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Abstract-A soluble enzyme wtth carboruc anhydrase actrvrty was isolated from pea leaves and purrfied 200- 
fold by ammonmm sulfate fracttonatron, gel filtratton and preparative. polyacrylamtde gel electrophorests. 
The purtfled enzyme behaved as a smgle component m analytical polyacrylannde gel disc electrophoresrs 
at pH 8 9 Its molecular weight was 194,000 as determmed by gel filtration and analytical ultracentrrfugation. 
When the enzyme was electrophortzed m the presence of sodmm dodecyl sulfate, a molecular weight of 
30,000 was observed The specttic actlvtty for the dehydratton reaction was approximately 1000 U/mg 
protem at 20” and the K,,, was 30 mM The enzymatic activity was mhrbited by acetazolamtde, p-chloro- 
mercurtbenzoate and o-mdosobenzoate No e&erase activity was detected with p-mtrophenyl acetate as the 
substrate The ammo actd composttlon of the enzyme has been determined Neutron acttvatton analysis 
mdtcated the presence of zmc m the ratto of stx moles of zmc per one mole of enzyme 

INTRODUCTION 

CARBONIC anhydrase (Carbonate hydro-lyase, E C. 4 2.1 1) IS widespread m hrgher plants, 
but molecular data of the enzyme have been reported only recently Tobm’ punfied a 
cat-borne anhydrase from the leaves of parsley (Petrosehnum crlspum var latlfobum) and 
characterized It as a zmc and cysteme containing enzyme with a hexamenc structure of 
29,000 molecular weight subunits. Earlier Kondo et al 2 and Fellner3 were unable to detect 
zinc in partially punfied carbonic anhydrase preparations from parsley and spmach (Spmacia 
oleracea) Contrary to the findmgs of Fellner,3 Tobm’ has demonstrated the mhtbttlon of 
parsley carbonic anhydrase by acetazolamlde, and Everson has reported acetazolamtde 
mhlbmon of parttally punfied spmach carbonic anhydrase This paper describes the 
punficatton and charactenzatton of carbonic anhydrase from the leaves of pea plants (Prsum 
satzuum ‘Little Marvel’) and relates its properties to other plant carbonic anyhdrase 
preparations. 

Purzjkation 
RESULTS AND DISCUSSION 

A study of the drstrtbutron of carbomc anhydrase acttvrty m 21-day-old pea plants 
indicated that leaf tissue was the best source of the enzyme. The leaves contamed ten bmes as 
much actrvtty as the stems, but no carbonic anhydrase activity was observed in the root 

* Published with the approval of the Due&or, North Dakota Agricultural Experimental Station, 
Journal Article No. 276 
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tissue The shoots and the cotyledons of &day-old etlolated pea seedhngs exhlblted only 
margmal activity and no actlvlty was detected m their roots. 

Quantltatlve data for a representative purlficatlon expenment are given m Table 1 
These data indicate a 200-fold punficatlon of the enzyme with 30% recovery. The punfica- 
tlon steps were followed by an electrometnc assay according to the method of Wilbur and 
Anderson 5 The Fraction IV enzyme behaved as a single component m analytical poly- 
acrylamlde gel disc electrophoresls at pH 8 9 

Fraction 

TABLE 1 PURIFICATION OF PEA CARBONIC ANHYDRASE 

Total Total Carbonic anhydrase 
volume protem Total activlty Recovery Pur&atlon 

(ml) (mg) umts* (umts/mg protem) (%) (fold) 

I (Crude) 520 0 13000 12,012 92 1000 II (PJH&SO.,) 21 5 603 1 14,860 24 6 123 7 :(: 
III (Sephadex) 149 0 1699 8520 50 2 70 9 54 
IV (Preparative 76 0 21 3840 1847 7 320 2001 

Electrophoresls) 

* Wilbur-Anderson umts of actlvlty 

Enzyme Properties 
The specific activity of the electrophoretlcally pure enzyme for the dehydration reactlon 

at 20”, measured by the modified Krebs-Roughton assay, was approximately 1000 U/mg 
protein Extrapolation of the Lmeweaver-Burk plot yielded a K,,, of 3 0 x 10e2 M for 
HCOB- Significant substrate mhlbltlon was observed with HCO,- concentrations greater 
than 0 1 M 

In contrast to human and bovine carbonic anhydrase, no esterase activity of pea carbonic 
anhydrase was detected with p-mtrophenyl acetate as the substrate The heat stablhty of the 
purified enzyme was high and 40% of its actlvlty was retained after mcubatlon at 60” for 
15 mm 

The molecular weight of pea carbonic anhydrase was estimated as 193,000 by gel filtra- 
tion on Sephadex G-200 A molecular weight of 194,000 + 5 % was calculated from 
memscus depletion sedimentation equlhbnum experiments at 20” m 0 05 M phosphate- 
0 001 M dlthloerythntol buffer, pH 7 0 No slgmficant variation m the molecular weight was 
observed over the range of protein concentrations 0 25-1 0 mg/ml A partial specific volume 
of 0 723 was obtained from ammo acid composltlon data by the method of Cohn and 
Edsall 7 

When electrophonzed m the presence of sodium dodecyl sulfate, pea carbonic anhydrase 
exhibited a molecular weight of 30,000 The major portion of the sample migrated as a 
30,000 molecular weight species, however, a few minor bands were observed with molecular 
weights between approximately 30,000 and 90,000 These may represent various aggregation 
states of the subunits 

’ K M WILBUR and N G ANDERSON, J WoZ Chem 176, 147 (1948) 
6 H A KRE~ and F J W ROUGHTON, Wochem J 43, 550 (1948) 
’ E J COHN and J T EDSALL, Proterns, Ammo Acrds and Peptrdes Reinhold, New York (1943) 
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Pea carbomc anhydrase was tested for mhlbltlon by various heavy metal ions and 
sulfhydryl mhlbltors o-Iodosobenzoate (0 5 mM) and p-chloromercunbenzoate (0 25 mM) 
completely inhibited the enzyme after 10 mm mcubatton at 20”. Among zmc(II>, uon(III)-, 
mckel(II)-, cobalt(H)-, lead(H)-, magnesmm(II)-, mercury(H)- and manganese(H)-tons at 
0 5 mM concentrations, only mercury(I1) ion was slgmficantly mhlbltlve and caused com- 
plete mhlbltlon after 10 mm mcubatron at 20” None of these heavy metal ions activated the 
enzyme. Acetazolamide, a strong mhlbltor of mammalian carbonic anhydrases, inhibited 
the hydration reaction measured by the Wilbur-Anderson method5 (Is,, = 2 8 x lo-’ M). 
In the dehydration reaction, measured by the Krebs-Roughton manometnc assay,6 higher 
concentrations of acetazolanude were required (Is,, = 58 x 10m5 M) Since Is,, values may 
be buffer-, and pH-dependent, it is difficult to evaluate the slgmficance of this variation 
under the different conditions of the two assays 

The neutron activation analysis of the purified enzyme indicated that pea carbonic 
anhydrase contained zmc m the ratio of SIX moles zmc per mole enzyme This result and the 
molecular weight determmatlon by electrophoresls m the presence of sodium dodecyl sulfate 
suggested a hexamenc quaternary structure for the pea carbonic anhydrase similar to that 
observed for parsley carbonic anhydrase. 1 The ammo acid composition of pea carbonic 
anhydrase has been determined and is shown m Table 2 From these data and the mforma- 
tion obtained from the analytical ultracentnfugatlon (mol wt 194,000), a residue molecular 
weight of 197,800 was calculated. 

TABLE 2 hIIN ACID COMPOSITION OF PEA CARBONIC ANI-IYDRASE 

Ammo 
acid 

ResIduesI 
100 g protein 

Mm 
(MW) 

Moles/ No residues/ No residues No residues 
194,000 194,000 xmm MW xMW residue 

Aspartlc 8 57 1343 14445 
Threonme* 4 28 2363 82 11 
*rme* 6 23 1398 138 78 
Glutamlc 10 10 1279 15174 
Prolme 4 57 2125 91 28 
Glycme 504 1132 171 33 
Alamne 5 84 1217 159 37 
Vahnet 7 59 1306 148 51 
Cystmk (l/2) 1 53 6676 29 06 
Methlonme 0 78 16.822 1153 
Isoleucme 404 i801 69 26 
Leucme 9 86 1148 169 02 
Tyrosme 5 18 3150 61 58 
Phenylalamne 8 39 1754 110 58 
Ammonia 246 692 280 23 
Trvotovhan? 144 12.932 1500 
Lyiine‘ . 9 33 i374 141 20 
H&dine 3 45 3976 48 79 
Argmine 3 18 4912 39 50 

144 
82 

139 
152 

91 
171 
159 
149 

29 
12 
69 

169 
62 

111 
280 

15 
141 
49 
40 

193,392 
193,766 
194,322 
194,408 
193,375 
1933572 
193.503 
193,594 
193,605 
201,864 
193,269 
194,012 
195,300 
194,694 
193,760 
193,980 
193;734 
194.824 
1961480 

194,550 f 1940 

16,574 
8292 

12,103 
19.628 

8839 
9759 

11,303 
14,773 

2963 
1575 
7809 

19,126 
10,118 
16,338 

4768 
2793 

18,075 
6721 
6248 

197,802 

* Values obtamed by extrapolation to zero time 
t 72 hr value 
$ Determined according to Spande and Wltkop I3 
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EXPERIMENTAL 
Extractron and purzficatzon procedure Pea (Pzsum satzvum ‘Little Marvel’) plants were harvested after 

21 days growth m vernucuhte vvlth half strength Hoagland’s solution under controlled condltlons m a growth 
chamber 100-g portions of excised pea leaves were homogenized at 4” m 800 ml 0 1 M phosphate buffer 
(0 1 M m NaCI, 0 005 M m cysteme), pH 7 5, m the presence of 100 g Polyclar AT m a Warmg blender for 
1 mm The homogenate was filtered through cheese cloth and the filtrate centrrfuged at 30,000 g for 30 mm 
m a Sorvall RC-2-B refrigerated centrtiuge The pellet was discarded and the supernatant (Fraction I) was 
brought to 30% saturation with solid (NH&SO4 The preclpltate was removed by centrtfugmg at 30,000 g 
for 10 mm and the pellet discarded The supernatant was adjusted to 60% (NH&SO4 saturation and the 
preclpltate collected by centnfugmg at 30,000 g for 10 mm The supernatant was discarded and the actlve 
pellet was redissolved m 20 ml 0 1 M phosphate buffer (0 1 M m NaCI), pH 7 5, and centrifuged at 30,000 g 
for 10 mm to remove any msoluble material 

The supernatant (Fraction II) was subJected to gel filtration at 4” on a Sephadex G-200 cohunn The 
Sephadex had been previously equilibrated utlth 0 1 M phosphate btier (0 1 M m NaCI) pH 7 5 The sample 
was eluted from the column mth the emuhbratmg buffer at a flow rate of 0 5-l 0 ml/mm The active portion 
of the eluate (Fraction III) was brou&t to 70% (NH&SO4 saturation at 0” wth saturated neutralized 
(NH&SO4 solution The precipitate was collected by centrlfugatlon at 30,000 g for 10 mm, redissolved m 
2 ml 0 05 M tns-borate buffer (1 5 mM m EDTA), pH 8 1, and subjected to preparative polyacrylamide gel 
electrophoresls at 0” m a Buchler Poiy-Prep apparatus For the electrophoretlc separation, a dual gel system 
was employed which consisted of 80 ml 5 0k gel above 40 ml 7 5 0k gel Both ~1s were chenucally polymerized 
wrth (NH&!&O8 The electrophoresls buffer m the gels and m the buffer compartments was 0 05 M trls- 
borate (1 5 mM m EDTA), pH 8 1 The membrane holder buffer was 0 2 M tns-borate (6 0 mM m EDTA), 
pH 8 1 T’he gels were pre-run at 300 V for 5 hr prior to sample apphcatlon The sample was electrophonzed 
at a constant voltage of 300 V for approximately 15 hr The active portion of the electrophoresls eluate 
(Fraction IV) was concentrated by ultrafiltration m an Amlcon ultrafiltration apparatus through a PM-10 
membrane and stored at 5” The charactertzatlon studies were performed on the electrophoretlcally pure 
sample 

Analytzcal polyacrylamzde gel dzsc electrophoreszs AnalytIcal polyacrylamlde gel disc electrophoresis was 
carried out according to a slightly mod&d procedure of Omstem and Da& m a Buchler Poly-Analyst 
apparatus A photopolymerlzed 2 5 % gel (0 4 ml) was cast over a chemically polymerized 7 5 % gel (0 6 ml), 
and the electrophoresls was performed at room temp Samples of 200 ~1 containing 25-200 pg protein were 
electrophorlzed 

Polyacrylamzde gel electrophoreszs zn sodzum dodecyl sulfate Polyacrylamlde gel electrophoresls m sodium 
dodecyl sulfate was performed accordmg to Shapiro et al 9 v&h some modlficatlons Bovme serum albumin, 
bovine carbomc anhydrase, ovalbumm, and lysozyme were used as molecular weight standards 50 pg 
portions of each protein m 10 ~1 vol were electrophorlzed m 1 0 ml 7 5 % gel containing 0 01 M phosphate 
buffer (0 1% m sodmm dodecyl sulfate), pH 7 3, The electrophoretlc buffer was 0 01 M phosphate buffer 
(0 1 y0 m sodium dodecyl sulfate), pH 7 3 The electrophoresls was performed at room temp m a Buchler 
Poly-Analyst apparatus 

Analytzcal ultracentrzf~atron Sedlmentatlon eqmhbrmm experiments were performed at 20” accordmg 
to Yphant@ m a Spmco Model E analytical ultracentrlfuge eqmpped with interference optics The enzyme 
was dissolved m 0 05 M phosphate-O 001 M dltboerythntol buffer, pH 7 0, and the operatmg speed was 
11,300 rev/mm The interference pattern was photographed on Kodak Spectroscopic Type II-G plates and 
the fringe displacements were measured with a Nlkon mlcrocomparator 

Molecular wezght determmatzon by gel filtratron The molecular weight of the enzyme was estimated on a 
Sephadex G-200 column according to Whtaker I1 The gel was equilibrated with 0 1 M phosphate buffer, 
pH 7 0 Bovine serum albumin, y-globulm, ovalbumm and bovine carbonic anhydrase were used as mole- 
cular we& standards and Dextran 2000 was employed to determine the void volume I-mg portions of each 
protein m 1 0 ml eqmhbratmg buffer were apphed to the column and eluted at a flow rate of 0 3 ml/mm 
The determination was performed at room temp 

Amzno acrd analyszs Ammo acid analyses were performed m a Techmcon AutoAnalyzer on duplicate 
enzyme samples hydrolysed m 6 N HCI according to Moore and Stem’” for 24, 48 and 72 hr at 110” 
Tryptophan was determmed according to the method of Spande and Wltkop13 by N-bromosuccmlmlde 
titration in 8 M urea adjusted to pH 4 0 with HOAc 

* L ORNSTEIN and B J DAMS, Ann N Y Acad Scz 121,404 (1964) 
9 A C SHAPIRO, E VINUELA and J V MAIZEL, Bzochzm Bzophys Res Commzuz 28, 815 (1967) 

lo D A YPHANTJS, Bzochemzstry 3, 297 (1964) 
I1 J R WHITAKER, Anafyt Chem 35, 1950 (1963) 
I2 S MOORE and S W STEIN, Methods Enzymol 6, 819 (1963) 
I3 T F SPANDE and B WITKOP, Methods Enzymol 11,498 (1967) 
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Neutron actwatron analyszs Neutron acttlvatlon analysts of the zmc content of the enyme was performed 
by PPB, Inc , Research Park, Columbta, MWSOW 

Assay methods The dntnbutlon of protem m volumn eluates was momtored by recordmg the absorbance 
at 28Onm Protem was determmed accordmg to Lowry et al I4 using a cahbratlon curve obtamed wth 
bovine serum albumm (Fraction V) All fractions obtamed m the purlficatlon procedure were assayed electro- 
metrlcally at 0” wth a Heath recording pH meter equipped mth a m&-speed chart dnve and a combmatlon 
electrode The reactlon mixture contained 10 0 ml 0 02 M Verona1 buffer, pH 8 0 and 0 2 ml enzyme solu- 
tlon at 0” Five ml saturated Cot solution at 0” was mjected by means of a syrmge mto the mixture and the 
time reqmred to reduce the pH from 8 0 to 6 2 was recorded (approx 3-15 set) A blank determmatlon 
was also performed substltutmg 0 2 ml buffer for the enzyme solution and the time to obtam the same pH 
change was recorded (approx 150 set) Carbomc anhydrase actlvlty for the hydration reactlon was calculated 
from the followmg formula units = (to - t)/t, where to IS the time of the uncatalysed reactlon and t IS 
the tune of the enzyme catalysed reaction 

Kmetlc studies m the dehydration reaction were performed manometrically with a Gdson ddferentlal 
resplrometer at 20” The reaction mixture contamed 0 8 ml 0 1 M phosphate but%, pH 7 0, and 0 2 ml 
enzyme solutron m the respirometer flask, and 1 0 ml 0 2 M NaHC03 m the side arm. The volume of CO*, 
produced wtlun 15 set after addmg the substrate, was recorded The reactlon rate was corrected ~th a blank 
run wLthout enzyme to compensate for the nonenzymatic productlon of CO, The spe&ic actlvlty for the 
dehydratlon reaction IS defined as the moles CO2 produced/min/mg protein at 20”. 

Esterase actlvlty was assayed wlthp-mtrophenyl acetate as the substrate accordmg to Packer and Stone’” 
at pH 7 45 and 25” m a HIta& Coleman 124 recordmg spectrophotometer 

All chemicals used were high quahty commercial samples and all solutions were prepared Hrlth delomzed 
water 
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