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SUMMARY

KING, RODNEY W., GARG, LAL C., HUCKSON, JUDITH, AND MAREN, THOMAS H.:
The isolatiomi and partial characterization of sulfonamide-resistant carbonic an-

hydrases from the liver of the mmmale rat. Mol. Pharmacol. 10, 335-343 (1974).

The liver of the adult male rat contains carbonic anhydrase activity which is 10,000 tinues
less sensitive to inhibition by acetazolamide than the carbonic anhydrase present in feniale

rat liver or canine liver from either sex, or in rat kidney or erythrocytes from cit-her sex. By
contrast, inhibition of the carbommic anhydrase activity from the livers of ummale rats by

cyanide or bisulfide anions occurs w’ith I� values similar to those of rat erythrocvte car-
bonic anhydrase. Using standard biocht-mical techniques, we have shown that the activity

exists as four isoenzynuatic forms, consisting of two major and two minor spc-cies. The two

major species have 1)een isolated, and run as single bands on polyacrylanmide gel electro-
phoresis. They both have a molecular weight of approximately 29,000, as determined by

molecular sieve chromatography, amid probably contaiim 1 atom of zinc per nmolecule. The
enzymes retahu their resistance to inhibition by acetazolamide througimout time isolatiomm
procedure. The turnover number is about 3300 secm, roughly 1 % of that of hun-maim red cell

carbonic amthydrase C amid most tissuc- canl)onic anhydrases.

INTRODUCTION

In 1966 N-Iaren et al. (1) reported that the
carbonic anhydrase activity of rat liver

homogenates, and also of the supernatant
solution from centrifuged homogenates, cx-
hibited an abnormal lack of sensitivity to

inhibition by aco-t-azolamido-. The acetazol-

amide concentration reoiuired for 50 % inhi-

bition of rat liver carbommic anhydrase activity
was 62.3 �mm, whereas the red cell carbonic aim-
hydra.se required only 20 mom. The concentra-
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tion ro-quired for 90 % inhibition shomvo-d an
even more startling disparity, being nuore
than 1 nuimu for rat liver o-arhommic anhydrase

and oumly 180 mrui fcur red cell t-arbonic
anhydrase. Pihar (2) ind-peuudently found
that 39 % of rat liver carbommic amiiuvdrase
activity could muot 1)e immhibito-d by 21 �r�i

acetazolamide.
Maren et al. (1) did not- atto-nmpt to purify

the enzyme, since its c-ommccmmtratioum iii rat

liver tissue ms’as o-stimated to) bc vo-ry low,

about 0.003 that imm red o-(-lls. It ss’a.s c-lear,

however, that studies of resistaumt enizynme

could add significantly to the pro-semmt kumcmmvl-

edge of the forces govc-rmmiumg tiue b)imidinug of

sulfoimanuido-s to tho- so-uusitivo - o-nzymuuo-.
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This �omtpo-u do-so-nbc-s the purification a-iud

I)artial o-lmmmm’actu-nizat-iomm of the resistant rat

liven -arbuuummic aumiuyolrtmsc-.

�iETHOI)S

A stmonmo!tmm’o! butuft’o-r solutioum, 50 miii in rfris

mcdjusti-t! t(i j)H #{182}.3mvit-Im. H2S04 , was used

for mimoost oil thu work. Thc- compositions of

otimc-n bummtio-m soiutiouis turd- givc-mi where ap-

buromionimito-. All n-tigo-umts mmere c)f analytical
grmmolo-. (‘mimbommic- monuiuydrtusc- activity ms-as

mimo-misum-o-cl liv timo- miuo-timods ouf 1\Ia-ren anti co-

svourko-m’s (3, 4). luuimii)ition assays ms-c-re

ommrnioo! oun�it muito-r immculututimmg enzymmme amid in-

hmih)itour iou- 1 mimi imi timo- reactioon vessel prior
tom stmim’ting thu mumo-asurem-no-tit. InImibitioim is
o-xjum’essi-c! mis 1(X) X (EU - EU1)/EU, mvhmere

Fi:-1:�- is thu commcemmt-nttt-iomi ouf o-nzyumme (in ummits

iii tiuo- bumitim) mmitim umo imuin1)itor I)reselmt-, tumid

1-:I�T� i�-; timo- commcentration oil active emmzvmmue

imu thu I)mo-so-mice tof iniimil)itoim. rj�� variability

of timo mimi-timed is mii)omut 10 (�‘� (4). The vania-

tioumu iii smmflii)ltS im-oumumdiffo-nemut tiumimmuls ms-as

gnu-tutu-n, tliffereumces in ‘50 rmimmging froimm 1- to

2-fold. Homvevt-n, in tho- context c)f commmpar-

lSt)ii msitii su-mmsitivo- o-mmzvmmie, ms-lucre I� values

ano- 300 --10,000 timmies srnal!c-r, this variability

is inisigmuiflo-nuit.

Pro ito-ui commeu-mitrat-io)mis ms’ero- deternuined

l)\ the immethod of Low-nv ci al. (5), usimug

buovinn- si-rum muhbuimmimm as stamudard. Optical

do-nsities ms’ere miuc-asmu-ed on mu (lilfcird nmodel

2400 tilt m-aviolet spc-ct-nophmotomnetc-r.
1�1-(’/)a1’al ion a lUll ti’ea-tnoen t of livem 1-issue.

Thu mmnuimmmmmlms-mis tmmmest-iuetizo-d mvith ether amid

tiit- imepatic portal vein wtus cammnulated.

Coubc! (�).�) � � iNmmCl sulutiomm msmts thu-mu perfused

t-hu-o)ughm thu om-gmun until it bo-gami to sss’ell,

mvhmo-u-eupomu time chest cavity ms’as opened ammo!

time veuma cava ms-mis cammnulato-d. Time p0-n-
fusion i-mute wtms inmcreaso-d muntil tho- liver

becammue l)alt tan. �fiie livo-r ms-as timo-n ne-

mm)o)ved!, ammo! perfusiomu ms-as comitinued until

timo- 10)1)0-s ai)Ijeanocl free froinum b)lOod amid t-imo-

pc-rliusmot- ms-as colorless. Afto-n thorough

ms’ashimig iii c-old NaCl, time liver was cooled,

mvo-igiied, mimic! used immurnediat-ely.

lou mumost- iiuhihitiomm expenimmmemits the livt-r

tissut- svas immiumced, suspemidec! iii 2 volumes
of standamcl buffer, timid hmommmogenized for 2

mmmiii at approximntmto-ly 4#{176},umsiiig a Polytnomi

submimo-rsib)le-pno ul)o imomogo-mmizo-r. Timo- sus-

l)0mmsiomtu mvas tht-nu o-o-umtnifugo-cl at 100,000 X g

timid 4#{176}for 90 mum, ammo] thu supenumatant

soltlt-i(umi ms-as usod as mmcu-uc!u- o-uizvmo- pnepana-

tion. Vaniatiouums iii tho- to-c-imniquo-s mused immthe

isolatiomm iunouco-o!umo- mu-c clo-scnibed under

RESULTS.

Co/aiim ro c/i i’onualouji’aph y . All ciuronmato-

graphic proct-o!unu-s mvu-i-o- carried out at 4#{176}.

Ccolummmmmmmuato-rimuls ms-i-ni- pro-pant-cl tunic! poured

l)y stammc!and mno-t-houcls. Toumk- streumgtim gra-

dio-nts mused mvitim DEAE-Sephado-x A-SO

c(uiuummmms ms-c-re moo mmmitono-c! using an Iuuthmstnial

Instrummmu-mmts imiodu-l BC i(B2 conuductivit-v

1)1-idgi-.

:\ lc)lo-cmular ms-u-igimt c!eto-nimmimiatiomms, usimig a

1 . 1 -t-imi-dianueter X 195-cumu Sephadex G- 100

colummmim, were 0-tinned uout- o-xmuctiv muccording

to \Viuittmkc-r (6). Sanmplt-s of 1 mmml,c-ontaiimiiug
tupproxnmiatc-ly 5 mug oil l)1(mtein, ms-c-no- applied

commsecutivelv, spaco-c! by 20 nil oil buffc-r solu-

tioumu. The void volunmc- ms-as du-tu-numuined using

1 mmmlouf a solutiuuui of blue c!extran coumtaining

1 mmig/mmul. The coluimmui o-filuommt was muiomiitored
spoctrophootomnt-trio-allv at 250 mum. Stamiclard

pnc)to-iuis msere uul)ttuino-o! frommu conmnmo-rcial

sources.

Isoelecti’ic focusing. Isoelectnic focusing

eXj)eniflio-mmts ms-i-nt- 1)enfo)nmmmedi usimig mmmiLT’.B
nmit)d01 5102 I)rel)tmnmutiVe isoc-lectnic focusing

Ct)1liiimli circulated ms’ith ethvlemmo- glycol-

ms’ato-n at 0.4#{176}.Anmpiiolimies mm-crc used at a

ocummccmut-ratiomi 0)1 1 g/100 mmml,ammo! time saumuple

ms-mis immixed mm-it-hi the “light” gnac!io-nt solu-

tiomi. 1�(Itui1il)niUumm ms-mis ro-muc-imed mmltu-r GO hn,

mis judged b)1�’ tht- docu-o-ase in curremit.

rjl� pno-fem-no-d orientation i)f ammoo!e at- the

top commit! mmot be mused, simice iii our first cx-

I)o-nimmmelit o-(ummsic!o-ntihie 1)mtcil)itmitiouim of prom-

teium occurrc-d at time amiodu-. This pr(-cipitati-

fell siomvlv doss-mi thu o-olunmn amid imutu-nlered

mmitli time Stmui)ilit-V of thc- sucrose gradiu-nt. 1mm

subsequemmt OXl)i-nimmmi-mits ms-c miseci time tunoc!e

at the 1)c)ttOlii.
Aftor tciuilibnmmtion time colunmum ms’mis c-lutec!

inmto a fraction o-olleo-tuor mit- SO #{176}�of’ t-imo- nuax-

imnummu rec-onmmmmo-umc!u-d m-ato- ; 5-mimi irmit-tioomms

mvtro- colloctec!.

1�o1�jaci’ylamn i(lC (id c/cc/mop/i 01(5/S. Gel

elo-d-tropimuuresis mmmus eminuied out 1y mochifica-

tiomis of tii- uimo-t-hmuic! of i)avis (7). The sys-

t-imms used mvo-ro : pH 5.3, Tnis-HC1 buffer

suiulutioiiis, usimug 7 � go-is ; pH :3.5, fornuic ticid-

Eu)diumim fourmmmmitu- huffu-r sohutioums, usinug 15 #{176}�
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as o1est�ribed iii METHO)Ds. Time o’hemistr�’ ouf these inhibitors has been deso-ribed (8).
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gels cooimtainming S M urea. All experimmmeimt-s

wer(- done at roomn teuimpc-raturc.

For the experinmemits at high pH tIme sam-
ples were nmixed with an equal volume of 40 %

sucrose solution commtainimmg bromphenol blue
as trackimig dye, and layered directly on toil)

of the gels. Experiments at low pH requirc-d
a prolonged prehiimmimiary period of i-lectro-
phorcsis to renuove o-xcess pc-rsulfate. In this

case samples wero- mixo-d ms-ith an equal
volunmc 0)1 solution contaimmiumg 30 % sucrose,

S :si urea, and metiuyl green as tracking dye.

After o-lo-ctrophonesis the go-is ms’ere stained

with 0.1 (��; Anuido black dissolved iii 7 %

acetic acid, thcn o-lectrouphoreticaliy do--

stainod amid phcutographed.

RESULTS

1mm our immitial mso)rk ms’o- imiade the entino-ly

unexpected fimmdimmg timat female Wistar cur
Holtznmaim rats differed Inounu the males, imm

that fi-nmaho liver supernatammt fractious gave

‘50 (35 rm�i) amid 190 (400 mmii) data for
acetazc)lamido similar to those for tryt-iuro-

cyte carbo)uuic anhydrascs of rats amid other

specios (Fig. 1A). Male rats gave I� data

similar to those ro-ported by Mart-u el al.

( 1), whou had nmot spi-cified the sex oil tiuc-ir

rats. Tho- I�o value oil our male liver pro-para-
tions for acetazolaimmide ms’as iumcrc-ased sig-

nificantly, fronu 62.3 td) 100-200 �.mi, by o-x-

haustive perfusion of the hivt-r i)nior to

hoommmoogo-iuization , timid immoho-c-d timo- mul)nournmmal

150:190 ratio found by Maren et al. (1) could
be virtually abolished by this treatment. A
typical inhibition curvo- is shomvn iii Fig. lB.
The liver of a 6-month iuvaniectomnized rat
was also tested for carhoonic aiuiiydraso- immhi-

bition, but was not significantly different
from the normal female (Fig. 1A).

Table 1, colununs a, simoms’s t-lmmmt-fivo- ot-iuer
sulfonamides of widely diffo-rinig structural

type and activity resemmmble ac-o-tmizolaniide iii

their strikingly lower activity agaimist male

liver carbonic anhydrase thaum agtmimust the ret!
c-ell enzynme. Colummmums b coummpano- previous

data on relatively crudc- supernatant irac-
tions; notice timat time effect of purificatioum is

to raise the I�o , aim expected fimidimig if time
impure preparation commtainied sonmie sc-imsitive
enzynme from blood.

� i:o A

�6Of

f��::�/’ � � ,.....J
10-8 iO-7 1o-6105 1O-� io�

[ACETAZOLAMIDE] ( M)

Fmo;, 1. Typical liver o’a,-bo,iic auuhydi-ase (CAy
i,ihibilzon curves using supeinatant soloofio,is

A. #{149},fenumale rat ; 0 , oovmiriectomiuizeol mmii B.

Male rIot; note change in abscissa scale.
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Tablo- 1 mm]suo simows that, unlike the six

sulfomuanmiolo-s, (9N tumid SH have the same

inhuil)itonv tuctivitv agaimmst liver as against

red cell o-anl)c)nic mmmmimydrtuse.
Prepaialion (if crude enzynm-e fraction. Fif-

teen exiuaustivo-lv perfused livers were cut
into small I)ieces, suspeimded in 2 volumes of

standard buffer solutiomi, and homogenized.
The pH tof time suspension fell to 8.7 during
Imornoogo-muizatiomu amid w’as returned to 9.3 by

adding solid Tnis. Alto-n cc-ntrifugation for 90
nmium at 4#{176}and 100,000 X �j, time tubes con-
taint-c! timrc-e dist-imuct- layers : a fat layer con-

tainimug 6.5 o-nzymno- units/mi, aim aqueous
layer commt-anmimig 4.5 eimzymmme units/mi, amid

packed debris contaiumimmg approximately one-
fifth of time total activity of the preparation.

Time fat layo-r mvas removed with some of the

aqueous layer and emulsified with 10 volumes
of ice-cold cimloroforimi, timeim cemitrifuged at

loms speed. Time emuzyimme activity was located
ill the aciucous lavu-n and was pooled with time

aqueous supernatammt fluid frommu the initial
cemmtnilugation. The pellets were resuspended

in 2 volumes of stamidard buffer, homoge-

nized, aLit! centrifuged mmsecond time. The

activity ro-immaiuiimmg iii the pellet was noms less
timami 10 % of the toutal and was discarded.
The total combiumed activity from both sets

of supernatmimit iractioums mvas 3050 units,

90 #{176}�of the activity of the original homoge-

nate.

_t flO flhi)fl in-iou sn-/fate prec�J)itation. Ammmmmmo-

mmiunm sulfat-c ms-mis mudded to) time combirmed

EQ 1

‘;

4

reddish bromvn supernatamit- fractiomus slu)wly

mvitlm stirriimg at 4#{176}to a fiumal comicenitration of

40 #{182}7�-of saturation. T.Jmmdc-r these comiditions
98 % of t-Imo- cnzynme activity remumaino-d in

solutiomi ms’imile 75 % of the total protein [as

deternuined by the nuethod of Lomvry ci al.

(5)] mvas precipitated. The precipitate msTas

removed by low-speed centnifugation, and

time supernatamit fractiomu ms’as dialyzed

against standard Tris i)uffo-n for 2 days with

st-venal changc-s of buffer solution.
Chu-omatography on Seploadex G-’5. The

pale piimk solution obtained frommu time pre-

vious dialysis mvas concentrated to 90 nil by

ultrafiltration, using an Amicomi UM-1O

nmt-mmmhramme. Of this solution, 30 mnl mm-crc- ap-
plied to a colummumu of Sepha-dex G-75 (SO X 2.5
cm) equilibrated with standard i)uffen, using
reverse flow. The effluemit was nionitored by

ultraviolet absorptiomm at 280 mmm amud also by

carbonic anhvdrase activity. Figure 2 shomvs

a typical elution profile. The ultraviolet-

absorbing immaterial was eluted as six peaks,
only one of whelm was associated with

carbonic anhydrase activity. Recovery of
activity frommu the column mvas 70 %, and was
c’xactly reproducible for eaclu of the three
samimples apl)lied fronm this preparatioii. No

other peak of carboumic anhydrase activity
mm-as found. The fractions coimtaining carbonic

anhydrase activity mvere 1)oolc-d and coneen-
trated to a small volume, givimug a pale yellomv
solution.

Isoelectric focusing. Followimig chrornatog-

10

5

4

4

Froct�on Numbe

Flim. 2. Elo,tioon profile front Sephauiex G-75 coiuiniiu

Aft er t real nuemut of t lue superumat-ant- fract iomu from the licumogenized livers wit ii 40�, mummoliiuni sul-

fate tumid remiuo:uval of time precipitate, the solution was thorotmghly dialyzed and coumicentrated, and cune-

third of it was applied to a 3.0 X 80 cm column of Sephadex G-73 (medium) equmilibrated with standard

bumffer. Llulio)mu cuf 10-mill fractiomus was performed witlu the same buffer. �, oI)tical densily; #{149}-�,

cam’lmonic anhvtlrmuso! (CA) act ivil y.
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raphy commSepimadex G-75 attemmupts mvero- mmmade

to purify the nat liver carhommic amihydrase

further by pro-parativc- isoelectnic focusimig.
Using a pH gradient from S to 8, tmvo large
and tmso small peaks ouf carbonic anhydrase
activity were dc-tected, amid six peaks of

optical density at 250 mini (Fig. 3). It was

inmpossiblc- to obtaimi expo-ninmental values for
umucatalyzed times, because of vaniatiomu in

time huffenimug i)oumm’er of tho- solutiomu alomig timo-
length of the coluimmim. Tluerefono mve used a-n

estinmated uncatalyzed time t)f 100 sec and
expressed activity as 100/t - 1 , who-re 1 is the

catalyzed thu-me. Afto-r time active fractiouns

had ho-eu thoroughly dialyzed, activity
measuromemuts shomvecl that over-all ru--

covery front the isoelectnic focusimmg colummumu
was only 25 � . The isoelectnic pH of each d)f

the fractions is given in Table 2.
Chrornalegiap/my on DEAE-&phadex A -50.

Attenmpts were immade to separate the en-
zymes from each other ammo! from interfering

material 1)V ioui-excimammge chromatography.
Using tht stammdard pH 9.3 Tris buffer solu-
tion previciusly used for the Sephadex G-75
colunmmm, the enzymes mm-crc firmly attached to
the ion-exchango column and could not bc-
eluted under equilibriuni conditions. A

linear gradient increase of the buffer comicen-

tration from 0.05 to 0.10 si amid from 0.10 to

0.20 :si svas also unsuccessful. A XaCl

gradient fronm 0.0 to 0.2 �mi in the 0.2 M

FIG. 3. Isoelectric focusing of active fractions

from &phadex G-75

The active fractions from the Sephadex G-75

column were pooled arid concenutra-ted, amid a sam-
pie was applied to a preparative isoelectric focus-
ing column. After equilibration 5-nil samples
were collected. -, pH; O-O, optical density;

, carbomuic amuhydrase activity.

T�s1mm�E 2

I.s-ocle-t �- ic �() in Is of Oil! Ic iou I I joci’

carbon i(’ (IlilO!/ilr(1.se.s

Fractions are muumul)ered as iii Fig. 4, assoimnimig

that- t he sluopes of I he I it rmot io)mi curves (of t lie en-

zymnes mire sin�ilmir, aml(I I hat t lie order of clot ion

from I )EAI--Sephailex A-SO is imu decreasing ooi-der

of their isoueleetric l)oim1ts.

Fraction Isoelectric p11

1 7.23

3 6.60

4 628
:� .97.0

buffer elutc-oI all thu l)rotd-iuu, lint ssithu no

separation of time carboummic ammimvdraso-s.

The columnn tiuemi mvas equilihnmuteo! mvitlu
0.05 :mi Tris buffer, pH 8.5, tumid aimotluer
sanuple was mm�iplied. 1mm this case there ms’as

very little reteimtion of the cariiommic mmnimy-
drases anol ommly vo-ny poor separation of the

isoo-nzymes.

Raising time alkalinity �f the coluiuium to

pH 5.7 gave goood so-I)aration of tmvo oul the

isoommzynues (peaks 4 amid 5 in Fig. 4) and
reimmoved imiuch oil the mion-carbomuic aniiy-
drase i)noteili as a large peak msiuemi 0.2 .�r

NaCl in 0.2 M rfiS buffer mvas used four elu-

t-ion. Of time other activity peaks, peak 1 still

contained mmomi-carbonic animydrase inotein,

aiid because of the very snuall anmount avail-
able imo further attempt ms-as nuade to purify

it. Fractious 2 contained nonrefractourv c-n-

zyIm-It-, probably arising from o-rythrocytes

miot mvashed omit of the liver o!uniumg tb- initial

perfusion, mshile fractiomis 3 coomitaimied mostly

refractory emmzyme.

The over-all recovery of activity from tiuis

eolunmn was 75 %, which coimmpared favorably
msitim the 25 % obtained from isoa-lo-c-trio- focus-
imig.

After chromatography time active fractious
were dialyzed against 10 ni�’oi amiimmmcummiunm

carbommate solution and frc-o-zo--dniec!.
Inhibition of isolated fiactions by acelazol-

ainide. Table 3 contains the results obttuined
froimi inhibition experinments usimmg tho- pooled

samples. I’ractions 1, 3, 4, and 5 mvere rela-
tively refractory to inhibition, amid mvithin

the limitations of time mumo-thod each of timese
fractions shoumved sinmilar immimibitiomi mit 1)0th!
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LleclIoJ)Iioresis- on polyacryla-nu(le gels.

Figuro- 5 simoomvs the rt-sults obtaimmed from

elect-no il)iio uro-sis oil the pmmnified proto-ins

elut-ecl from the iouui-oxo-imammge cc)lumnui. Using
the Tnis-bonat-e buffo-r systo-nu mit 1)H 5.3,
fracticumm 4 Pnodmicc-d O)muly one baud, and

fractioomm :3 l)rodmucu-d omit- stromig bammd timid oimme

very mso-muk l)amud, immdicatiuug a high degro-c- of

(-- 4 -- -‘ ‘-� purity imi 1)0th cast-s. As tXj)ect-ed, fractions
1 amid 2 both couitaimio-d st-venal bands, at
loast- cuumo 1)mmuud imu fractioumi 2 havimug time sammue

mobility as came oil timo- rat o-rythrocyte
canl)omnc- ammimvdraso-s. Frao-tioum 5 alsto comi-

- - 5_0 �i�0 1�C 200 250 taimmc-d a nmmultij)lio-itv oil 1)ands amid! ms-as
clearly vt-ny immmpun-.

Electroiphouro-sis mm t-huo- fourmmiat-o- 1)uffer

systo-mmi at l)H �3.5 usimig 15 % gels commmttminmiumg

S .mi unoa ro-vo-alo-d a simmiilar I)attorum. Al-

)

Frcct�or Number

Fi o ; . 4 . Eliot i’oui pru)file fioni DEAE-Se p/index

,4_5(i ((if ilflifl

A sample of the active fracticumis frommi time

Seplmaolex (��-75 colunmummo was dialyzed against Tnis-
sulfat o- bottler, pI--I 8.7, 30 must imu Tnis, anmd applied

to the colimnmn (2.5 x 45 cm), which had been

equilihraled with the same buffer solution. Elmu-

t iuumi was (ount inued wit ii st art ing buffer (A) , t lien
linear grmooliemmts (B, 50-100 fliM iii Tris; C, 100-200

niM imu Tm-is ; D, 200 niia imu Tnis--200 moi iou Tris plus

200 mmisnNmiCl). Smmunples 1-5 were pooled as shownu.

-, optical density; - - --, carbonic animydrase
(CA � :10-I ivil V. Samaples (Of 10 mmmlwere cuullected.

Tnon.E 3

0! .0!
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(1,

I ii Ii ill it ?(ili b1� (1cO!(IZ 01(1 00 iole of no-I ito fiumct louis
fi-oini DEAF-So-p/index A -50 (olunuuu

Fractiiumi I:o /90

I 7 X 10� 2 X 10�
2 3 X 108 1 X 10-i

3 1 � x 1o-� 6 >< 10�

4 1 x 10-�
1 X 10�

6 X 10�

5 X 10-�

time 130 mimic! 190 lu-vo-is. 1na-ct-iomm 2 sstis a mmmix-
ture of i-c-mactony ammo! mmonrefractory enzynme,

evido-ncecl 1)� tiii- valueoofl5o, 3On�i, about time

sammmo-mis nat erythnocyte carbonic anydrase,
amid that- of I�o , 100 �r. The values of I�o

amid ‘90 imi a immixtune uuf refractory timid mion-

refractory emmzyummes mvene dependent on the

no-lmit-ivo luro)portioomm oil the enzymmues ium the

mimixtum-e. At- least half time activity in fraction
2 ap�ueared to) 1)c due to mmoumurc-fra-ctory

c-mmzyni ii-.

Fuo; . 3 . Eloo-Ii-oplioiesis oif sanipl(-s (1)118-li fi-ont

DEAE-Sopliadex A-50

Freeze-dried mnat emimul ouht mmmcd frounn t lie l)oOled

frmuu-t iuumms frouni 1)EAE-Seplmadex A-30 were dis-

S(ulVe(1 imu uvat en- mi-modsuhj cit ed t iu ele-t rouphouresis omi

7(� l)u)lYmi(rYlamuiide gels at p1-1 8.3. The gels are
nlmmmil)ered wit h t lie sminni)le nuniber imi Fig. 4. The

gel mumarked E is a u-rudt- prepmurmut io)mi uuf rat erythro-

cyte oarhounio- ammhyolrase. Time very lmemuvily stained

i)and mu E is heinoglouhimi. The twou heavily staimied

bamids muearer 1 he ouriginu are carbuunmic anhydrtise,

ideuut ified by uoumnparisomm wit Ii an idenmt ic-al gel

soaked imi a 0.1 mn�si suululion oif_V,.V-oiimnethylammmi-

floumumil)litlialciueSumlfonlmlmumide ammd viewed nuder uml-

travioulet light.



buss iii activity 0)1 tiii l)mtl)aratiumnus mslien

dialvzo-cI mugmuimust 10 nmmi mmnimmmionmiuni d-mirbo)ui-

mite solutioumi iuriouu to iro-o-ze-clryimug mimic! by

ro-sidual msato-n mmnuc!salt mu timo- l)n(-pmirmitiomm.
Alto-rmuativc-lv , t iii - pneptmrmmtion Immmuy mmot

imavo- i)eemm to ii mmpli -to-ly pure, mmlthu ougim this

seo-nis unlikely mu viems of t-ho� no-suIts lnu)muu

o10ct-rol)hmiurOsis mit high tunic! losv iuFI.

Time pno�tu-in o-oummc-o-nt-ratioun oil timo solutions

uso-d four mmtonmmie tmi)so)rption s1)0it ro imimo-try

nmav also) 1)e c-stiunated fncuumm time abso urbtmnce

mit- 250 nnmm, mis long mis time nmmoulmuro-xtiumction

co)o-ffio-ient is knuossum. Since ms-c- c!ou umout iumive a

valuc- for tiii- ummoilar o-xtiuuc-tiouum o-c)o-fho-io-mmt of

the rmut o-nmzymmmo-s, sso- misc-c! tho- vtmluo- 5.7 X 1O�

M-m c1ii� loin thic- 1)ovimme i-nuzs-nn(-, msimio-ii

simould not- lie grossly diffo-rent Irouni time

values for time rat o-mmz\�mmmo-s. The o-stimuumuto-s of

tho- ziuuc comitenit oobtainmo-d liv this nmo-timod

are 0.72 mmmole/nmole of pr(oto-in loon frtic-tion 3
amid 1 .7 mmolos/ummole 0)1 proto-in Ion frac-ticun 4.

Clo-arly timi- emizymmmes do c-c)mmt-tun zinic,
though funtlio-r ssu)nk ms-ill ho- imi-co-ssmmry to 01)-
taimi accurtite o-stimmmates 0)1 time imuoulmmr ratio.

7’uiimoc’ei 11UO)il)C1. Ibis ms-mis estinimutocl by

cmulculatiomm 0)f tho- mimcilar eomuo-c-mutratioomm of

livo-n o-mmzynuo- (E0) per i-uuzynmme unit (l’U)

counmparo-d to that uuf pure no-d c-u-il iuummian

eani)ouuiic amuhydrase C our otho-r tissue c-mm-

zynuo-s mvitim kumoss-n E0,--EU ratios (3). Unuder
tho- mmsstiy eonditiomms used (substrate o-ono-emm-

tratiooum, 60 mmm�i; temmipo-raturt-, 1#{176}; i)Ufler eon-
. - centration, mipproximately 300 mmm�r), the

value of E0/EU for most mmmtummmumualitimi

carbomiic anmimydrases is 2 imsi/unit. Suit-c the
-4 � K,,, value is much less timarm time substrate

4 �- co)muco-ntrationm, this is c-cjuivtu1i�-uut too mm turn-
ovo-r miumbo-r for CO2 luydratiomm ( I max/En)

r� of about s X lO� see’ (Tablos 2 and 3 of

. 4( 4_- - 4__ . 4 � ref. 5).

Additiomm of knossmi anmounts oil purified

fractious 3 amid 4 (estimmmated from time above
dmu-t-a, including tiuc- zimme eoummtent) to tlmo- re-
actiomi mvhich nic-asures (�O2 imydrat iom i (4)
yic-lded thi- numucim higher value of about

300 ii�i/unit-. i9hus time enmzymni- fro)mum nmale

rat liver has an appmmremit turnovi-r mmummmber

sonuc-svhat less than 1 Yo of that of humumami

red cell carbonic anhydrase C, or about 3300

sec-1. This apparently losv turnovo-r miunmuber

nuay i)e modified to sommie extent when the

truc- Km value is determined, although it is

24

2 0
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timcuugh timo- nmmoubihities oil timo- proto-inms mso-rt-

alto-ri-d, thuo- sanmo imummmbi-rs of bands mvo-re
sec-mi.

]IolccuLlar weight (letelin inalion . I’igure 6

coonttuirms the results of tiut- ummolo-cultur mso-ight

determmuinatioum for fractioumus 3 amid 4 frommu time
iomm-exchangt colummmum. 1�otIm fractious were

c-luted at- tho- sanit- volummme, and frommi timo

graph oof I-�/ V0 agaiuust big10 mmuo)lo-cular

weigiit, a immolecular mmeigimt oil 29,000 ± 1000

was oubtaimmeci. TImt c-mom mi thu do-tt-rmiumatiomi
is light-n thami o-xl)o-cted frommm \Vhit-aker’s

results (6) , mind is duo- to (a) comusiderable
broademming of time efflui-mmt- peak amid (Ii) time

use oil oumuly five standards. Homsc-vo-r, t-iio-

nmc-asur(-nmemmt is sufficiemutly accuratc- to

denmonstratc time cli use similarity in molecular

weiglmt- i)(-tmveemi tho- ro-fractory rat liver

canl)ounc anhydrases amid the sensit-ivo- o-mmr-

bonic amihydraso-s fromm otimo-r immaiumnmalitimm

species.

Zinc (-ontent. Timo- zinuc- o-ommmtent of frei-zo--

dried sammiples of fractioums 3 timid 4 svas do--
tc-rrnino-d 1)�� atouimmie mui)sorption spectrum-
c-try. Basc-d orm a proti-ini immolecular mseigiit- oil

29,000, fraction �3 eontaimmo-d 0.3 mimole of zinc

per immolo- of proteimi amid fract-iomu 4 commtaino-d
0.5 niouh/mmmolo-. Tiuo-so- valuo-s are commsiden-

ably lomser tliamm tho- ammticipated vmmlue of
unity, timid nmay be t-xplainued by timo- partial

Fmo;. (So. .llolecoolar uu’ozg/uI (letCrfluiflUIlOfl by

anal//fr(-al gel filtratimi oon Sep/index G-JOO

Hat liver carbonuio- amuluydrase samill)les amid

St an(lards were applied o-(uuIse(-ut ively iii 1 mu! omf

solut ion co)mit aiiuumg approuxinmat ely 5 mug, with

20-nil buffer spai-ers. l� the void vo:ulummiie, was

determmiiiued using l)lue dextramu. Samliples of 1 nil
were collected. U, the clot iomo voulumiie, was t aken

as the center of the ehmted peak. Nunmbered po)ints

are: 1, ribonuuo-lease; 2, trypsin; 3, rat liver car-

bonie atihydra.ses 3 amid 4 ; 4, pepsiim ; 5, ovalbumimi;
6, l)oVinie serum albuminm.
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unliku-ly to o-iimungo- time value by more t-haum a

lems tinmo-s.

IiISC i55ION

‘i’iuu- 1)uost�umeo mm nmmmile mat livo-r uif cani)ommic

ammiuvoim-aso - no-sistmunmt tom sulfoummmumiiidi-s appoars

SO) fan tuu l)i ummiquo to rodommt 51)00�ie5. \\i

imavo- also oxaimiinuu-ol time efleet of acet-azol-

anmido- inuiuibitiouui oni the ho-patie carbonic
mummimyc!rasc- fromum rahibits mind mmmico- o)f both

sexo-s. 1mm these specic-s time carboimic aumimy-

clraso- msas simmmilaniv u-esistminit to inhibition,

siuomsiiig mio sex t!iffo-no-nt-iatiomi. Homs-o-ver, in
c)tiuo-r o)rgans, sucim as kidnut-v timid red cell of

timo-so- roolo-umts, time emurbonic mmmmimyclrasu� mm-mis

mmom-mumallv sUsi-eI)tiblo1 to timo- sulfomianmide (1)
( ro-sults mubiove). 1)og and guinuo-a pig livo-rs

appu-mur suSceptil)lo-, ammo! fnomii a rc-viemv c)i
phuysioulougic-tui data, imumrmami hvo-r is also) sims-

ceptibho- tim acettuzoulanmido- (1).

Fromiu time l)Oimmt oil vio-ms’ of time luiochemuuist

time ro-sisttummt enzvmimc-s are pantio-ulanly in-

tero-sting as tomouls loon elucidating time mmmccli-
anism oil iimluibitioum i)f mmonimiai carbonic

anhydraso-s by sulfuunannidu-s. A furtluu-r pcuimut

of iumto-ro-st is tiue �‘o-rv lomv turnovo-r mmummmber

of tho- rat liver c-mmzvnmio- o-ommmpared to other

mmninitil o-arbommic- a-nlmvclnaso-s. it siuould i)e

ino!io-mmt u-cl , iuomvo-ver, timat tunmuover iiuimbers
of sulfouutmummit!o --so -umsit-ive lit-pat ic o-mmzymmmes
havo- nicut �ot 1)0-c-nm stmmdied, timid such svork is

ummc!cr msmiv ium our laluonatourv.
‘I’iuo- roule of c-miu-bomnmio-anmlivo!rase mu huepatic

piuysio)logy immus onmly lic-o-um subject to a few

stuchic-s, amid mo nut-us- data hmmivo- appemmred simice

tiuo- mntmttu-r mvtms no-vio-ss-ed imu 1967 (5). Piuysio-

loogio-a-l imihibitiouni could iiot lie achieved mvith

thc- doses uso-d (altimougim it- is c-o-rtainly

liko-iy that- with doso-s sonime Imummdno-ol tinmes

gro-mut-o-n it c-oulc! lie chommue) imu timo- nmale rat, but

fromii the data imi thc- clog a ro-asounablo- sc-ho-mae

c-an ho- l)ro)Poso-d. Timeno- is miii i-easori to l)e-

lieve that time “no-frmictorv” mmuudloss--activity
emmzvuno-s iii t-hmo- imiale rmit have a different
functiomu froumm the iuormmuahly susceptible en-

zymmme, mmlthough this poiumt is eertaimmly mvorth

eX�)loniflg. Tiuc- data from the clog, fouhlomving
admmuiumimmtratiouum of the sulfomuammmides, suggest

that timo- o-imic-f role oil carbonic animydrase in
hi-patio- ou-lls is timo- nt-abscmrpt-ion of chloride

fnounmi timo- lu-patio- duct-, mu i-xchuammge for

bicmumluonimito-.

The results ol)tained usimig purified cmi-

zymes demoumstrate timat carbonic anh-vclrase

activity rosistaiut to inimibition by sulfoin-
anmides is not aim artifmmo-t- caused by usimig

cniucle honuogo-iimito-. \Vc- carefully Imuo)nuitono-ol

the inhibit-ion of activity mit oach stage of the

puniflc-atiomm amid , apart from the variability
expo-cto-d frcummmthe assay mumet-imod (sc-i- l)elomv),

found uiou cima-uugo- in the I�o value for aet-tazol-

ammiido- . 1o)r this reasomi it is probable that time

ro-sults obtmmimii-d mvith tin - (ut-lien iuihibitors,
usimmg ant umupunified hcumiiomgemmatou, closo-ly re-

fleet the prc)perties of timo- punifio-d enzymes.

Stromig inhui)ito)rs oil earboummie aumimydrtise

fall iuit-0) tmViu numain clmmsso-s, arommiatic or
hetc-rocvclic suhloimammmidc-s, unsubstituted in

the sulfommamide group, mind certaium ammions.
Tiui- c-onisido-rablo- i)ody oil evidc-mico- tlvmtilal)le

(9) suggcsts that the anicumms act- by biumding
directly to t-hmo- macta! at time active site, mvhile

timo- sulfomummumuicles obtaimi their biimdiimg eumergy

fnoiumm eoourdimutition at time mictive site aimd

frommmhvdropimobic- iumterac-tio mumssitiu t-imo active

site svall. Timo- m-t-sults 1)rc-seuuto-d in Table 1
shoums- that- the immhibition oil rtm-t livo-n carbonic

aimhmvclrase by ammiomus is muot signmificamitly

different fronm that of o-rvtiiromcyt-o carbommic

auuimvdraso-. This stnommigly suggests timmmt time

iuuetal in timo- rat hvo-r o-munboumio- aumimvdrmiso- is

mmot- mm ami abuuuc)nmmimul u-muvirommimio-mmt. ()mm time

other imaumd, thc nc-suit-s mvith sulfoumma-nuides

siuosv that t-imeir binclimmg euic-rgy is couumsider-

ably c!ecrea.sed nelativu- to c-rytlmrocytc- car-
1:uonie ammh�’drmuso- . This clocreasc immtiv mvoll be

explaimmo-d by amimiumo micid repltuc-nmmo-umts eitho-r

directly at the active sito, causimmg a chammge

jim time hydrophobic l)immdimmg emio-rgy, cm at

summit uutiuu-r pi)immt- in the liel)tide chain, caus-

ing soinme disturtioun at time active site. Our

results iiudio-atc- that-, iii go-neral, ms-i-ak iumiiib-
ito ins reniaium the mso-ako-st timid st-rommg imuimibi-

tours remnaimm the st-roimgo-st, b)ut- this snmmp!e

picturt- is muot totally coumsistemit; viz. ethoxzo-
lanmide. Table 4 shows the ratio) of ‘50 of time

livo-r extract to I�o of mmcrude eryt-hrocyte
emmnl)onic auuhiydrase 1)ro-paration conupared

with the o-tho-r/water 1)artit-iomm eocfficieumt-.

There is no correlation 1)o-tmseelm tho- tmvo

values, indicating that cimammgt-s imi tho- forces

govt-ruing the combination of time immhibitor

a-mid o-mmzymmmea-re noit- ms’huolly duo- to) simmiple

cimanges in iiyoIrou�)iiol)ic iumto-raetio)ns.
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TAmur�E 4

Coniparisoui of 50d)� inhibitory ratio of liver and

eryth rocyte carbonic an h //(lu-aso-.s ut-il/i 5 uLlfon a in ide

paulilioti o-oefficienl

Sulfonamide /50 liver enzyme

I I&o erythrocyte
enzyme

Partition ctu-
efficient, cther/

water’

Bemmzolanmmide 280 0.0()1

CL 13,580 333 79

Metliazolanmide 400 0.62

Acetazolaniide 8,000 0.14

Ethcoxzolanmide 20,000 140
Sulfanilmimide >250 0.13

‘- l)at-a ttmken fmonmm Sanders and \laremu (10).

Turumimmg nomsT to the punificatioun of the cn-
zynues, f-he total yield oil freeze-dried frac-

tions 3 mind 4 was approxinmatelv 0.01 #{182}-�of

the wo-t mvc-ight of liver tissue tako-mu. This
represemuts at- most 70 #{182}�-� of the total carbonic

anhydrase protein preso-mut in time original
supernatant fraction.

The major fractions, 3 amid 4, appc-ar to be

reasonal)ly pure by the criteria wo- have used.
First, they were eluted as singlc- peaks fronm

time aumalytical gel filtration colunmn ; so-cond,
they raum as simmgle bands (except for a very
snuall anmoummt ouf a second band imi fractiton 3)

dunimmg electrophouresis at 1)0th high and low
pH.

The nuolecular weight, isoelectnic points,

suso-ept-ibility to CX- and SH, and zinc con-
tent oil the purified male rat liver eumzymes
suggo-st that, apart frormm their resistance to

sulfouuamide inhibition and lomv t-urumover
nunuber, they closely resemble other mam-
malian carbonic anhydrases (8). Since only

one peak of activity was eluted from the
prej)arat-ive Sephadex G-75 coluimmn and the
molo-cular mveight- deternmination gave the

samumo- nc-suit Ion both frmuo-tionms 3 amid 4, it is

likely that time umiumour unpunifio-d Species 1 mmmc!

5 also have a nmoho-o-ular mseigimt- mictur 29,0(X).
Iii this conmtext. timo- pro-so-mice of four iso-
enzvn-uatic formmms mmumtvbe nuisleadimmg. 1’urtimo-r

wo)rk mvill 1)0- noquino-d to) isolate flue minor

sl)eci��s amid demomistrato- mvimo-timo-r or not they
arise froummmnmino)r cimeimmical nuodification of the
nmmmmjuurspo-c-io-s.

A(’KNoownuEnmGmn EXT

\Ve wish to� t luamuk I ir. Joseph i-. (oilenuimimo ouf

Yale 1Tmuiversil v four (-moiryilug out I lie zinuo- (let er-

mmminiat iuoims.
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