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Abstract-Acetazolamrde (2-acetylammo-1,3,4-thradrazole-5-sulfonarmde), a compound commonly used 
to mhtbtt carbomc anhydrase has been found to mhtbtt the photoreductton of 3-phosphoglyceric acid, 
NADP, and methyl vrologen by isolated spmach chloroplasts Acetaxolamtde had no effect on the photo- 
reductton of methyl vrologen by chloroplasts usmg ascorbate plus 2,fkhchloromdophenol, as an electron 
donor, mkcatmg the site of the acetazolamrde mhrbttron was not m photosystem I There was no acetaxol- 
amide effect on NADP reductton by rsolated chloroplasts using hydroxylamme mstead of water as the 
electron donor The results mdtcate that the site of acetazolamrde mhrbttton 1s near the water-splitting stde 
of photosystem II 

INTRODUCTION 

RECENTLY the role of carbonic anhydrase m green plants has been examined m greater 
detail 1 A method commonly used to study the blologlcal slgmficance of an enzyme 1s to 
use an mhlbltor of that enzyme and m the case of carbonic anhydrase, acetazolamlde 1s 
thought to speafically mhlblt the activity of this enzyme m ammals.2 Thus, it became 
obvious that acetazolamlde could provide a valuable tool m elucldatmg the role of plant 
carbonic anhydrase. l 

The mhlbltory effects of various anions and sulfonamides mcludmg acetazolamlde have 
been investigated with plant carbonic anhydrase. 1 The most potent mhlbltor of carbomc 
anhydrase actlvlty was acetazolamlde In addition, acetazolarmde partially mhlbrted COZ 
fixation m chloroplasts and it was concluded that carbonic anhydrase enhanced CO2 
fixation by faclhtatmg bicarbonate movement mto the chloroplasts l However, smce aceta- 
zolamlde shares some chemical propertles with other photosynthetlc electron transport 
mhlbltors such as 3-b-chlorophenyl)-l , 1-dlmethylurea (CMU) and 3-(3,4-dlchlorophenyl)-l , 
I-dlmethylurea (DCMU), m that all three compounds have a methylated carbonyl amide 
attached to an unsaturated rmg structure, mhlbltlon of COZ fixation could have arisen from 
blockage of the photoact rather than an mhlbltlon of carbomc anhydrase. In this paper we 
report on the probable site of acetazolamlde mhlbltlon of photosystem II 

RESULTS AND DISCUSSION 

In addition to mhlbltmg spinach carbomc anhydrase’ acetazolamlde mhlblts photo- 
synthetic electron transport (Fig 1) The concentration of acetazolamlde required for 50% 
mhlbltlon of the electron transport system IS 25 times greater than that reported for the 
mhlbltlon of the enzyme carbonic anhydrase, but the amount of mhlbltlon of CO2 fixation 
m isolated chloroplasts by 1-O mM acetazolamlde with HCO; concentrations of 0.5 and 
1-O mM observed by Everson’ was almost ldentlcal to the amount of mhlbltlon of the same 
concentration of acetazolamlde on the photosynthetic electron transport (Fig. 1). The fact 

’ R G EVERSON, Phy&hern 9,25 (1970) 
’ T H MAREN, Physrol Reu 47,595 (1967) 
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FIG 1 EFFECT OF ACETAZOLAMIDE ON THE PHOTOOXIDATION OF METHYL VIOLOOEN BY ISOLATED 
SPINACH CHLOROPLASTS REACTION MIXTURE (2 0 ml) CONTAINED 0 1 mM METHYL VIOLOOEN, 
1 5 mM ADP, 15 mM PI, 10 0 mM KCI, 5 0 mM MgCI,, 10 mM KCN, 0 05 M Hepes pH 7 6, 

AVD CHLOROPLASTS (51 0 pg CHLOROPHYLL) 

that 1.0 mM acetazolamide mhibits photosynthetic electron transport and COZ fixation m 
isolated chloroplasts by approximately the same amount, obfuscates any conclusions 
regarding the role of carbomc anhydrase m photosynthetic CO? fixation (see Ref 1) with 
the use of this mhibitor However, it is mterestmg to note and difficult to reconcile that 
acetazolamide at concentrations which should have markedly inhibited electron transport 
and which inhibited carbon fixation at 0 5 and 1 0 mM HCO; was without effect when 
fixation was conducted under conditions of higher, 5 0 mM, HCO; concentrations 1 It 
IS possible, since acetazolamide does not completely inhibit electron transport, that enough 
electron flow occurred and that saturating quantities of HCO; overcame the mhibition of 
fixation 

In order to provide some rndication that acetazolamide permeates the outer membrane 
of the chloroplast we measured the effect of the mhibitor on the rate of 3-PGA mediated 
O2 evolution The chloroplasts were a mixture of broken and intact plastids, but only the 
intact ones have the components necessary for the photoreduction of 3-PGA 3 Smce 
acetazolamide mhibited the reduction of 3-PGA (Table 1) it is apparent that the mhibitor 
penetrates the cloroplasts’ outer envelope, but since there was approximately a minute 
time lag before acetazolamide mhibition could be observed in the hght, it is likely that the 
membrane is not completely permeable to acetazolamide 

An alternate explanation for the acetazolamtde mhibition of 3-PGA mediated O2 
evolution is that the outer membranes of the chloroplasts were disrupted by the mhibitor, 
however, acetazolannde could be washed from the plastids and activity restored This was 
done by mcubatmg the chloroplasts m the assay medium (same as m Table 1) plus 1-O mM 
acetazolamtde for 5 mm, centrifuging at 2000 g for 50 set, pouring off the supernatant, and 
resuspendmg the chloroplast pellet m the assay medium. The rates of O2 evolution by these 
plastrds m the presence of 3-PGA were identical to the controls handled m the same manner 

3 J M ROBINSON and C R SIWKING, Plant Physrol 43, 1597 (1968) 
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TABLE 1 EFFECX OF ACETAU~LAMIDE ON OXYGEN EVO- 
LUTION BY ISOLATED SPINACH CIUOROPLASTS USING 

EITHER 3-PGA OR NADPA~ AN ELECTRON ACCEPTOR 

Treatment 

Oxygen evolved 

PEqulv /mg chlorophyll/hr 
3-PGA* NADPt 

Control 105 6 235 2 
Acetazolamlde 63 2 156 4 

* ReactIon mixture (2 0 ml) contamed 10 mM 
3-PGA, 1 5 mM ADP, 1 5 mM P,, 0 33 M sorbltol, 
2 0 mM NaNOJ, 2 0 GM Na lsoa&orbate, 10 mM 
MnCL. 10 mM MgCl,. 5 0 mM Na, DvroDhosDhate. 
0 05 G Hepes ph ? 6, chloropi& ~ont&u& 
94 8 pg chlorophyll, and where added 10 mM aceta- 
zolamlde 

t Reaction mixture (2 0 ml) contamed 1 5 mM 
NADP, 15 mM ADP, 15 mM PI, 10 0 mM KCl, 
5 0 mM MgC12, saturatmg amounts of ferredoxm, 
chloroplasts (71 0 pg chlorophyll), 0 05 M Hepes 
pH 7 6, and where added 10 mM acetazolamlde 

Acetazolamlde also mhlblted the photoreductlon of NADP (Table 1) m broken chloro- 
plasts. Even m these chloroplasts that no longer have an intact outer envelope, however, 
the acetazolamlde mhlbltlon was enchanced about 10 per cent by somficatlon The observa- 
tions that there was a lag time m the acetazolamlde mhlbltlon and that the acetazolamlde 
mhlbltlon m broken chloroplasts was enhanced by somficatlon suggests that acetazolamlde 
had some difficulty passing through the chloroplast membranes 

As a means of narrowing down where the acetazolamlde mhlbltlon is, we first determined 
whether acetazolamlde inhibited photosystem II to I by the simple technique previously 
used by Izawa et al 4 Methyl vlologen transfers electrons from photosystem I to O2 with 
the formation of H,Oz If photosystem II 1s blocked, for example with DCMU, O2 IS not 
taken up (Table 2) However, since ascorbate plus 2,6-dlchloromdophenol (DCIP) donate 
electrons to photosystem I, the DCMU mhlbltlon 1s by-passed4 as shown m Table 2 Slml- 
larly, it was found that acetazolamlde inhibited photosystem II but not I since ascorbate 
with DCIP overcame the mhlbltlon of O2 uptake (Table 2) 

Once it was determined that acetazolamlde inhibited photosystem II another procedure 
was used to provide evidence that acetazolamlde interrupted photosynthetic electron 
transport near the water sphttmg act and that this mhlbltlon was not like that evoked by 
DCMU This conclusion 1s based on the fact that while hydroxylamme mhlblts electron 
transport on the oxldlzmg side of photosystem II, at high concentrations it also donates 
electrons to the photosystem 5,6 Acetazolamlde was found to have no effect on the photo- 
oxldatlon of hydroxylamme with NADP as the electron acceptor, while the photooxldatlve 
reaction was strongly inhibited by DCMU (Table 3) Therefore, acetazolamlde mhlbltlon 1s 

4 S IZAWA, T N CONNOLLY, G D WINGETAND and N E Goon, in Energy Conserourzon by the Photo- 
synthetzc Apporutm, p 169, Brookhaven Symposia m Biology No 19 (1966) 

5 S IZAWA, R. L HEATH and G. HIND, Bzochzm Bzophys Acta 180,388 (1969) 
6 S VAKLINOVA, Compt Rend Acad Bulg Scz 17,283 (1964). 
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TABLE 2 EPFECTOFACETAZOLAMIDE ONOXYGEN UPTAKE 

BY ISOLATED SPINACH CHLoROPLASTS USING METHYL 

VIOLOGENASANELECTRONACCEPTOR 

Electron donor 

Oxygen uptake 

.~Equlv /mg chlorophyfl/hr 

Control DCMU Acetazolamlde 

_____~__ - 

Hz0 3220 40 96 0 
Abscorbate, DCIP 3440 348 0 3440 

Reactlon mixture (2 0 ml) contained 0 1 mM methyl 
vlologen, 1 5 mM ADP, 1 5 mM P1, 10 0 mM KCI, 5 0 
mM MgC12, 10 mM KCN, 0 05 M Hepes pH 7 6, chloro- 
plasts (44 6 pg chlorophyll), and where added 0 5 mM 
DCIP, 2 0 mM ascorbate, 10 mM acetazolamlde and 
0 02 mM DCMU 

not like that caused by DCMU Furthermore, since NH,OH donates electrons to photo- 
system II and by-passes the mhlbltory effects of acetazoalmlde, it IS probable that aceta- 
zolamlde interrupts photosynthetlc electron flow on the oxldatlve side of photosystem II 

The rate of NADP reduction was much lower when the chloroplasts were using 
hydroxylamme as an electron donor, only about 45 per cent of the rate observed when water 
was the electron donor (Table 3) The report of Izawa et al 5 showed the rate of mdophenol 
dye reduction by spinach chloroplasts using hydroxylamme as an electron donor was about 
67 per cent of the rate when water was used as an electron donor. Even though hydroxyl- 
amme concentrations were increased from 50 to 100 mM m the NADP reduction reaction 

TABLE 3 EFFECT OF ACETAZOLAMIDE ON NADP REDUCTION BY ISOLATED 

SPINACHCHWROPLASTS USINGHYDROXYLAMINEASANELECTRONDONOR 

Treatment NEqulv NADP reduced/mg chlorophyli/hr 

Electron donor 

Control 1242 55 4 
DCMU* 138 96 
Acetazolamlde 53 4 62 2 

ReactIon mutture (3 0 ml) contamed 1 5 mM NADP, 1 5 mM ADP, 
1 5 mM PI, 10 0 mM KCI, 5 0 mM MgCl*, saturatmg amounts of ferre- 
doxm, chloroplasts (50 3 pg chlorophyll), 0 05 M Hepes pH 7 6, and where 
added 2 0 mM acetazolamtde, 1 67 PM DCMU, and 50 0 mM hydroxyl- 
amine 

* Values are corrected for the presence of acetone m which the DCMU 
was dissolved 

t Values are corrected for the sulfate mtibltlon m the hydroxylamme 
sulfate 
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the reaction rate was still only about 45 per cent of the rate obtained with water as the 
electron donor, mdtcating the 50 mM concentration of hydroxylamme was not the hmttmg 
factor. Katoh and San Pietro’ found that NADP photoreduction wtth EugZenu chloroplasts 
using ascorbate as the electron donor was inhibited by hydroxylamme This would indicate 
that ascorbate donates electrons to the chain between hydroxylamme mhtbmon and the 
water sphttmg reaction or that hydroxylamme mhlblts at another site, perhaps NADP 
reductase, as suggested by Izawa et aL5 If hydroxylamme mhlblts at another site such as 
NADP reductase, this would account for the greater difference m rate of NADP reduction 
with hydroxylamme and water as electron donors compared to the difference m rates of 
mdophenol dye reduction with these two electron donors prevtously employed 5 

In conclusion, it 1s important to be congmzant of the multiple mmbltory effects of 
acetazolamlde on photosystem II and carbonic anhydrase prior to using this mhlbltor as a 
tool in mvesttgatmg the role of carbonic anhydrase m photosynthetic CO2 fixation 

Chloroplasts Isolation 
EXPERIMENTAL 

The method of Jensen and Bassham* as modtied by Robmson and Stockmgs was used to isolate chloro- 
plasts from spmach (Spmacra oleracea L ) bought m the market 10 g of devemed spmach leaves were homo- 
gemzed m a Warmg blendor m 30 ml of 0 33 M sorbltol, 2 0 mM NaNOI, 2 0 mM EDTA, 2 0 mM Na 
lsoascorbate, 1 0 mM MnCll, 10 mM MgC12, 0 02 M NaCl and 0 05 M 2-(N-morpholmo) ethancsulfomc acid 
(Mes) buffer pH 6 1 The homogenate was filtered through nylon mesh and the filtrate was centnfuged at 
2000 g for 50 set The chloroplast pellet was resuspended m 5 0 ml of 0 33 M sorbltol, 2 0 mM NaNOp, 
2 0 mM Na lsoascorbate, 10 mM MnCIl 10 mM MgCl*, 0 02 M NaCl, and 0 05 M N-2-hydroxyethylpl- 
per-e-N’-2ethancsulfomc acid (Hepes) buffer pH 6 7 The chloroplast resuspension used m all 
experiments, except where 3-PGA was added as an electron acceptor, was somcated for 3 x 10 set, wtth a 
5-set interval, at 0” with a Bronwdl Sclentdic Blosomk III at l/3 the maxlmum intensity Chlorophyll was 
determined by the method of Arnon 9 

Reagents 

NADP, ADP, and the Mcs and Hepes buffers were obtamed from Calhochem. Acetazolamlde was 
purchased from K & K Laboratones NT&OH H,SO, was dned m uacuo at 24” The NH,OH solutions 
were meoared lust before use The DCMU was recrystallized from MeOH Inorganic DhoSDhate (PA was 
added to- the r&&on mixture as Na&JPO~. 

- _ _ .-. 

Acetazolamlde was prepared m a stock solution Identical to the assay me&a except the pH was adJusted 
to 9 2, since acetazolamlde is msoluble at a lower pH 10 ~1 ahquots were added to the acetozolamtde treat- 
ments and 10 ~1 ahquots of the assay me&a pH 9 2 were added to the controls The stock solution of DCMU 
was prepared m 100% acetone and added to the reaction m&a m 10 ~1 ahquots Ten ~1 ahquots of 100% 
acetone were added to the controls 

Zsolatzon of ferredoxrn Ferredoxm was isolated from spinach leaves as described by San Pietro lo The 
precipitate from the acetone treatment was resuspended m 5 0 mM Tns-HCl, pH 8 0, and centnfuged at 
10,000 g for 20 mm The 10,000 g supematant was dlalysed overmght agamst 5 0 mM Tns-HCl, pH 8 0, 
to remove the acetone The ferredoxm was collected on a DEAE-cellulose column by the techmque used 
by Shm et al I1 Ferredoxm was eluted from the column wth 0 35 M NaCl, 0 1 M Tns-HCl, pH 7 6,12 
dlalysed overmght against 0 05 M Hepes, pH 7 6 and stored at -20” 

Assays Changes m oxygen concentration of the reaction me&a were determmcd with a Gdson Medical 
Electronics Oxygraph, Model KM, unth a vlbratmg Pt electrode The glass reaction cell was held at 25” 
Where O2 evolution was studied, N1 gas was bubbled through the reaction me&a at the begmmng of each 
expenment to remove O2 from solution Cot free solutions were used to determme O2 evolution by isolated 
chloroplasts usmg 3-PGA as an electron acceptor No O2 was evolved by the chloroplasts m these expen- 
ments m the absence of exogenously added 3-PGA 

7 S KATQH and A SAN PIEZTRO, Arch Blochem Blophys 122, 144 (1967) 
8 R G JENSEN and J A BASSO. Proc Nat1 Acad Scz 56. 1095 (1966) 
g D I ARNON, Plant Physzol 24, i (1949) 

. 

lo A SAN PIETRo, 111 Methods m Enzymology VI (e&ted by S P COL~WICK and N 0. KAPLAN), p 439, 
Academic Press, New York (1963). 

l1. M. SHIN, K TAGAWA and D I ARNON, Blochem Z 338,84 (1963) 
I2 N NELSON and J NEUMANN, J Wol Chem 244,1926 (1969) 
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The reductron of NADP was determined spectrophotometncally The samples were Incubated in the 
light or m the dark at 25” for 10 mm, centnfuged at 10,000 g for 5 mm, and the absorbance of the super- 
natant determined at 340 nm 

The data reported m the tables are the difference m the rates m light mmus the rates in the dark Two 
300 W, 120 V, General Electnc Reflector Flood lamps, mounted 15 0 cm from the reaction media, each with 
an mtenslty of 27,000 lx, were used as the hght source m all experiments 
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