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Abstract-Carbonic anhydrase actlvlty (hydration of COz) was found m homogenates of leaves (116-500 
units mg- ’ protein) and root nodules (27-255 umts mg-’ protem) from 8 legume genera maculated in each case 
with a host specific Rh~zobmm No enzyme, or only trace amounts (2-7 umts mg-’ protem), were detected m 
root extracts The enzymatic actlvlty was mhlblted m all cases by azide and acetazolamlde The sizes of nodule 
and leaf carbonic anhydrases, estimated by gel filtration of partially purified preparations from Phasrolus ml- 
gam, were around 45 000 and 205 000 respectively These enzymes also dlffered m sensitivity to mhlbltors More 
than 99% of the actlvlty present m V~CIU faha nodules was recovered as a soluble enzyme and only a trace was 
located m the isolated bacterolds 

INTRODUCTION 

CARBONIC anhydrase (carbonate hydrolyase, E C 4 2 1 1) actlvlty IS readily detectable m 
leaf extracts from higher plants’ and m dlgal homogenates 2 In C3 plants more than two- 
thirds of the enzyme IS associated with the chloroplast stroma3*4 and this, together with 
a number of physlologlcal observations, 5,6 has led to the lmphcatlon that m plants, car- 
bonic anhydrase functions m photosynthesis While the non-green areas from variegated 
leaves and albino leaves contam much less enzyme than normal green tissue,’ no activity 
has been detected m root extracts 8*9 However, Bradfield’ reported that “a small but dls- 
tmct activity was found m extracts of nodules of French beans” The present study con- 
firms Bradfield’s observation and establishes the presence of significant carbonic anhydrase 
actlvlty m the nodules but not m the roots of legumes The enzyme from bean nodules 
was partially purified and some of its properties compared with carbomc anhydrases 
from other sources 

RESULTS 

Substantial carbonic anhydrase actlvlty was detected m the extracts of root nodules 
from all legume species exarnmed (Table 1) Generally the specific actlvlty was lower m 
’ ATKINS, C A, PATTERSON, B D and GRAHAM, D (1972) Plant Phwol SO, 214 
’ GRAHAM, D , ATKINS, C A, REED, M L , PATTERSON, B D and SMILLIE, R M (1971) Photosynthrsly and Pho- 

torespwatmn (HATCH, M D , OSMOND, C B and SLATYER, R 0, eds ). pp 267-274, Wiley-Interscience, New 
York 

3 EVERSON, R G and SLACK, C R (1968) Phytochemrstry 7,581 
4 POINCELOT, R P (1972) Bmchtm Blophys Acta 258,637 
5 GRAHAM, D and REED, M L (1971) Nature New Blol 231,81 
6 EVERSON, R G (1970) Phytochemrt~ y 9,25 
’ WAYG~OD E R and CLENDENNING K A (1950) Cnn J Res C28.673 
a BKAUFIELD, J R G (1947) ‘Vatur r 159,467 
9 KISIEL, W and GRAF, G (1972) Phytochermstr 1 11, I 1.3 
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T~srt I DISTRIEXITION of CARBONIC A~HYDRAS~ A(TIVIT\I BFTWW~ ILAF, ROOI, ANI) I\ODUL~ TIW I FROM 
LFCrl’WES AhD SFNSITIVIT’I Ot THF tNLYM1 S TO I~HlH17ORS 

Source of enzvme 
(umts g-’ 

fr ut) 

Carbomc anhydrase actlrlty 
(umts mg ’ 

protem) 
- 

I’IL IU ftrtkr 
Ledf 
Root 
Root tlp$* 
Prlmarq nodules 
Lateral nodules 

5421) 
YII + 
NII 

1920 
I740 

3% 

- 
107 
77 

k WI,I(, 
Lt.‘11 
Root 
Nodules 

16150 397 
9 I 

1060 96 

Pl m,n satlLurn 
Leaf 
Root 
Nodules 

7YOO 
NII 

ix20 

148 

125 

1250 
NII 

2490 
1235 

I I6 

55 
27 

7670 
Nil 

76YO 

365 

190 

Ucdu aqo mtr c11, 
Leaf 
Root 
Nodule5 

Phutrolus vdqar IF 
Leaf 
Root 
Nodules 
Immature nodule5 
4ged nodules 

14000 
NII 
1525 
560 
IYI 

Luprnu, spp 
Leaf 
Root 
Nodules 

‘k~~,!r/otlrS spp 
Leaf 
Root 
hodules 

* Tht first l-2 cm of root only 

10200 
NII 
1730 

2640 
57 

3450 

500 
5 

‘55 

471 

49 

430 

77 

1 i? 
7 

II4 

+ Activltv wd\ not detectdbk m the assdy 

60 34 

39 38 
42 is 

68 74 

38 42 

72 43 

55 51 

71 14 

35 71 
38 7-I 

62 47 

70 45 

71 49 

50 47 

78 39 

56 90 

78 47 

50 71 

4.5 15 

41 66 
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nodules than m leaves, although, on a fresh weight basis m Trlfollum and Meltlotus, and 
on a protein basis m &urn, slrmlar actlvlty was extracted from both tissues 

In the extracts of root tissue from which the nodules were removed little or no actlvlty 
was found The traces from EL satlva, Me&ago and Meldotus roots, could have been due 
to contammatlon by nodule tissue as, m these cases, the nodules were quite small and lm- 
mature ones were difficult to excise completely The menstematlc root tip tissue from V 

faba which was conslderably enrlched m protein (about 10 mg g-’ fr wt compared to 
4 mg g- ’ fr wt m whole roots) also failed to yield any detectable carbonic anhydrase The 
posslblhty that an mhlbltor was present m the root extracts, so maskmg the enzyme, was 
tested by homogemzmg equal weights of nodule and root tissue However, no effect of the 
added root was observed, suggesting that m the roots there was neither enzyme nor mhlbl- 
tor 

The enzyme was found m nodules formed on the primary root as well as on lateral roots 
(Table 1) and, even though immature nodules contained far less leghaemoglobm than the 
usual tissue extracted, they also exhibited a significant activity Aged nodule tissue, which 
was green m colour, had only 10% of the actlvlty found m mature tissue (Table 1) 

The enzymatic activity from both nodules and leaves was mhlblted by acetazolamlde 
and azlde (Table 1) While m all cases the leaf actlvlty was more sensltlve to azlde than 
to the sulfonanude, this was not so for the nodule extracts In fact the enzymes from Gly- 
clne, Lupus, Meltlotus and Phaseolus nodules were considerably more sensitive to aceta- 
zolamlde Partially purified extracts were also inhibited by these compounds but all the 
plant enzymes were much less sensitive to the sulfonarmde as compared with bovine eryth- 
rocyte carbonic anhydrase (Table 2) 

TABLE 2 COMPARMN OF SIZE AND INHIBITION BY SODIUM ACETAZOLAMIDE AND SODIUM AZIDE 
OF DIFFERENT CARBONIC ANHYDRASES 

Source of 
carbomc anhydrase 

MWt 
(x lo-‘) 

l~o(M)f 
Acetazolamlde Azlde 

Bovine erythrocyte* 
Hordeum lea@ 
Phaseolus nodule 
Phase&r leaf 

30 29 x lo-* 23 x lo-& 
45 20 x 1o-6 22 x 1o-4 
45 30 x 1o-6 16x lo-’ 

205 24 x 1O-5 46 x 1om6 

* A purified sample from Calblochem 
§The plant enzymes were partially purified 
t MW determined by gel filtration 
$ The same actlvlty of enzyme from all sources was used and I,, IS the concentration (M) 

causmg 50% mhlbmon of activity 

To compare the size of the nodule enzyme with other carbonic anhydrases, estimates 
of molecular weight were derived from the elutlon volume of each from a Sephadex G200 
column Phaseolus nodule carbonic anhydrase was eluted with the same volume as the 
enzyme from Hordeum leaves This was between bovme serum albumin (MW 67 000) and 
a-chymotrypsmogen (MW 25000), glvmg an estimate of size for both enzymes of around 
45 000 daltons The Phaseolus leaf enzyme was considerably larger and eluted between 
catalase (MW 232000) and alcohol dehydrogenase (MW lSOOOO), glvmg an estimate of 
around 205 000 daltons 

Removing the bacterolds from a crude homogenate of Vfaba nodules did not slgmfi- 
cantly reduce the total actlvlty of carbomc anhydrase m the extract (Table 3) In addltlon, 



the Isolated bdcterold fraction exhibIted no actlvlty , and though 11 contained dbout one- 
third of the soluble protem from the nodule dn mslgmficant dmount of cdrbomc nnhyd- 
rdse was hberated followmg dlsruptlon Passage of the coluble enzyme through the French 
pressure cell had no effect on the dctlvlty The data m Table 3 suggests thdt over 99”; of 
nodule cdrbomc anhydrase wds located outside the bncterolds 

DISC USSIC)h 

The detection of ylgnlficdnt calbonlc nnhqdlase dctivlty m root nodules from a wide 
range of legume-rhlzoblum sqmbloses confirms the mitlJ observdtion of Bradfield’ dnd 
estabhshes this enzyme as a normal constituent of ‘lctlve nodules Sensltlvlty to the sul- 
fonamide aceta7olamlde. while lower than thdt of the ammA enzymes suggests that hke 
other plnnt carbonic anhydrdses” * 1 the nodule en/F me IS J Zn- protein 

01 /q/11 0f /1o~ulr c urhorrrc ml? 1 ti/ C/3(’ 

The only well-chdracterlzcd bdcterlLil enzyme’ ’ (from NC>/ 55~1 ru \~a) closely resembles 
the ammdl types m size dnd nffimty for sulfondmldes The compdrison of these propertles 
m,lde in Table 2 shows thdt u hlle the nodule enzyme WA sltnll,u to the leal types m senstt- 
lvlty to mhlbltors, the size WAS thdt of the monoLotyledon ~dther than the typical dlcoty- 
ledon type”’ found m bean le~vcs The ,tpp‘lrent dbsenLc of ‘tctlvlt> m extracts of Isolated 
bacterolds (Table 3) lends further support to the ldeci that the enqme 15 of plant rather 
than bdcterldl orlgm 

While in root tissue cdrbomc anhydrdse nctlvlty appears normdlly to be repressed com- 
pletely (or else the enzyme 1s matrve), 111 the process ot nodule for m,ltlon dereprewon 
(or dctivdtion) occur5 In contra\t. ‘mother nodule enzyme, m ti ogenacc IS repressed In free 
hvmg Rlzrzohr~m’~ but 15 synthesized by the bL~ctclold\ m the sqmblosls That the enlyme 
formed in the nodule dlffers from the one rn the le~~cs of the sdme phnt cdn be expl,uned 
If there is genetic lnformdtlon for both types, formatlon of the smaller predommatmg m 
the nodule and the larger m the leaf Some support for thrs expl,matlon comes from the 
obscrvdtlon that trdce amounts of ‘1 much sm4lel c,lrbomc dnhJdr,i\e h,lve been found 
m dlcotyledon leaf extracts followmg electrophoresl, ’ Another posslblhtj 15 that there IS 
mformdtion for only one cnrbomc anhydrdce protem ‘md that this corresponds m size to 
the \ubunlt of the dlcotyledon enryme” ” (((I ~0000 d‘rltons dnd contdmmg one dtom 

“’ Arhl\s C A PATTERSON B D md GKAHAV D 119711) Ylt~ir P/II VO/ 50, 21X 
” TOHI\’ A J (1970) ,/ Bml Chrnz 245, 76% 
” BKU--IXLL, J F~LKRIUW, S 0 ‘ind NY \14lr P 0 (1977) B/oc/~~m B/np/?\ \ 4tru 2X4, 1 I I 
” BJRCXR~J~, F J (1971) 4m Kur Plu~r I%IWJ/ 22, I 14 
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Zn) Thus, while m the leaf a hexamerlc quaternary structure predommates, m the nodule 
there is little association of sub-units A further exploration of these posslblhtles awaits 
the purification and characterlzatlon of both enzymes 

Physlologlcal functton of nodule carbonzc anhydrase 
Pomcelot4 has estimated that the level of carbonic anhydrase found m spinach leaf 

chloroplasts could theoretically support a rate of COz hydration around 
20mmol mgchl-’ hr-’ Nodules contained on average one-third as much actlvlty as 
legume leaves (Table 1) and so possess a lower but nevertheless considerable potential for 
this reaction 

If, 1~1 uluo leghaemoglobm acts to facilitate the diffusion of O2 to the respiratory sites 
m the bacterold while mamtammg the low internal free Oz concentration necessary to pre- 
vent inactivation of mtrogenase (see Bergersen13), a function for carbomc anhydrase m 
nodule respiration may be envisaged Firstly, a high internal CO, concentration could 
cause formation of carbammohaemoglobm which, m blood at least,14 has a much reduced 
affinity for O2 and could therefore lmpalr O2 transport and hrmt respiration As carba- 
mmo groups are not formed from HCO; accelerated hydration by carbonic anhydrase 
would mamtam a low free CO2 level m the tissue The second posslblhty 1s that leghae- 
moglobm could behave like the blood protein, which, as an oxygenated amon, causes iso- 
hydrlc transport by accepting the proton formed m the hydrdtlon of CO, and unloading 
O2 towards the respiratory sites At the surface closest to the atmosphere, 0, loading 
would tend to deprotonate the pigment, the proton being used to dehydrate HCO; so 
flushing CO2 out of the tissue Carbonic anhydrase would serve to catalyse the hydratlon- 
dehydration at both ends of the 0, gradient and m this mdlrect way function m the 
nitrogen fixing metabolism of the legume nodule 

EXPERIMENTAL 

Plant mater& Nodulated legumes were grown m vermiculite with a N-free Long Ashton culture soln’5 con- 
tammg 5 6 ppm Fe as iron-EDTA and mlcronutrlents mcludmg Co The seed WLS maculated m each case with 
a spectfic Rhlzobwm culture before sowmg Trlfol~um repens L was maculated with R frlfolu (1) I/~cra faba L 
and V satwa L with R legummosarum (lOOl), Pw~m satwm L with R legummosarum (1045). Me&ago sat~ua 
L and Melllotus spp with R mehlotl (2001), Lupmus spp (blue lupm) with R lupun (321 I), Glpcme max L Merr 
with R ~apomcum (3407) and Phaseolus wfgarls L with R phaseoil (3605) The numbers m parentheses refer to 
the strain catalogue number of the Rothamsted Rhlzoblum Collection The plants were grown m a green house 
with supplemental fluorescent hghtmg (20 000 lx) to provide d 16 hr day Barley (Nordeum uulyare L FV Union) 
was cultured m the same way except that 16 mM NO; wds Included m the nutrient solution Plants were har- 
vested after 4-5 wks and the roots washed free from vermlcuhte with cold tap HZ0 

ExtractIon and asTay ofenzyme actrvlty Samples (1-5 gfr wt) of detached nodules root tissue free from nodules 
or leaf, were taken and well washed with delomzed Hz0 dt room temp All subsequent operations were done 
at 4-5” The tissue wds ground for 2mm m a mortar and pestle with sand (1 I, w/w) and 2 vol of breaking 
medium (0 1 M TT1s-HZS04, pH 8 3 at 20” and contammg 2 mM tetrd Na-EDTA and 0 1 M 2-mercaptoethanol) 
and filtered through 2 layers of Mlracloth The residue was re-extrdcted with one volume of breakmg medium 
and the combmed filtrates centrifuged at 1300 g for 10 mm Samples of the supernatant (usually 10 ~1 leaf extract 
or 50 ~1 root and nodule extracts) were taken for determmatlon of carbonic anhydrase activity by the calorimetric 
assay of Wilbur and Anderson” as used by Rlckh et al I7 Five assays of active and boiled enzyme were done 

I4 KILMARTIN, J V and ROSSI-BERNARDI, L (1970) Carbon Ikoufde Chemrcal, B~ochemxal und Physlologuxzl 
Aspects (FORSTER, R E, EDSALL, J T, OTIS, A B and ROUGHTO~ F J W, eds), pp 73, U S Govt Prmtmg 
Office, Washington, DC 

” HEWITT, E J (1966) Sand and Water Culture methods used rn the Study of Plant Nutrrtlon, pp 431446, Comm 
Agnc Bureaux, England 

I6 WILBUR, K M and ANDERSON, N G (1948) J Blol Chem 176, 147 
I’ RICKLI, E E , GHAZANFAR, S A S, GIBBONS, B H and EDSALL J T (1964) J Biol Chem 239, 1065 
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m each case and the mean value txprcsscd an umts’ on ‘1 fr Wt or soluble plotem hdsla ~ollowmg precipitation 
bq TCA” to remove the mercdptoethanol soluble protem WJS assd)ed m homogen‘ltes bq the method of Lowry 
(Jr trl “) 
Pm td pw~fxcmor~ of en;) TWS Active cdrboml dnhydrd% prepdratlon5 were mdde from Phurro/~\ I ulyu is and 

No!drun~ culqar~ leabes dnd pdrtidllj purlhed by precipltdtlon ulth (NH,),SOI a\ dexrlbcd prcvlou~ly’” for 
dlcotyledon dnd monocotyledon leafenqme types The bean leaf prcpdrdtlon uas purlhcd 3 5-fold, with 90”,, ylcld 
of Initial dctivltj dnd Lontdmed 1721 units mg- ’ protem Nodule\ (268 g fr \\ t) we, e detached from 4-week-old 
P rulyur~s plants and homogem7ed with 2 vol of breaking medium m d Wxing blendol Lxge mdterlal U& 
removed by flItratIon through Mlracloth and the clear red supernatdnt LolleLttd aftcl temo\dl of bdLterolds and 
cortlcdlcelifragmcnts from the homogenate b) centrlfug‘ttlon (11 700 q for Xl mm) Bq addmg 0 3 g (NH,)?SO, to 
edc,h ml of thlr supernntant more than 95”,, ot the nullal carbonic .mhcdl,tw d~ilwt! wit’, p~e~~plt~ted Followmg 
centrlfugation (13 700 q for 10 mln) the supernatdnt uhlch contdmed the leghn~moglobin uds dtscdrded dnd the 
pellet resuspended m 100 ml of brcdbmg medium diluted IO-fold Inx~lublc mdterlnl \%J\ lcmovrd b! centrifuga- 
tlon This procedure gave a 4-told purlflc,~tlon with ‘Ibout 40”,, \~~ld dnd d preparation v hlch contnmLd 1X2 uruts 
of enzq me mg -’ protein The nodule cn~bme w‘t\ st‘tblt to dICtlqSI\ ‘tnd \\htn stored .it 3 111 1 cloxd \csrel 
retamed full actlvlty for 10 ddq5 

bfo/ecu/ar uze ~~wwutwf~ h\ yc/ fi/lrrtIwn The pdrtldlly purlbed pldnt extracts Vere &rlysed tor 12 hr dgdmjt 
2 chdnge$ of the Lolumn clutmg butler (‘1 IO-fold dllutlon of tht bxdklng mtdulm nlth IO mM Yd2S0, Added) 
.md .~pphed to d Stphddcx C200 colu~nn (2 6 x 28 cm) equlllbr,ltLd Mlth the wmt bufiel Tht elutlon volume 
of,lctlwtj UAF compared to those found with putrflcd protems of known MW (m~oglob~n I-ih\motr~pslnogen 
bovine %xum alhumm &ohol dehqdrogenCise cdtdldqe ,tntl r~pof~~r~t~n) Dextrdn 2000 t%ds used to determine 
the void vol of the column Cdrbomc dnhjdrdsc dctl\lt! m the ttudte ~4‘1‘ dssd)cd ‘t\ ,iho\e M)oglobln IV& 
eatlmdted dt 410 nm and ~11 other protem\ h\ Cibqorptlon dt 280 nm 

Prc~pc~~non ofhu~ irrordc Nodules from C frrhu (7 g fr wt) wtre homogenlred 111 J Waring blendor with hre,tk- 
ing msdlum dnd Ixge cell fragments removed bq cwtrlfugatlon (300 q for IO nun) tram thl< \tlpellldtdllt the 
bxtcrold\ were Lolltcted hq ccntrlfugdtion (7OOOq Jot- 30 mm) and the ptllet \&,lshed tree from cxbomc dnhqd- 
rdse actlvlty with fresh hreakmg medium The bdcterolds nerc rt\tl<pendcd in 5 ml blc,lking medium dnd dla- 
ruptcd b\ p,wage through d chilled French prescurr LCII at i 03 x IO3 kg cm I 

/II/I//>//cu t Sotutlon\ of N,rN, .~nd N,I ,Ixt,wol,Imldt &Lre plep,~lccl ,tnd IcStcd 111 thL \t,mJ,ird c~lrhomc ,Inhqd- 
rdw ,iss,i) ‘is dL\crlbLd prc\lousl\ ‘I’ 

AtXf~o~l~dy~rn~nt\~ The author 1s grateful to Mr A C Pattison Curdtor of Cultures Depdrtment of Micro- 
biology Rothnmsted Evperlmentdl Stdtlon Harpendcn HeI ts Fngldnd for Khr:c~h~r,n~ cultures and to Mdrgtt 
Webcr and Chllst,l Raumgartner for technIcal dssxst.mcc 


