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Abstract- The nbulose-1,5-btsphosphate carboxylase/oxygenase purlfied from maize (a C4 monocot) to homo- 
geneity has a MW of 532 000 and sedimentation coefficient (S zocw) of 19.1 The purlfied enzyme has a specific activity of 
2.36 Llrnol COz fixed/mm mg protein at 30” Dlssoclatlon of the holoenzyme by sodmm dodecyl sulfate yielded large 
subunits of MW 53 500 and small subunits of MW 13 000 AnalytIcal lsoelectrofocusmg of S-carboxymethylated 
enzyme revealed three major large subunit polypeptldes and two maJOr small subunit polypeptldes. The partially 
purified enzyme has an lsoelectrofocusmg pomt of pH 4 6 Sulfhydryl group determmatlons indicated 78 for sodium 
dodecyl sulfate denatured holoenzyme, eight for the large subunit, and two for the small subunit The activity of 
nbulose-1,5-blsphosphate carboxylase decreased during sulfhydryl titration mdlcatmg that cysteme 1s Involved in 
catalysis by the enzyme The total ammo acid residues in the holoenzyme and separated large and small subunits are 
4843,494 and 112, respectively The ammo acid composltlon of the holoenzyme and subunits are very similar to the data 
obtained from several C, species These results suggest that rlbulose-1,5-blsphosphate carboxylase/oxygenase has been 
highly conserved durmg evolution. 

INTRODUCTION 

Rlbulose-1,5-blsphosphate (RuBP) carboxylase/oxyg- 
enase (EC 4.1 1 39) catalyses the carboxylatlon [l] of 
RuBP to form two molecules of 3-phosphoglycerate and 
the oxygenation [2] of RuBP to form one molecule each 
of 3-phosphoglycerate and phosphoglycolate Higher 
plant RuBP carboxylase/oxygenase (RuBPCase) 1s an 
ohgomer composed of eight large subumts (LSU), 
MW 5200@58 000, and eight small subunits (SSU), 
MW 1200&18000 [3] The LSU contains the catalytic 
sites for both the carboxylase and oxygenase activities [3]. 
The function of the SSU 1s not known. The blosynthesls of 
RuBPCase mvolves transcrlptlon and translation at two 
different sites m the leaf cell The LSU 1s encoded by 
chloroplast DNA and 1s synthesized m the chloroplast [4, 
51 The SSU 1s encoded by nuclear DNA and 1s syn- 
thesized m the cytoplasm as a large precursor molecule 
before being transported into the chloroplast and pro- 
cessed mto a functional subunit [6, 71 RuBPCase IS 

locahzed m chloroplasts of all leaf chlorenchymatous cells 
of C, and CAM plants [S]. In C, plants RuBPCase 1s 
present m chloroplasts of bundle sheath cells only [8&10]. 
It 1s absent m the mesophyll cells of C4 plants [S-lo] even 
though their chloroplast DNA contains the gene for the 
LSU [ll]. 

Abbreviations PVP, polyvlnylpolypyrrohdone, Hepes, (N-2- 
hydroxyethylplperazlne-N’-2-ethanesulfonic acid); Trls, 

Trls(hydroxymethyl)ammomethane; DTT, DL-dithiothreitol, 

SDS, sodium dodecyl sulfate, DTNB, 5,5’-dtthlobts-(2-mtro- 

benzotc acid) 

Recent comparative studies [12, 133 of kinetic pro- 
perties of RuBPCase from phylogenetlcally diverse plants 
have revealed variation in K, (CO,) values associated 
prlmarlly with the differences m photosynthetic pathway. 
The enzyme from C, and CAM species exhlblts lower 
K, (CO,) values than does that from C, species The 
lower affinity for carbon dioxide of the C, enzyme is 
thought to be associated with the carbon dloxlde- 
concentrating mechanisms m C, plants. Thus, It IS of great 
interest to compare some important physical and cheml- 
cal properties of the enzyme from C3 and C4 species. 
There are numerous reports on the isolation and charac- 
terization of RuBPCase from C, plants [ 14-191; however, 
similar mformatlon on the C, enzyme 1s lacking. In this 
study, we have purified RuBPCase from a classical C, 
plant, Zea maq’s, and characterized some important 
physicochemlcal properties of the enzyme 

RESULTS 

Enzyme pur@atlon 

Leaf tissue was monitored microscopically during 
blending to determine breakage of the bundle sheath cells 
While the blend time used did not give 100 T0 breakage of 
bundle sheath cells It was deemed sufficient without bemg 
detrimental to released RuBPCase. Table 1 shows the 
results of the enzyme punficatlon. The step gradient was 
useful m separating considerable PEP carboxylase from 
RuBPCase even though some RuBPCase was lost. The 
remaining PEP carboxylase was eliminated by hnear 
sucrose density gradlent centrlfugatlon. Fractions having 
RuBPCase actlvlty only were pooled for further purlfi- 
cation Sepharose-6B chromatography separated the re- 
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Table 1 Purtficatlon of RuBPCdse from maze leaves 

Step 

1 Crude extract 

2 35 ~60”,, saturated (NH,),SO, fraction 
3 35 ‘lo sucrose m 60”,,, (NH,),SO, step gradlent 
4 0 294 84 M hnear sucrose density gradlent 

5 Sepharose 6-B chromatography 

Total protem* 

(mg) 
___.. 

4335 

1145 
361 
140 

88 

Speck acttvttyt Total acttvtty Yteld 

(umtsjmg) (umts) (““) 

022 954 100 

067 767 80 

1 56 563 59 

2 34 328 34 

2 36 208 22 

*Startmg material, 25Og fr nt leaf 

tSp act expressed as Ltmol CO, fixed/mm mg protem determmed at 30 

mammg nucleic acids from RuBPCase The A280,260 ratlo 
was 1 93 followmg this step mdlcatmg the absence of 
nucleic acids 

Purity and physlochemlcal properties 

The purified RuBPCase was completely homogenous 
according to non-denaturing and SDS slab polyacry- 
Iamide gel electrophoresls (which separated the 
enzyme mto LSU and SSU moletIes) and to sedl- 
mentatton velocity ultracentrlfugatlon The subumts 
of the purified RuBPCase after carboxymethylation were 
Isolated by gel filtration on Sephadex G-100 (Fig. 1) The 
purity and MW of the subumts were determmed by SDS 
slab gel electrophoresls. On this basis the MW of the 
holoenzyme was estimated to be 532000 and the S20,w 
value determined by sedlmentatlon coefficient was 19 1 
MWs of the subunits, determmed from SDS dlssoclatlon 
of native RuBPCase and analysis of relative moblhtles on 
SDS slab gel electrophoresls were 53 500 and 13 000 for 
the LSU and SSU, respectively These MWs are m good 
agreement with those determmed for wheat [19], a C, 
Grammeae species, 53 000 and 13 500 for the LSU and 
SSU, respectively. Higher plant RuBPCase has MWs of 
5100@58OOOfor theLSUand 12000-18000for theSSU 
[3] Carboxymethylated LSU showed an Increased MW, 
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Fig 1 Separatton of subumts of RuBPCase by gel filtration on 

Sephadex G-100 m the presence of urea followmg S- 

carboxymethylatlon The large and small subumts are represen- 
ted by A and B, respectively 

57 500 compared to 53 500 for non-carboxymethylated. 
The 14 y0 acrylamide SDS slab gel could not distmgmsh 
carboxymethylated from non-carboxymethylated SSU 
The sedlmentatlon coefficient of maize RuBPCase 1s close 
to that determined for the enzyme from C, species [ 151 

Comparison of RuBPCase polypeptlde composltlon 
from a variety of higher plants, including two genera of C3 
Grammeae species, revealed characterlstlcally three LSU 
polypeptldes and one-four SSU polypeptldes [20] In the 
present study analysis of carboxymethylated RuBPCase 
from maize, a C, species, by 2D-urea-IEF/SDS-PAGE 
ylelded, consistently, three maJor LSU polypeptldes and 
two major SSU polypeptides Table 2 summarizes the 
lsoelectrlc pomts of these polypeptldes Maize RuBPCase 
polypeptldes focused at a slightly lower pH than generally 
observed for other plant species In general, LSU poly- 
peptides focus near pH 6 0 and SSU polypeptldes near 
pH 50 

Interestingly, ZD-urea-IEFiSDS-PAGE analysis of 
non-carboxymethylated maize RuBPCase still revealed 
only two major SSU polypeptrdes and two, possibly three. 
major LSU polypeptldes Accordmg to previous work 
[21], addmonal polypeptldes might have been revealed 
due to oxidation of thlol groups. 

Isoelectric focusing of a partially purified RuBPCase 
preparation from maize leaf under non-denaturmg con- 
ditions resulted m two major protem bands (Fig 2) Based 
on enzyme actlvlty the protein band which focused at pH 
46 was ldentlfied as RuBPCase while the band which 
focused at pH 5 0 was PEP carboxylase The maize 
RuBPCase has a lower apparent p’ (p*‘) than those 
reported for C, RuBPCase, although direct comparison 
of lsoelectrlc focusing results between laboratories IS 
dlficult due to varlatlons m duration and temperature of 
focusing and concentration of carrier ampholyte em- 
ployed Pea leaf RuBPCase focuses at pH 5 25 1221. In 
spinach. RuBPCase and PEP carboxylase migrate to- 

Table 2 Isoelectric pomts of the subuntt 

polypepttdes of carboxymethylated maze leaf 
RuBPCase 

I____- 

Polypepttde Isoelectrtc pomt 
__- 

Ll 5 28 
L2 5 24 
L3 521 

Sl 4 67 

S? 451 
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Frg 2 Isoelectric focusmg preparative flat-bed gel of a partially 

purrfied enzyme sample. Eleetrrc focusmg was followed by 
fractronatron of the flat-bed gel and determmatron of enzyme 

actlvltles, RuEPCase and PEP earboxyIase, A at 28Onm and pH 

gether electrophorettcally, wrth a pt’ of 6.25 [23]. The p1 
values of RuBPCase from potatoes [24], cucumber and 
lettuce [25] ranged from 6.2 to 7.0. These results suggest 
that RuBPCases from varrous sources may have very 
different net charges. 

There has been some concern over whether cystemyl 
sulfhydryl groups of the RuBPCase are an Integral part of 
the catalytlcal regron [26] The number of free sulfhydryl 
groups and the effect of modrficatron of them on enzyme 
actrvity were determined usmg a mrld alkylatmg agent, 
DTNB, the Ellman’s reagent Table 3 summarrzes the 
number of free sulfhydryl groups of maize RuBPCase 
titrated under varrous condmons. At saturating DTNB 
concentrattons 76 sulfhydryl groups/m01 holoenzyme 
were titrated. Wrth enzyme activated with HCO; and 

Mg ‘+, 72 sulfhydryl groups/mol were titrated. Upon 
denaturatron with SDS, 78,8 and 2 sulfhydryl groups/m01 
protein were titrated for the hofoenzyme and tfs large and 
small subunits, respectlvefy. Denaturatton of RuBPCase 
resulted in raprd (2 mm) tttratton of sulfhydryl groups 
(Ftg. 3). In contrast, tttratron of native RuBPCase, as well 
as activated RuBPCase, was much slower, of the order of 
a few hours (Frgs 3 and 4); however, the extent of sulthydryl 
group tltratlon was about the same as wrth native 
RuBPCase (Table 3) For the spinach (C,) RuBPCase 96 
sulfhydryl groups/m01 enzyme protein has been reported 
[27]. Recently, Yeoh et al. [ 191 reported, based on ammo 
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4. ReslduaI RuBPCase actlvlty with tltratlon of free sulf- 

hydryI groups with 5,Y-Qthlobls-(Z-mtrobcnzolc acid) 

acrd composmon, 72,7 and 2 cystemes/mol for wheat (C,) 
RuBPCase and Its large and small subunits, respectrvely 

Trtratron of sulfhydryl groups of activated marze 
RuBPCase was accompanied by a concomttant loss of 
enzyme actrvity (Frg 4); therefore, some of the sulfhydryl 
groups of RuBPCase must be mvolved m the catalysrs of 

Table 3 Sulfhydryl group content of maize leaf RuBPCase 

Enzyme or subumt Pre-treatment Sulfhydryl group/ 

mol protem* 

Holoenzyme Control 16 

17; SDS 78 

1OmM HCO; + 1OmM Mg2+ 72 
Large subumt 1 y0 SDS 8 
Small subumt 1 “/, SDS 2 

*Sulfhydryl group content was determmed by reactlon with 5,5’- 

dlthlobls-(2-mtrobenzolc acid) at pH 8 0 
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the enzyme. Thts conclusion IS consistent with the results 
of Takabe and Akazawa [26] using DTNB for sulfhydryl 
group titration and of recent studies using afhmty label- 
hng with C, RuBPCase [28, 291 

Ammo acid romposltlon 

The ammo acid composltlon of maize RuBPCase 
holoenzyme and subunits IS presented m Table 4 The 
total ammo acid residues for the native enzyme and its 
LSU and SSU were 4843, 494 and 112, respectively In 
general, the ammo acid composltlon (g ammo acldsilOOg 
recovered ammo acids) of the LSU reflected the ammo 
acid composltlon of the native enzyme This IS to be 
expected since the contrlbutlon of the LSU to the native 
enzyme 1s so great (8O:,J However, there are notable 
differences m the ammo acid composltlons of the LSU 
and SSU The SSU had less ( -G 20;,,,) HIS, Arg, Gly, Ala 
and Ile than the LSU while It contamed more ( > 2Oq,) 
Pro, Tyr, Phe and Trp 

McIntosh er a/ [30] deduced the ammo acid sequence 
of the LSU of maize RuBPCase from the nucleotlde 
sequence of the structural region of the LSU gene and 
concluded that the LSU polypeptlde consists of 475 
ammo acid residues and has a MW of 52 682 Our data for 
ammo acid residues per LSU polypeptlde differ by only 
4;,,, 494 vs 475, and our data for LSU MW differ by 
only 1 5 ‘>,, 53 500 vs 52 700 

Yeoh er al [19] reported that the total ammo acid 
residues for native RuBPCase of wheat and its LSU and 
SSU were 4780,481 and 117, respectively They concluded 
that the overall ammo acid pattern of wheat RuBPCase 
was similar to those for barley, oat, spinach, beet and 
tobacco [17] However, among these C, species the data 

from the Grammeae species more closely resembled each 
other than they did the more distantly related dlcots. 
Specifically, the enzyme from Grammeae species had 
lower Thr, Val, Leu and Tyr but higher Pro content [ 191 
Extendmg their comparison to native RuBPCase from 
maize, however, we find that the general statement made 
for Grammeae species above IS valid for only Val and Leu 

Maize RuBPCase contains as much Thr as the dicots, 

more Tyr than the other monocots but shghtly less than 
the dicots, and the least Pro content of both these 
monocots and dlcots In general, the ammo acid com- 
position of maize RuBPCase and Its subunits revealed no 
dlstmgmshmg feature between C, and C, Grammeae 
species nor between them and the dlcots mentloned 

DISCUSSION 

The purified RuBPCase from the C, plant maize IS 
similar to the enzyme of many C, plants, mcludmg 
monocots and dlcots, with respect to specificactivity, MW 
of the holoenzyme and its subunits, sedimentation coef- 
ficient and ammo acid composition However, poly- 
peptide composition and apparent lsoelectrlc point of 
maize RuBPCase are slightly different from those rep- 
orted for the C, plant enzyme. All available evidence 
indicates that C, plants have evolved from C, plants 
independently many times m different taxonomlc groups 
although the precise evolutionary transition sequence 
from C, to C4 1s not clear [31] It has been reported that 
the enzyme from C, and CAM plants has a lower 
K, (CO,) value than C, plants [12, 131 If this represents 
an evolutionary change m function of the enzyme, it then 
appears that only a minor change such as changes m 
ammo acid sequence of a small portion of LSU [23] can 

Table 4 Ammo acid cornposItIon* of maize RuBPCase and subumts 

Ammo 

acid 

LYS 
HIS 

A% 
ASX 
Thr 

Ser 

GIX 

Pro 

GlY 
Ala 
cyst 

Vdl 

Met 

Ile 

Lell 

Tyr 
Phe 

TrpS 

Total 

Natwe 

enzyme 

(MW 532ooO) 

6 15 (280) 
3 11 (121) 
691 (235) 

940 (435) 

5 78 (304) 
3 93 (240) 

11 08 (460) 
4 39 (240) 

5 56 (519) 

5 99 (448) 
1 44 (74) 
5 30 (285) 

2 28 (93) 

446 (210) 

8 26 (388) 
591 (193) 

6 35 (230) 

3 10 (88) 

10000 (4843) 

Large 
subumt 

(MW 53 500) 

6 77 (28) 
3 74 (15) 

7 48 (26) 
9 69 (45) 

603 (32) 

371 (23) 

1077 (45) 
3 55 (20) 

6 17 (58) 
6 69 (50) 

1 42 (7) 
5 29 (29) 

2 40 (10) 

4 78 (23) 

8 25 (39) 

4 85 (16) 

5 61 (20, 
2 80 (8) 

10000 (494) 

Small 

subumt 

(MW 13000) 

709 (7) 
1 24 (1) 
500 (4) 

1022 (111 

4 98 (6) 

5 07 (7) 

1094 (11) 

5 99 (8) 
403 (9) 

3 80 (7) 

1 59 (2) 
4 94 (6) 

2 20 !2) 

3 73 (4) 
8 58 (10) 

9 59 (8) 

672 (6) 

4 29 (3) 

10000 (112) 

*Results expressed as g ammo actd/lOOg recovered ammo acid Numbers 
m parentheses represent ammo acrd restdues/mol protein 

tValues determmed by trtratlon of sulfhydryl groups wth DTNB 

$Data adopted from Yeoh et al [19] 
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bring about changes in kinetic properties. Comparisons of 
the properties of RuBPCase from maize, obtained m this 
study, with those of the C, enzyme in earlier studies 
suggests that RUBPCase was highly conserved during 
evolution. 

EXPERIMENTAL 

Extraction and punfcatlon of enzymes. All stages of enzyme 
preparatton were carrted out at &I”. Freshly harvested leaves 
(250 g) from 16-day-old maize (Zea mays L , FR9Cms x FR 37, 

Illinots Foundatton Seeds) seedhngs were cut mto transverse 

segments (ca 5mm) and dropped mto a Waremg commerctal 

blender contammg 11 homogenizmg medmm of Yeoh et al. [ 193 

plus 2 % msoluble PVP Ftve l-mm blends at maximum speed 

were used to grmd the ttssue The homogenate was filtered 
through four layers of cheesecloth and then centrtfuged at 27 300 
g for 30 mm The supernatant was filtered through two layers of 

Muacloth prtor to (NH&SO, fracttonatton The ppt from the 
354% (NH&SO, satd fractron was dtssolved m 50mM 

HEPES (pH 7.8) containing 1 mM EDTA.Na,, and 1 mM DTT 
[19] and then centrifuged at 1OOOOOg for 2 5 hr ma Beckman 30 

rotor The supernatant was filtered through Muacloth and lO-ml 

ahquots were carefully prpetted mto 95 x 14mm cellulose nitrate 

centrtfuge tubes contammg 2 ml 35 % (w/v) sucrose m HEPES 

buffer soln satd to 60 % (NH&SO4 and then overlayered with 

1 ml 35 % sucrose m HEPES buffer soln. Centrtfugatton was 
carrted out at 19OOOOg for 17 hr m a Beckman SW-40 rotor The 

pellets were dissolved m 25 mM Tris-HCI (pH 7.5), contammg 

25 mM KC1 and 5 mM DTT and dtalysed for 2 hr against 2 1 of 
the same buffer soln. Ahquots of the dtalysed fraction were 

layered onto 36 ml hnear sucrose. density gradrents, 0.29-O 84 M 

sucrose m the Trts buffer soln contammg 25 mM MgCl, as well as 

KC1 and DTT [32] and centrtfuged at 112 7008 for 40 hr m a 

Beckman SW-27 rotor 1 ml fracttons were collected and assayed 

for RuBPCase and PEP carboxylase enzyme actrvttres. Acttve 

RuBPCase fractrons free of PEP carboxylase acttvtty were 

combmed and ppted with (NH&SO4 at 60 % satn. The pellet was 
dissolved in 20mM Tns-HCl (pH 8.0), contammg 1 mM MgCI,, 
and 1 mM DTT and subjected to gel filtratton on Sepharose 6-B 
(93.5 x 2.8cm) eqmhbrated with the same buffer soln [33] A at 
280nm was momtored and 5ml fracttons were collected. Peak 

tubes were combined, the A28,,,260 ratto and protem were 

determined and the protem ppted with (NH&SO, at 60% satn. 

The purified enzyme was stored at - 80” as a ppt m the 60% satd 

(NH&SO4 after makmg the mtxture 1OOmM DTT, purgmg 
wtth N, and~freezmg m iiquid~Nz [34jI Determmatrons of total 
and specific enzyme acttvtty and protein were made at each stage 

of punficatton. Protem was determmed by the Lowry method 

[35] and/or the Bradford method [36] usmg ovalbumm as the 
standard 

Enzyme assays. RuBPCase was assayed accordmg to Lortmer 

et al. [37]. PEP carboxylase was assayed spectrophotometrmally 

by measuring the oxtdatton of NADH at A,,, coupled to malate 
dehydrogenase [38]. 

Separation of subumts. The enzyme was dtalysed overnight at 4 

against 21 5OmM Trts-HCl (pH 8.5) contammg 1 mM 

EDTA.Na, and then carboxymethylated according to Kung et al. 
[21] The subunits were separated in darkness at room temp on a 

Sephadex G-lOOcolumn (88 5 x 3 5cm)eqmhbrated with 50mM 

Tris-HCl (pH 8.5), 1 mM EDTA.Na,, and freshly prepared 8 M 
urea. The fresh urea buffer soln was degassed and passed over a 
bed of amberhte MB-l tmmedtately before use to remove any 

cyanate and thus avord carbamylatton. Fracttons correspondmg 

to the large and the small subumts, according to Azso momtormg, 

were combmed and subjected to slow dtalysts agamst 50mM 

Trts-HCI (pH 8.5). Dialysis was imttally done at room temp but 

changed to 4” about halfway through the procedure Followmg 
dialysis, the subunits were coned, usmg a UM-20 Amtcon filter 

for the large subunit and a UM-2 Amtcon filter for the small 
subumt, and protem was determmed Subumts were stored at 

- 80” as (NH&SO, ppts at 60% satn. 

Sample preparation for polyacrylamrde gel electrophoreszs. 
Freshly obtamed holoenzyme or subumts were dtvided mto 
ahquots and stored at - 80”. Samples prepared for electropho- 

rests under non-denaturmg condtttons typically contamed 

2-5 mg protein/ml plus 5 % /I-mercaptoethanol and 5 % glycerol 

A range from 10 to 5Ong protem was loaded mto each gel slot to 

ascertam the degree of purity. 

Samples analysed by SDS lD-electrophorests had 2% SDS 
which was generally included m the above mixture. Samples were 

heated at loo” for 3mm just prtor to electrophorests. From 
2-1Oyg Isolated subunits were loaded into each gel slot MW 

marker proteins were run srmultaneously usmg a premtxed soln 

accordmg to Ames [39]. The protems used and theu subunit 

MWs were’ rabbit muscle phosphorylase a (94000), human 

transferrm (80000), bovme serum albumm (68 Ooo), ovalbumm 

(43 000), horse hver alcohol dehydrogenase (37 000), beef heart 

lactic dehydrogenase (30 500), bovine milk g-lactoglobulm 

(18400) and egg whtte lysozyme (14300) 
Samples prepared for tsoelectrtc focusmg typically contamed 

5-10mg protem/ml and Included 0.5 % SDS, 8 M urea and 5 %, /?- 

mercaptoethanol. From 2-5Opg protein of purified holoenzyme 
was loaded on the lD-slab tsoelectrrc focusmg gel, whde 10-15 ng 

protein was loaded onto cyhndrtcal tsoelectrtc focusing gels. 

Polyacrylatmde gel electrophoresls lD-gel electrophorests 
under non-denaturing condtttons was performed on 0 75 mm 

thick slab gels usmg a modrficatton of the Laemmh gel system 
[40]. Protem samples were stacked electrophorettcally m a 4 % 

acrylamtde gel contammg 62 5mM TrtssHCl, pH 6 8, and 

resolved m a 6 % acrylamrde gel contammg 187 5 mM Trts-HCl, 

pH 8 8. The electrode buffer contained 192 mM glycme, 25 mM 
Trts-Base and 5 mM cysteme-HCI. Electrophorests was per- 

formed with a constant current of 15 mA/slab for 1.552 hr 

lD-electrophoresrs m the presence of SDS was performed on 
gels contammg ‘4% acrylamtde and 04% N,N’- 
methylenebtsacrylamlde usmg the dlscontmuous buffer system of 

Laemmh [40] Electrophoresrs was performed wtth a constant 

current of 20 mA/slab for 2-2 5 hr 

2D-gel electrophorests wtth tsoelectrtc focusing m the first 

dtmenston and SDS m the second dtmenston was performed as 

described by O’Farrell[41], but wtth 0.4 % pH 3 5-10 and 16 % 

pH_S-7amphoiytes SDSwas mciiudedm the sampies at 05% to 
ensure complete dtssoctatron of the holoenzyme mto subumts 

Isoelectrtc focusmg was typtcally conducted for a total of 6400 V- 
hr (14 hr at 400 V, 1 hr at 800 V) SDS slab gels used for the second 

dimension were prepared tdenttcally to lD-gels. Slab gels were 
stamed with 0 1% Coomasste brtlhant blue R m 45 y0 TCA for 

2&25mm. Gels were destained with several changes of 7 % 

HOAc. Slab gels were photographed using Panatomtc-X film and 

then dried down onto Whatman 3MM paper under vacuum 

[421. 
lD-tsoelectnc focusmg for analysts of tsoenzyme subumts was 

performed on 0 75 mm thtck polyacrylamtde slab gels, havmg the 

same composmon as the gel descrtbed by O’Farrell [41] for 
tsoelectrrc focusing m cyhndrtcal tubes The ampholyte com- 
posttton was 1% pH 3 5-10 and 1% pH 5-7 Isoelectric focusmg 

was conducted rdentrcally to that used m 2D-gel electrophoresrs. 

Slab gels were washed extenstvely m 30 % MeOH and 7 % HOAc 
and then stained and destamed as descrrbed above 

Non-denaturmg preparatwe lsoelectrzc focusmg Ca 25 mg of 

partially purtfied enzyme samples [35-55% satd (NH&SO, 
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fractlon] were dlalysed against 1 ‘%; glycme for 5 hr and then 
loaded with a sample apphcator as a zone onto the gel bed The 

granulated gel contamed 6 5x, prewashed Sephadex G-75 

Superfine and 2% LKB Ampholme Ampholytes (pH range 

3 5-10) Electric focusmg was carried out for 16hr at 8 W 

constant power and 10’ After focusmg wascompleted the gel was 
separated by pressmp the fracttonatmg grad through the gel bed 

and the pH gradient measured with the ald of a surface glass 

electrode The separated zones were collected by sectlomng the 
gel bed with the fractlonatmg grid and then transferrmg to gel- 

supportmg columns To elute the protems two gel vols of butTer 
uerc added to the columns Fracttons were assayed tmmedtately 

after elutlon for protein content and PEP carboxylase and 

RuBPCase actlvltles 
T~rrarlo,l of /ret, sulfhydr~/ group., Tltratlon of native 

RuBPCase and subunits with DTNB was carried out at 25’ m 

0 1 M Trls~ SO, buffer (pH 8 0) m a final vol of 1 0 ml [43] For 

tltrdtlon of fully activated enzyme the native enzyme was 

prelncubated 41th 1OmM NaHCO, and IOmM MgCI, for 

3Omm at 25 prtor to tltratlon For tttrdtton under denaturmg 

condltlons a soln of native RuBPCase or subumts was made 1 I;,, 

with respect to SDS, heated at 100” for Zmm, cooled to 25’ and 
then titrated The reactlon was momtored contmuously at 

412nm. 1 e mcrease m A due to the liberation of 2-mtro-5- 

thmbenzoate (E,,, = 136OOM~‘cm~‘) A values were cor- 

rected for A due to DTNB (mmus protein, FSDS) Purified 

matze RuBPCase and Its subumts had neghglble A at 412nm 

,4mmo ucid anol~ses Ahquots of the holoenzyme and subunits 

were hydrolysed m 6N HCI by reflux for 20hr under N, The 

hydrolysates were evaporated to dryness under vacuum usmg a 

rotary evaporator and washed twice with H,O The residues were 

dissolved in pH 2 2 diluting buffer contammg 0 5 pmol/ml a- 

ammo-fl-guamdmoproplomc acid and norleucme as mt stan- 

dards Ammo acid analyses were performed on a Beckman Model 

121 automatic ammo acid analyser with a column temp of 54’ 

Separations were achieved usmg Beckman Type W-l resms m 
both the long and short columns and pH 5 25, 3 25 and 4 25 

buffer systems [44] 
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