directly from a

plot of In(T’ - r�) vs. time. k’ is the rate constant
for dehydration in the suspending medium. It was

obtained by centrifuging the suspension of red
cells and performing the ‘�O experiment o� the

resulting supernatant solution. f is the fraction of

all carbonate spe(�ies existing as bicarbonate.

pH Vi/V� Oi #{149}no Oi #{149}3.5 fk’, k’UUCaI

picrate mM

picrate

super-

natant

membrane, k’, cannot he measured by the

isotope exchange method described here.

The kinetic significance of i/C , a rate

constant describing an enzyme-catalyzed

reaction at (‘quilibrium, is most adequately

explained by Boyer ( 12) . The kinetic cx-

pressions derived by Boyer ( 12) for the case

of one enzyme-substrate intermediate have

been applied to the carbonic anhydrase-

catalyzed 180 exchange between bicarbonate

and water (4) . Since the isotope exchange

occurs at chemical equilibrium, in general

cases i/. �5 not simply related to the parame-

ters of the Michaelis-Menten equation.

The application of Eqs. 27 and 28 to the

rates of 180 depletion in suspensions of red

cells is now described. Experiments were per-

formed in a pH range from 7.7 ( CO2 =

4.5%; CO32 = 0.2%, HCOI = 95.3%) to

pH 9.6 (CO2 = 0.05 %, CO32 = 16%,

HCO3 = 84 %) . Table 1 shows the results

of several experiments in this pH range,

using rat erythrocytes. The values of Oi are

depletion rates obtained directly from plots

of ln(T’ - T�) vs. time. k’ is the rate con-

stant in the extracellular solution, as shown

in Fig. 1, and was obtained by centrifuging

each red cell suspension and performing the
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Depletion rates by bicarbonate diffusion pathway 0 = 0� - fk’ = 3.72 x 10� sec’

= - fk’ 6.38 X 10� sec�

i80 experiment on the resulting supernatant

fraction. As can be seen from Table 1 , the

values of fk’ are larger than � , the rate

constant for the uncatalvzed dehydration of

bicarbonate at 25#{176}.This situation results

from the presence of carbonic anhydrase in

the external solution and is caused by the

lysis of a small number of red cells during the

experiment. The purpose of Table 1 is to

verify Eq. 29, which approximates the con-

tribution to the over-all rate of depletion

caused by the flux of labeled CO2 into the red

cell membrane. Table 1 shows that in the

presence Of sufficient picrate to block passive

anion exchange across the membrane (13)

the rate of depletion remaining ( 0� in the

presence of 3.5 mM picrate) is about equal to

fk1, as predicted by Eq. 29. According to

Table 4, inhibition of the depletion rate is

maximal at 3.5 mM picrate. It is possible that

picrate also inhibits CO2 flux across the mem-

brane, but the agreement between Oi in the

presence of picrate and fk’ in Table 1 is evi-

dence that inhibition of CO2 flux is not great.

Also, at the concentrations used in this

study, picrate does not inhibit carbonic

anhvdrase.

The results of one particular experiment

at pH 9.6 on rat erythrocytes are presented

in Table 2 and will be used to demonstrat.e

the calculation of membrane permeability to

bicarbonate. The rates of depletion by the

bicarbonate diffusion pathway, 0 and �, are

obtained by subtracting from the total rates

the value fk’, which approximates the rate of

depletion by the CO2 diffusion pathway in

which the dehydration of bicarbonate is the

rate-limiting step. Substituting the values of

0 and � from Table 2 into Eq. 27 gives k’� =

2.27 X 10_2 sec�’.

The permeability constant P is deter-

mined from k’e by first relating k’, to 1/�

(see Eqs. 18 and 19), k’1 = ( Vi/V2)k’e.

Then P is related to i/� , P = i/1V2/A.

It follows that

/TT\ /17

P - � � k’ “ �2-�) ,e�\:A_

In this way the terms 12 cancel in the cal-

culation of P. This is a great advantage

since it precludes complications caused by

the fact that not all of the intracellular con-

tents of the erythrocytes are available as

solvent for bicarbonate. No error is intro-

duced by considering V2 to be simply the

volume of the rat erythrocytes.
7. 4 -1

A/I2 was taken to be 2.88 X 10 cm

[Wintrobe et al. (14) reported the volume of

the rat erythrocyte to be 41 .tm3. Ponder

(15) reported the diameter of the rat cry-

throcyte to be 7.5 Mm. The area of the cell

can then he determined to be 118 j.tm2 by

TABLE 2

Depletion rates U) suspension of rat erythrocytes at pH 9.6 and 25#{176}

Erythrocytes, all obtained from the same rat, were suspended (V1/V2 = 225) in diluting medium,

and the 180 exchange experiment was performed. 0, and ‘y are rates obtained directly from plots of

ln(r’ - r�,:) and ln(e’ - e�) vs. time. k’ is the rate constant for dehydration in the suspending medium

(see Fig. 1). It was obtained by centrifuging the suspension of red cells and performing the )8#{216} experi-

ment on the resulting supernatant solution. f is 0.84 at pH 9.6.

Eryt hrocytes in diluting medium

Erythrocytes in diluting medium containing 3.5 flIM picrate

0) = 4.56 X 10� sec’
-yi = 7.22 X 10� sec’

fk’ = 0.84 X 10� sec’

= 0.81 X 10’ sec’

= 1.05 X 10� sec�

fk’ = 0.80 x 10’ sec’
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TABLE 3

Results of isotope depletion nteasurements in

suspensions of rat erythrocytes at

pH 9.6 and 250

Erythrocytes for each run were obtained from

a different rat. The factor f at p11 9.6 is 0.84.

Vi/V2 0#{176} -‘/0 k� k� P

- X J�2 X 10’ sect se�1 X J�5
Cm SC�1

2.25 3.31 1.75 3.11 2.32 1.81

2.25 4.11 1.72 3.93 2.52 1.97

1.98 3.52 1.76 2.88 2.58 1.77

1.80 4.37 1.72 3.36 2.69 1.68

a The over-all depletion rate, 0�, minus the rate

constant for depletion in the extracellular .solu-

tion, fk’.

using Eq. 2.6 from Poiider ( 16) .] The perme-

ability constant calculated from the rates in

Table 2 is P = 1 .78 X i0� cm sec’. This

represents diffusion of both HC03 and

CO� through the red cell membrane. How-

ever, since the carbonate concentration is

small and since doubly charged ions gen-

erally diffuse more slowly through the red

cell membrane than singly charged ions, this

value of P reflects mostly the permeability

of the membrane to bicarbonate. The value
F #{149} -1 . .

k � = P3.56 sec is obtained from the data in

Table 2 and Eq. 28.

Following these procedures, a mean value

and standard deviation for P and k’� at

pH 9.6 and 25#{176}are obtained using four cx-

periments, the data from which are pre-

sented in Table 3:

J) = (1.81 ± 0.12) x i0� cm/sec

F _ -1
k � = 3.32 ± 0.4;’ SCC

This value of the permeability constant cor-

responds to a haff-time of 0.13 sec for the

exchange of bicarbonate in the rat erythro-

cyte under the conditions of Table 3. At. pH

9.1 and 25#{176},following the same procedure,
-4 F

P = 1 .98 X 10 cm/sec and k � = 6.17 sec

The half-time for bicarbonate exchange in

the cell in this case is 0.12 sec. At pH 7.7 and

25#{176},P = 4.75 X i�-� cm/sec and i/� = 19.8

see1, giving a half-time for exchange of

0.05 sec.

There are t\V() nlain reasons why the value

of P (.)1)tIIiIThd i)y this technique increases as

pH decreases. The first concerns the pH

dependence of the I)ermetlbilit� Of the riiem-

brale to aiiions. According to the pore

theory as described by Passow ( 1 7 ) , charged

channels lined �vith charged anlin() groups,

for example, are present in the membrane.

One (�tlIl also postulate a charged, mem-

brane-hound carrier molecule. At high pH,

fewer of these amino grou��� are charged,

decreasing the attractive forces between the

ChLlIlflel or carrier atid the anions. It is pert i-

nent to note that the values of pH of our

measurements are in the region of the l� K of

the charged amino groups.

The second reason arises from an error

present at. pH 7.7 which we have not cor-

rected for. This error is caused by an inter-

molecular exchange of oxygen atoms between

CO2 and CO� not involving an oxygen from

water ( 18) . The effect of this exchange is to

increase � and hence cause (1)ur calculated

values of P at pH 7.7 to be too large. The

magnitude of the error is unknown, since we

cannot, at. this time, separate the various

contributions to the rate �. The presence of

this exchange was confirmed in our experi-

ments at pH 7.7 by introducing into the red

cell suspensions a small amount of ‘3C-en-

riched KHCO3 that was not enriched in 180

and ‘8O-enriched KHCO3 that was not en-

riched with ‘3C. The appearance in the mass
13 16 18 . . .

spectrum of a C 0 0 peak is indicative of

an intermolecular oxygen exchange. One

possible way to write this exchange is (18)

(32)

Such an exchange was not observed in the

red cell experiments at pH 9.6 and was oh-

served to a negligibly small degree at pH

9.1, provided that the ratio V1/V2 was not

small.

The above values of the half-time for hi-

carbonate exchange in the rat erythrocyte
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can be compared with several measurements

using different techniques. Dirken and Mook

(8) obtained a value of 0.16 sec near pH 7

and room temperature for ox red cells, using

a rapid flow technique. Also using rapid flow

techniques, Piiper (9) measured the net

influx and effiux of total CO2 at. 37#{176}through

red cell membranes in which the CO2 cx-

change was mainly an exchange of bicarbon-

ate ions. The half-time averaged 0.04 sec for

cow, pig, and dog erythrocytes. Luckner

( 10) reported a half-time of 0.1 1 sec at 37#{176},

using an electrochemical technique to meas-

ure the CO2-chioride exchange in human,

cow, and pig erythrocytes.

At pH 9.6 and 25#{176}the ratio of the rate

constant for catalyzed dehydration at equili-

brium to the uncatalyzed rate constant for

dehydration is 16,500 ( k’c/k�ncat 3.3

sec�/2.0 X i0� sec’ ) . At. pH 7�7 this ratio

is 15,400 (k’c/k�incat 19.8 sec’/1.28 X

io-3 sec’ ) .� These ratios for rat erythrocytes

at 25#{176}can be compared with the estimated

value of 13,000 reported by Kernohan et al.

( 19) for the ratio of the catalyzed to un-

catalyzed rates of CO2 formation in human

red cells at 37#{176}.Th’ carbonic anhydrase

activity of rat red cells ( 2400 enzyme units/

g) is known to be greater than that of human

red cells [1470 enzyme units/g ( ref. 20, pp.

670, 676 )}. Although in rough agreement,

these ratios cannot be compared rigorously.

As stated previously, the use of Eqs. 19 and

23 must. be verified experimentally by, for

examj,le,comparing thevalue of k’� obtained

by this 0 method with the value of k

obtained independently. Hence the validity

of Eqs. 19 and 23 for ‘�O depletion in red

cells can l)(’ established only roughly in this

work, by comparison of our value of intra-

cellular rate enhancement with that of

Kernohan el a!. (19). This uncertainty is a

1 The ratio k7.’’k’U,eftt has approximately the

same value at pH 7.5 and 9.5, as determined by

�0 depletion studies on homogeneous solutions
containing human carbonic anhydrase C. At inter-

mediate values of pH this ratio is higher than at

pH 7.5 or 9.5 (C. K. To and 1). N. Silverman,

unpublished observations).

potential source of error in the calculation of

k’� by the 180 method and also introduces an

error into the separation of CO2 flux and

bicarbonate flux when calculating the perme-

ability constant of the red cell membrane to

bicarbonate.

It. is pertinent to comment. here on the

effect of the possible accumulation in red

cells of 180-labeled water, an accumulation

which is likely to occur because of the rapidly

catalyzed depletion of labeled HC03 and

CO2 in the cell. Using V1/V2 = 225, a typical

value for the experiments at pH 9.6, there is

a total of approximately 1 X i0� g atom of

oxygen in the water of all of the cells in 4.5

ml of red cell suspension. At 30 mu� total

carbonate with 20 % initial enrichment of
18 . -5

0, there is a total of about 8 X 10 g

atom of )8O in each experiment. Considering

the permeability of the red cell to water (7)

and the fact that some depletion occurs out.-

side the red cell, it is unlikely that accumula-

tion of 18O-labeled water presents a sizable

error in the calculation of kF� at pH 9.6. How-

ever, in suspensions containing few red cells,

accumulation of H218O in the cell could give a

value of k’� which is tOO small.

Returning to other experiments at pH 9.6,

Table 4 demonstrates that inhibition of

depletion by picrate ion is maximal using 3.5

mM sodium picrat.e in the red cell suspen-

510fl5.

In placing aliquots of the red cell suspen-

sion in acid to retrieve C02, it is possible that.

CO2 is generated from the organic material of

the red cells. If this is the case, the isotopic

enrichments resulting from these samples

and the ratio y/0 would be affected. To test

whether these isotopic measurements include

such an error, experiments using a ‘3C label

were performed . Following the procedures

described earlier, packed rat erythrocytes

were suspended in diluting medium at pH

9.6. The bicarbonate in the diluting medium

was enriched with ‘3C. Aliquots at several

different times were then placed in acid

(9 M sulfuric), and the CO2 liberated was

measured for uC enrichment. The uniformity



Picrate 8,”

m� sec� X 10’ sec’ X 10’ seC’ sec’ X J(,2

2.32
1 .()4

0.12

cm sec’ X J6�

1.81
0.82

0.09
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TABLE 4

Results of isotope depletion measurements in suspeii.sions of rat erythrocyles at pH 9.6 and 25#{176}
The anion diffusion inhibitor sodium picrate was used. 1’1,.�l’2 = 225. Erythrocytes for each run were

obtained from the same rat. The factor f at pH 9.6 is 0.84.

k P

0 4.48 3.31 1.75 3.11

0.40 3.59 2.29 1.64 2.36

1.56 1.64 0.31 1.58 0.34

2.50 1.30 -0.03 0 0

3.50 1.33 0 0 0

a Depletion rate obtained directly from a plot of ln(r’ - r�) vs. time.

Over-all depletion rate, 01 , minus the rate constant for depletion in the ext racellular solution, fk’.

of the isotope ratios of Table 5 indicates that

there is a negligible error in these measure-

ments due to CO2 originating from organic

material in the samples.

This technique requires that carbonic

anhydrase be present on one side of the mem-

brane. In order to measure the permeability

constant, Eqs. 27 and 28 demonstrate that

the magnitude of kF� should be approximately

in the same range as k’1 = ( Vi/V2)k’e.

However, there is some experimental flexi-

bility to arrange that k’� and k’� be of the

same order of magnitude, since carbonic an-

hydrase can be partially inhibited to reduce

the magnitude of k’� , an option available for

studies in vivo.

This isotope exchange method offers sew-

eral advantages for measuring HCO3 diffu-

sion through membranes when the rate of

exchange is rapid, as in red cells. First, he-

cause of the high sensitivity of the mass

spectrometer, this technique can be per-

formed with relatively small numbers of

cells and small volumes of 180-enriched bi-

carbonat e solut ions. Second , this technique

can be used for the measurement of rapid

CO2 and HCO3 exchange in vitro. Double

labeling with ‘3C and )80 is valuable in such

experiments. Measuring 180 depletion only

from ‘3C-containing CO2 and HC03 pre-

vents errors arising from dilution by ui�-

labeled CO2 and HCO3 in the physiological

fluid. Furthermore, such double label meas-

urements would not he affected by the turn-

13(’ content of carbonate an(l biearbonate in

suspending medium before and at limes

after addition of rat erylhrocyles

The pH of the suspension was 9.6, and tempera-

ture 25#{176}.The composition of the suspending me-

dium is given in the text.

‘Fime “C content#{176}

(‘�
,()

Before addition 12.03

After addition

1 nun 11.87

10 mm 11.81

100 mm 11.91

a � #{176}C= (45)/[(44) + (45)J X 100% for CO,

obtained by treating the suspension with acid.

over of CO2 or HC()3 by normal metabolic

processes . Experimentally , t his technique

�voi.i1d involve inserting an amount of ‘SC-

and 0-labeled CO2 or HCO3 into a physto-

logical fluid and PeriodicallY taking aliquots

of the fluid for measurement by mass spec-

t rometry.
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