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SUMMARY

ERLICH, RONALI) H., STAItKWEATHER, DONNAS K., ANI) CHIGNELL, (‘OLIN i. A spin

label study of human ervthrocyte carbonic anhvdrases B and (1� �l1ol. P/iar,iiacol. 9,

61-73 (1973).
The topography of the active sites of IlumaIl erythrocyte carbonic anhydrases (EC 4.2. 1 . 1)
B and C has been studied by means of a series of spin-labeled sulfonamide inhibitors. Elec-

tron spin resonance measurements indicated that the nitroxide group of 2 , 2 , 5 , 5-tetra-

methyl-3-[(p-sulfamoyiphellyl)carbamoyl]-1-pyrrohidinyloxyl was highly imniobilized when

this inhibitor bound to the active site of human ervthrocyte carbonic anhydrase C. As the

chain length between the aromatic and the pyrrohidine rings was increased, the mobility of

the nitroxide group of the enzyme-bound inhibitor progressively increased until, with

2 , 2 , 5 , 5-tetramethyl-3- [[[(p-sulfamoylphenyl)carbamoyljmethyl] carbamoyh]-1-pyrrolidinvl-

oxyl, there was only minimal interaction between the free radical and the active site. Th
results suggest that the active site of human erythrocyte carbonic anhydra.se C is a cleft

approximately 140 tim deep. Similar experiments indicated that the active site of human

erythrocyte carbonic anhydrase B had the same general shape as the C isozyme. Human

erythrocyte carbonic anhydrase B, after reaction with a nitroxide analogue of bromaceta-

mide, showed spectral evidence for the presence of fairly mobile and highly immobilized
covalentiv bound spin labels. When spin labeling was carried out in the presence of the
inhibitor acetazolamide, the highly immobilized component of the spectrum was abolished,

which suggested that it arose from a nitroxide group attached to the active site of the

enzyme. When a nitroxide analogue of N-ethylmaleimide reacted with Iluman erythrocvte

carbonic anhvdrase C, the spill label exhibited a high degree of mobility. Since prior treat-

ment of the enzyme with /)-chloromercuribenzOate al)ohished all labeling by this reagent, it
appeared that the spin label had reacted with a sulfhydryl group on the surface of human

erythrocvte carbonic anhydra.se C.

INTRODUCTION Ar is eithCr homocvclic or heterocvchc (2).

Enythrocyte carbonic anlivdrase (carbon- X-ray cr�-stallographic studies have showit

ate hydro-lyase EC 4.2.1.1) is a metallo- that tile active site of human erythrocyte

enzyme that reversibly catalyzes the hydra- carbonic anhydrase (‘ is a cavity at the
tion of CO2 (1). This enzyme is specifically bottom of which is a single zinc atom (3, 4).

inhibited by aromatic sulfonamides that Wheti 3-acetoxyniercuri-4-aminobenz�nesul-

have the general foimula ArSO2NH2, where fonamide bound to human erythrocyte car-
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plieiiyl.

l)OIIic anhydrase C, the aromatic ring of the

inhii)itor occupied a narrow cleft at the hot-
tom of tile active site while the sulfonamide

grOUl) complexed with the zinc atom (3).

Spill labels are stable free radicals that

can I)e used as probes or reporter groups for

i)i()logical macromolecules suchi as proteins,

nucleic acids, and memh)ranes (5, 6). Hsia

and Piette (7, S) have employed DX P-
hlaj)t(’Ils’ containing tile nitroxide free radical

as “m()leeular dipsticks” to study the com-

biiiing sites of rabbit antibodies. l�- sys-

tenlat icahiv iIlcreasiIlg t he chain iengt h septi -
rating tile haptenic grouj� froni the nitroxide

ra(hical, tilese workers were ai)le to estimate

that tile average depth of the con1i)inillg site

ill rai)bit anti-DNP antih)odies was 100 inn

(7). fhese results were of particular interest,

siIlc( � elect fl)1l nlicroscopy st iithics had shown

(9) that the dimension for the effective vol-

Uflie of tue antibody combiiiiiig site was 125
lInt. Iii previous studies we iiave used the

‘ ‘ fllOlecUittr dipstick “ appn )il(hl t () estimate

the depth of the sulfonamide conli)ining site

of b �viiie ervt hrocyte carb( nile anhvdrase B
(10, 1 1). This report descrih)es the applica-

tion of tilese same principles to a study of

the t1(tiW� sites of iluman erythrocvte car-

i)onic anily(lrases B and C. In addition to the

spiil-labele(i sulfonamides (Table 1) �ve have
employed hit roxide analogues of bromoacet -

amide and �\-ethylmnaleimide which react

covalentlv with the human ervthrocvte car-

i)onlc anhydrases.

MATERIALS ANI) METHODS

Human erytiirocyt.e carbonic anhivdrases

B and C were prepared from outdated blood

bank 1)100(1 by the method of Armstrong

and co-workers (12). Tht isozymes were

stored as a SUSpenSion in 30 � ammonium

sulfate at 4#{176}.The salt was removed by di-

alysis at 4#{176}against several changes of de-
ionized water. The con(entrations of the
Cari)onic anilydrases were measured spec-

trophotometrically, taking A�0 = 16.3 for
isozyme B alld A� = 17.8 for isozyme C
(12). All chemicals ��‘ere of reagent grade and

were used without further purification. The
spin-labeled bromoacetamide (VII) and N-

The ahhreviat ion used is 1 )NP, 2 ,4-dinit ro-

ethylmaleimide (VIII) analogues were pur-

chased from Svva Associates, Palo Alto,

Calif. We are indebted to 1)r. Ira Bingler of
Lederle Laboratories for gifts of 2-amino-

1 , 3 , 4-thiadiazole-5-sulfonamide and acet-

azolamide.

Preparation of �Spin -Labeled Sulfonamides

3-Carboxv-2 , 2 , 5 , 5-tetramethyl-1-pyrroli-

dillyloxyl was j)repared by refluxing 3-car-
bamovl-2 , 2 , 5 , 5-tetramethyl- 1 -pyrrolidinyl -

oxyl (Fninton Laboratories) with aqueous
Ba(OH)2 according to the procedure of
Rozantsev and Krinitskava (13). 3-Amino-
2 , 2 , 5 , 5-tetrameth�-l-1 -pvrrolidinvloxvl was

1)repared from the same intermediate by the
method of Krinitskaya et al. ( 14). rflee

compounds were allowed to react with the

appropriate sulfonamide in the presence of

either N-ethoxvcarbonyl-2-ethoxv-1 , 2-dihy-

droquinoiine (Aldrich Chemical Company)
(15) or isobutvl (or ethyl) chioroformate
(Eastman Kodak) (16), to produce the de-
sired spin label (Table 1). Typical syntheses
involving these reagents are given below.
T he preparation of the remaining spin-

labeled sulfonamides will be reported else-

where (17).
4 -Succin ant idobenzenesulfonain ide. Sulfanil-

amide (2.0 g; 12 mmoles) and succinic an-
hydride (1.16 g; 12 mmoles) were dissolved

in acetone (10 ml), and the reaction mixture
was allowed to stalld overnight. The pre-
cipitate (2.5 g) was filtered off and recrystal-

lized from methanol to give colorless needle
crystals, m.p. 208-210#{176}.

(‘,l-112N 20:S

Calculated: C 44.11, ii 4.44, N 10.29

Found: C 43.77, 11 4.47, N 10.03

2,2,5,5 - Tetramethyl -3- [3- [(p -sulfamoyl-

p/ten yl) carbani oyllJ)rop ionamidoj - 1 -pyrrolidi-
nyloxyl, V (method 1). Freshly distilled
isobutyl chioroformate (0.48 ml; 3.7 mmoles)

was added dropwise to a solution of 4-sue-

cmamidobenzenesulfonamide (1.0 g; 3.7

mmoles) in dry tetrahydrofuran (20 ml)

cooled in an ice-salt bath. After the mixture
had been stirred for 2 hr, triethylamine (0.52
ml; 3.7 mmoles) was added, followed by a

solution of 3-amino-2 , 2 , 5, 5-tetramethyl-1-

pyrrolidiIlylox�1 (0.58 g; 3.7 mmoles) in dry
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Calculated: C :37.92, II 5.21, N 20.10

Found: C 38.20, II 5.38, N 19.90

T.�uit� I

Structures of spilt -labeled s ulfona in ides

Structure

CONH�S� SO2NH�

d Synthetic rnethod�

fin

96 2

100 1

a Calculated with the aid of Corey-Pauhing-Koltun models for the fully extended conformations.

See MATERIALS AND ME’I’HODS.

tetrahvdrofuran (3 ml). The reaction mix-

ture was then allow-ed to warm to room tem-
perature and was stirred for 18 hr. After the
reaction mixture had been evaporated to
dryness, the residue w-as dissolved in water
(10 ml) and then acidified to pH 3.0 with
aqueous HC1 and immediately extracted

with three 10-ml portions of ethyl acetate.

The ethyl acetate extracts were combined,
dried (Na2SO4), and then evaporated to dry-

ness. The residue (1.2 g) was recrystallized

from methanol to give V as pale orange
needle crystals, m.p. 208-209#{176}.

C181I27N40�S

Calculated: C 52.54, H 6.62, N 13.62

Found: C 52.55, H 6.75, N 13.63

2.2,5,5 - Tetramet/tyl - 3 - [(5 - suijantoyl -

1 , 3 , 4 - Ui ia(liazol -2 - yl)carbamoyl] - 1 - pyrroli -

din yloxyl, I (method 2). A mixture of

3 - carboxy -2,2,5,5 - tetramethyl- 1 - pyrroli -

dinyloxyl (0.515 g; 2.8 mmoles), 2-amino-

1,3 ,4-thiadiazole-5-sulfonamide (0.5 g; 2.8

mmoles), and N-ethoxycarbonyl-2-ethoxy-

1 ,2-dihydroquinoline (0.69 g; 2.8 mmoles) in

dry tetrahydrofuran (15 ml) was stirred at

37#{176}for 24 hr. The pale yellow precipitate

was filtered off and recrystallized from aque-

ous methanol to give pale yellow needle

crystals of I (0.7 g), m.p. 254-255#{176} (with

decomposition).

C11lI18N�04S2
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2 J� A. \erpooi’te, personal comniunicat ion to

‘I. II. �lareii. t1uoted in ref. 1.

1)etcrni ination oJ 1�]steiase l (‘tuity of Iluinait
1’�rythro(-yte (‘arbon ic _1 1l/l!I(lrases B and C’

lile (sterase a(tivitV ( )f carbonic aIlily-

drase \\�as nleasured by the spectrophoto-

1fletlic t(’(’hlli(1u(’ ()f ��rnlstr()I1g RI1d (0-

workers ( 1 2) , usitig /)-nitr( )ph(flyl acetate as

the sui)strate. �Fhe K� values for sulfonamide

51)111 ial)els (i’able 2) �vere calculated by the
1fletil()(1 of Armstrong et al. (12).

Electron S/)i1l Reson a ii cc ]I eas urenien ts

i�:sn sj)ectra were recorded at 25#{176}witil a

\ariaii E-4 sj)ectrometer (‘(lUiI)I)ed with a

(luartz aqueous 5itfl1I)l(� tt’ll. llW LSB s��t�c-
trunl in 1”ig. I was ol)taine(l at a nlicrowa\-e

power of 20 n�i\V, using a nlodulatioll of 0.5

gauss. ‘I’he reniaining spectra were oi)taifle(l

\vitil In()dulatioll settillgs of 1-2 guass at

10-20 nl\V microwave power. (‘are was taken

to �‘iis�re tllat the ESR sleetra were not

art ificially br()aden(�d by oyernlodulation or

to() high a microwave po�ver settiiig. All
stLflll)les tllRt coiitained the SI)ill-lai)eled sui-

lonamnides ail(I hunlall ervthro(yte carboni(

anhydrase B or (‘ (F’igs. 3 an(l 4) �vere di-
alvzed at 25#{176}against an equal volume of

1)uffer in nlicrocells I)urcilased from the

Chemical Rubber Company . After 24 hr,
safliples ��ere removed from bth sides of the

dialysis (ells and their ES1� spectra were re-

corded at tilt’ 5aIn(� instrunlelital settings and

stored in a Nicolet 1072 computer. Since the

ct)il(eIIt rat 1011 ( )f free spin-ia1)(�led sulfona-

mide was tile same in 1)0th compartments of

the microceil, it was possii)le to obtain the
ESJ( spectrum of enzyme-1)ound spi�i label
by sl)eetral subtraction.

RESULTS ANI) 1)ISCUS5ION

lit/i ibitwn of Esterase A ctirity oJ Human Car-

bonic An/i ydrases B and C by Spin-Labeled

Sulfonamides

rfI)(. spiii-labeled sulfonamides inhibited

the esterase activity of both carbonic allhy-

drases B and C in a noncompetitive manner

(Table 2). While this result suggests that the

sulfonamides do not bind to the active site

of the enzyme, similar noncompetitive ki-

netics has been reported for the inhibition of
the esterase activity of ervthrocyte carbonic

anhydrase by other sulfonamides, such as
sulfanilamide (18), 5-dimethylaminonaph-

thalene- 1 -sulfonamide (19), and acetazola-

�I’u3Ll.: 2

Inhibition of cs/erase U(liVi/lJ of h i,iiia,, ery/hrocijlc

carbonic (1nhqdrases B an(/ (‘ 6!,

spin-labeled snlfOfl(liniies

The iilctlbatli)IIs (‘()ntained p-nit rophenyl ace-

tate (1 fllM) aIl(1 sodium phosphate buffer, pH 7.4

(10 ri�i). The ittitial rate of the reaction was fol-

lowed by absorhance measurements at 348 tim

(12). The K1 values ��‘ere (‘al(’ulated by the method

of ArnIst roiig :111(1 t’o-svorkers (12).

Spin-labeled Kf
sulfonamide �- - ---- -- - - - �-

Isozyme B Jsozvme C

I 0.17
II 0.31

III 0.26

Iv 2.78

V 3.94

\_I 1.82

mide (12). Keritohtait has suggested (18) that
the apparent noncompetitive nature of the
inhibition is due to a relatively slow rate of

dissociation of the sulfonamide from the ac-

tive site of carbonic anhydrase.

The K1 values for the inhibition of the

esterase activities of human erythrocyte car-

1)Ollic anhydrases B and C 1)� the spin-

labeled sulfonamides covered a fairly wide

range (Table 2). \Vith the exception of the

acetazolamide analogue (I) and one sulfa-

nilamide derivative (III), all the sulfonamide

spirl labels were much better inhibitors of

isozyme C than of isozyme B. Armstrong

and co-workers have reported (12) that the

K1 value of acetazolamide for the inhibition

of the esterase activity of human erythrocyte

carbonic anhvdrase B was 0.3 MM at pH 7.0.

However, Verpoorte ilas found2 that the

K1 value of acetazolamide for human er�-th-

rocvte carbonic anhvdrase C is some 10-40-

fold (depending on pH) lower than that for
isozyme B. Since the K1 value of the spin-

labeled acetazolamide analogue (I) for iso-
zyme B was 0.17 MM (pH 7.4), it would
appear that the pyrrolidine ring played a

minor role in the binding of sulfonamide I

to it. At the present moment there seems to
be HO satisfactory explanation why sulfona-
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mide I was not a better inhibitor of carbonic

anhydrase C. It should be pointed out, how-
ever, that the pyrrolidine ring is fairly bulky,
so that steric interactions may have pre-
vented sulfonamide I from binding as tightly
as acetazolamide to the active site of isozyme

C.
The K1 values of sulfanilamide for human

erythrocyte carbonic anhydrases B and C

are 25.7 and 2.4 MM, respectively (1). A com-

parison of these values with the data in
Table 2 suggests that the pyrrolidine ring is

responsible for the high affinities which many

of the spin-labeled sulfanilamide analogues

have for the isozymes. Since X-ray diffrac-

tion studies have shown that the active site
of carbonic anhydrase C contains several

polar groups (3), it does not appear that
hydrophobic interactions involving the lipo-

philic pyrrolidine rillg are of importance.

However, Bergst#{233}n and co-workers have re-

ported (3) that when highly active sulfona-
mide inhibitors bound to human erythrocytc
carbonic anhydrase C they almost com-
pletely filled the active site aiid displaced all
solvent molecules from it. These workers
have suggested that solvent displacement
from the active site increases the entropy of

the interaction (3). It therefore seems pos-
sible that the bulky lipophilic pyrrolidine
ring might aid in the expulsion of solvent

molecules from the active site, thereby en-

hancing the affinity of the spin-labeled sulfa-
nilamide analogues. This cOIlClUsiOfl is sup-
ported by the fact that those sulfonamides
in which the pyrrolidine ring was closest to
the -aromatic group tended to be the most

potent inhibitors in the sulfanilamide series
(Table 2).

Sulfonamide III was the 011k sulfanila-

mide analogue w-hich was a better inhibitor
of human erythrocyte carbonic anilydrase B

than C (Table 2). While the precise cause of

this anomalous behavior is unknow-n, it does

seem likely that it involves some special
interaction between the pyrrolidine rmg of

sulfonamide III and the active site of either

carbonic anhvdrase B or C.

Effect of Molecular Motion on ESR Spectrum

of Nitroxide Group

When a nitroxide spin label is dissolved

in a nonviscous solvent, such as aqueous

1)uffer, its ESH sl)ectrUm consists of three

sharp lines of nearly (‘(luill height (1”ig. 1).
However, when the Inotioll of the introxide

group is slowed by an increase in solvent

viscosity, the spectral lines appear to exhibit

unequal i)roadcrnng (Fig. 2) . The limiting
bIle shape (I�ig. 2, line E) is known as the

rigid glass, powder, or pol�crystalIiIle spec-

trum of the nitroxide radical (5, 6). The rigi(l

glass spectrum is characterized by the i1�-

Iearallce of distinct low- and high-field 1)eaks
separated l)y approximately 64 gauss ( l’ig.
2, line E). Such a spectrum is observed when

the spin label is randomly oriented with

respect to the laboratory magnetic field and

the molecular motion of the nitroxide group
is slow- on the ESR time scale (i.e., r>� 10�
sec, where r� is the rotational correlation

time of the spin label). Spectra approaching

the rigid glass limit have been observed when

nitroxide spin labels were tightly bound to

macromolecules, such as proteins and mem-

branes (5-8).

Interact mn of Spin-Labeled Sulfonamides wit/i

Human Eryt/i rocyte Carbonic An/i ydrases B

and C

Sulfonamide I is a spin-labeled analogue of

acetazolamide, a potent inhibitor of erythro-

cvte carbonic anhydrase (1, 2). The ESR

spectrum of sulfonamide I bound to carbonic

anhydrase B is broad and asymmetrical and
has a splitting of 60.5 gauss between the

10 GAUSS

Fin. 1. ESR spectrum of sulfonamide 1 (20 /2.11)

iii 0.1 mi 50(101 in phosphate buffer, pH 7.4
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FIG. 2. ESIt spectrum of sulfonamide 111 (0.1

iil.�f) (Ijssolve(1 in glycerol COlilaiflifl(J 10�� (i i’)

in ci hanoi

A, 600; B 30#{176};C, 200, J) 10#{176};E, 0#{176}.The arros%-s

indicate tile posit ions of t he low- (left ) and high-

(right ) field peaks, which are characteristic of a

highly immol)ilized nit ioxide radical.

low- and high-field peaks (Fig. 3). Since tius
spectrum resembles the rigid glass spectrum

of the nitroxide group (Fig. 2, line E), there

can be little doubt that the pyrrolidine ring
of sulfonamide I is highly imnu)bilized wheit

this inhibitor binds to isozyme B. The ESR
snectrum of sulfonamide I bound to carbonic

anhydrase C has a splitting of 59 gauss

between the low- and highfield extrema (Fig.

4), which is also characteristic of a highly

immobilized nitroxide group.

Sulfonamides Il-VI are spill-labeled ana-

logues of the carbonic anhydrase inhibitor

sulfaiiilamidc, in which the length of the

(ham connecting the aromatic alld pyrroli-

dine rings has beell progressively increased

(Table 1). Although the ESR spectrum of

sulfonamide II bound to humall ervthrocyte

carbonic anhydrase B ��-as broad and asym-

metrical, the splitting between the low- and

high-field peaks was only 53 gauss (Fig. 3).

However, when sulfonamide II bound to

carbonic alillydrase C, the low- and high-field

extrema were separated by 59 gauss (Fig. 4).

�F1iese results are in good agreement with the
recently published findings of Mushak and

Coleman (19), who have found that the
nitroxide group of 2 , 2 , 6 , 6-tetrameth�yl-4-ox-

opiperidinooxyl p-sulfamylphenylhydrazone,

an inhibitor iii which the spatial relationship

between the sulfonamide group and the
nitroxide radical is approximately the same

as it is in sulfonamide II, ��-as more highly

immobilized ��‘hen bound to carbonic anhv-

drase C thati it was when bound to isozyme

B.

When a single methylene group was in-

serted between the aromatic rmg and the
amino group of sulfonamide II to give sul-

fonamide III (Table 1), the nitroxide radical

showed increased mobility at the active site

of both isozymes ( Figs. 3 and 4) . In the
complex between sulfonamide IV and car-

1)onic anhvdrase B the free radical still
showed some evidence of iliteractioll with

the active site of the enzyme (Fig. 3). How-

ever, when sulfonamide IV 1)ound to the

active site of carbonic anh�-drase C, the

nitroxide group of the iiihihitor exhibited
considerable freedom of movement (Fig. 4).

As the distance hetweell the aromatic and

PYrrolidille rings was furtimr increased to
give sulfollamide V, both isozymes B alld C

permitted fairly free rotation of the nitroxide

group at their respective active sites (Figs. 3
and 4). lit their spin-label study of hapten
binding to rabbit immulu)gloi)uli us, Hsia and

Piette (7) obtained ESR spectra that were
closely similar to those shown in Figs. 3 (V
and VI) alId 4 (IV and V). They suggested

that such spectra were characteristic of spin-

labeled ligands bound to rather i�arrow com-

biiiing sites in such a way that their nitroxide
groups were just outside the site (7).

X-ray diffraction studies have shown (3,

4) that when 3-acetoxvmercuri-4-aminobell-

zenesulfonamide binds to human erythrocyte

carbonic anhydrase C the sulfonamide group

is coordinated to the zinc atom (through the

nit rogen or one of the oxygens) while the

phenyl ring is located in a narrow crevice.

The crevice lies at the bottom of a deep

cavity, and undoubtedly it is this cavity

region which is being probed by the spin-

labeled sulfonamide. Sulfonamide IV was the

first of the sulfanilamide spin labels ill which
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VI

Fin. 3. E.-iJi .�po-Ir(I of s uifonam oles 1- 1 ‘1 (20 /21! ) in the prese n (1 of huin(1 n er!,th roe yte ia rbon ic an -

h ��i1rase (JIC.4 -B) (0.1 in.mi) awl 0. 1 ml so(Ii um ph osph ate 1) offer, pH 7.4

Flie arrows indicate the posit urns of the low- (left) and high- (right ) field peaks of sulfonamide I

1)01111(1 to the enzyme. Spect runi B \��fl5 ohtaiiied at a 5-fold higher gain t han spect nun .1 to emphasize

he high-field peak.

the pyrrolidine ring appeared to be outside

the active site of isozyme (‘ (Fig. 4). The

distance bet weeti tile nitrogen atom of the

sulfanilanlide group and position 3 of the

pyrrolidine ring was estimated to be i38 rim

for the fully extended conformation of sul-

fonamide IV (Table 1). This �vould suggest

that the active site of carbonic anhydrase C’
is al)ollt 140 tim deep. This value is in good
agreement with an estimate of 150 tim ob-

tamed by Bergst#{233}n and co-workers (3) from
their X-ray diffraction studies (if human
ervthrocvte carbomc aiihvdrase C. An ex-

amination of the ESH spectra obtained with

carbonic anilydrase B indicates that sulfona-

mide V was the first spill label in which the

pyrr diditie ring appeared outside tile enzyme

active site (Fig. 3). Thus it would appear

tllat the active site of isozyme B is approxi-

flIt1t(�1\ 145 nm deep (Table 1).
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NHCO(CH2)2CONH��,SO2NH2

FIG. 4. ESR spectra of sulfonamides I-VT (20 /2mf) in the presence of human erythrocyle carbonic an-

hydrase C (HCA-C) (0.1 111.11) ann 0.1 mt sodium phosphate buffer, pH 7.4

The most likely source of error in the

estimation of the depth of a combining site

by means of flexible spin labels is the ex-
istence, at or near the combining site, of a

subsidiary site w-ith a high affinity for the

pyrrolidine ring. Thus it might be possible

for the pyrrolidine ring of an enz� me-bound
sulfonamide spin label to turn back and

interact with the subsidiary site instead of

remaining unhindered outside the active site.

However, in our present investigation, as

well as in a previous study of bovine erythro-

cyte carbonic anhydrase (11), w-e have found

that if the chain length that separates the

aromatic and pyrrolidine rings is increased

by small increments, such interactions can

be detected. A good example of this phe-

nomenon is sulfonamide IV, which exhibits

greater immobilization at the active site of

human erythrocyte carbonic anhydrase B

than does sulfonamide III (Fig. 3). Although
these observations suggest that the pyrroli-

dine ring of IV may interact w-ith a sub-

sidiary binding site in the active site of

isozyme B, it is also possible that the active

site region being probed by sulfonamide IV
is narrower thair that sensed by sulfonamide

III. At the present moment it is not possible

to distinguish between these alternatives. In

contrast to sulfonamide IV, the next sulfona-

mide in the series (V) showed little interac-

tion with the active site of carbonic anhv-
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drase B (Fig. 3). Thus the depth estimate for

the active site of this isozyme (145 nm)
should perhaps be regarded as an upper limit,
since it was calculated from the molecular

dimensions of sulfonamide V.
When the spin-labeled sulfanilamide ana-

logues bound to human erythrocyte carbonic
anhydrase C there was a smooth transition

from the highly immobilized sulfonamide II

to the fairly mobile sulfonamide IV (Fig. 4).
Thus it would appear that the active site of
isozyme C does not contain any subsidiary

sites capable of interacting with the pyrroli-
dine group. The depth estimate of 140 nm,
calculated from the molecular dimensions of
sulfonamide IV, should therefore provide a
reliable measure of the true size of the active

site. The good agreement between the depth
values obtained from our spin-labeling stud-
ies and the X-ray diffraction measurements
of Bergst#{233}n et al. (3) supports this con-

tention.
It is of interest to note, however, that the

nitroxide group of sulfonamide VI shows
greater interaction with human erythrocyte
carbonic anhydrase C than does the nitroxide

group of sulfonamide V (Fig. 4). This sug-

gests that the side chain connecting the
aromatic and pyrrolidine rings of VI may be
sufficiently flexible to allow the alicyclic ring
to turn back and interact with the active
site of carbonic anhydrase C. Similar ob-
servations have been made when sulfona-
mide VI binds to bovine erythrocyte car-
bonic anhydrase B (11). These findings
further emphasize the importance of increas-
ing the distance separating the aromatic and

pyrrolidine rings in small increments, since if

sulfonamide VI had been the next in the
series after sulfonamide III, an erroneous

depth estimate for the active site of isozyme

C w-ould have been obtained.

Chemical Modification of Human Carbonic
Anhydrases B and C with Spin Labels

When carbonic anhydrase B was incu-

bated with bromoacetamide spin label VII,
the enzyme became covalently labeled by the
reagent. The ESR spectrum (Fig. 5A) re-

vealed the presence of at least two popula-

tions of bound spin labels, which differed

markedly in their mobilities. The highly

FIG. 5. Human erythrocyte carbonic anhydrase

B (0.2 nmii) labeled with VII in the absence (�4) and

presence (B) of acetazolamnide

Arrows 1 and 4 indicate the positions of the low-

and high-field peaks, respectively, of the highly
immobilized spin label. Arrows 2 and 3 indicate
the positions of the low- and high-field peaks of the

fairly mobile spin label. All solutions contained

0.1 M sodium phosphate buffer, pH 7.4.

immobilized component of the ESR spec-
trum (Fig. 5A, lines 1 and 4) was elimi-

nated by carrying out the alkylation in

the presence of acetazolamide (Fig. 5B).

Whitney and co-workers have reported (20)

that human erythrocyte carbonic anhydrase
B was inactivated by iodoacetamide and
that sulfanilamide protected against the in-

activation. Their experiments demonstrated

that iodoacetamide reacted at the 3’-imidaz-
ole nitrogen of a histidine located in the
active site of isozyme B. It therefore seems

reasonable to assume that the highly im-
mobilized component of the spectrum shown
in Fig. 5A is due to spin label VII covalently

attached to a histidine at the active site of
carbonic anhydrase B. The high degree of

immobilization (56 gauss splitting between
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low- and high-field peaks) suggests that the

histidine residue modified by VII is at the

bottom of the active site. The mobility of

the second component in the spectrum (Fig.

5A, peaks 2 and 3; Fig. 513) suggests that

the groups modified are on the surface of

the protein, �s-here the spin label can rotate

unhindered.

The human erythrocytc carbonic anhy-

drase (‘ was readily labeled by incubation

with the spin-labeled analogue of N-ethyl-

maleimidc, VIII (Fig. 6). The ESR spectrum
of the spin-labeled enzyme indicated that the

nitroxide group had a high degree of mobility

(Fig. 6. Prior treatment of carbonic anhy-

drasc (‘ with p-chloromercurihenzoate pre-

vented VIII from spin-labeling the enzymes.

These results suggest that VIII reacts with

a sulfhydryl group (or groups) present in
isozynn C’. The high mohilities of the
nitroxide group in carbonic anhydrase C

spin-labeled with VIII suggest that the

sulfhydryl group is Present on tile surface of
this enzyme. The X-ray diffraction studies

of Bergst#{233}n and co-workers (3) have show-n

0

�

that human erythrocyte carbonic anhydrase

C has a single sulfhydryl group on its surface

which is very close to the cleft that forms the

active site.

A consideration of the distances involved

suggested that the nitroxide group of either
sulfonamide V or VI bound to carbonic

anhydrase C should be close enough to the
spin-labeled sulfhydryl group to permit spin-

spin interactions betw-een the tw-o free

radicals (21). How-ever, experiments show-ed

that ��-hen either V or VI bound to isozvme

C spin-labeled with VIII the resultant ESR

spectrum was the sum of the two com-

ponent spectra. No evidence was found for
spin-spin interactions, which should produce
a spectrum with five lilies (21). rFlle most

likely explanation for this result is that the

tw-o radicals do not spend sufficient time

close to one another to permit spin-spin

interactions to take place.

These studies, together with those of other

workers (19, 22), have show-n how spin-
labeled inhibitors can be used to examine the

topography of an enzyme active site. The
present work validates the “molecular dip-

stick” technique of Hsia and Piette (7) for

the estimation of the depth of an active site.

T lie good agreement betw-een the present

spin-labeled sulfonamide studies of human

erythrocyte carbonic anhydrase C and the

previously published X-ray diffraction pat-
tern of the enzyme (3, 4) suggests that there

is very little difference hetw-een the confor-

mation of the active site in the crystal state

and in aqueous solution. The topographies of

the active sites of human erythrocyte car-

bonic anhydrases B and C appeared to be

quite similar. Thus the spin-labeled sulfona-
mide studies did not reveal any structural
feature at the active site of carbonic anh�--
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drase C which might explain the higher
tunover rate of this isozyme.
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