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Summary 

Crystalhne tobacco rlbuloseblsphosphate carboxylase (3-phospho-D-glycerate 
carboxylase (dlmerlzmg), EC 4.1 1.39) is rapidly and completely inactivated by 
2,3-butanedlone m borate buffer or phenylglyoxal, reagents whmh are highly 
specific for the modlfmatlon of argmme residues. Inactivation by phenylglyoxal 
is enhanced in Blcme buffer and partially reversible, whereas reactivation by 
butanedlone is markedly enhanced m borate buffer, ~reverslble m the presence 
of borate and partially reversed upon complete removal of borate and excess 
reagent.When the modffmatlon reactmn is performed m the presence of various 
hgands, only the substrate nbulosebisphosphate and the dlphosphorylated com- 
petitive mhlbltor sedoheptuloseblsphosphate protect against mactlvatmn Loss 
of carboxylase activity is directly proportmnal to mcorporatmn of [~4C]phenyl- 
glyoxal until about 15% of the mltlal actlwty remmns. Extrapolation to zero 
actlwty suggests that inactivation by [~4C]phenylglyoxal correlates with the 
modfflcatmn of three argmme residues per 69 000 dalton protomer. Complete 
protectmn by rlbuloseblsphosphate or sedoheptuloseblsphosphate correlates 
with the shielding of 1-=2 (1.27 + 0.25) essential argmyl groups per protomer, 
whmh are located within the 55 000 dalton catalytm subumts of the protein. 
Similarly, amino acid analyses of acid hydrolysates of the butanedmne- or 

* Pubhshed as Paper No 5901, Journal Series, Nebraska Agricultural Experiment Station 
Abbrevmt~ons nbulose-P2,  nbulose  1,5-bL~PhosPhate, Nbs2, 5,5'-chthiob~-(2-mtrobenzoate), sedo- 
heptulose-P2, sedoheptulose 1,7-blsphosphate, SDS, sodlum dodecyl sulfate, Hepes, N-2-hydroxyethyl- 
plperazlne-N'-2-ethanesulfomc acld, Bicme, N,N-bls(2-hydroxyethyl)glycme, Trlcme0 N-trls(hydroxy- 
methyl)methylglycme 
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phenyl-glyoxal-mactlvated and substrate-protected enzymes suggest that com- 
plete protectmn by nbuloseblsphosphate correlates with the shielding of 1 9-- 
2 4 argmme residues per protomer However, modfflcatmn of the control and 
substrate-protected enzymes wtth these argmme-selechve a-dmarbonyls does 
not alter modulahon by amomc effectors 

Introductmn 

Rlbuloseblsphosphate carboxylase (3-phospho-D-glycerate carboxylase 
(dlmenzmg), EC 4.1.1 39) catalyzes the mlhal reachon m the C3 photosyn- 
thetm carbon reduchon cycle, the carboxylatlon of nbulose-P2 to ymld two 
molecules of 3-P-glycerate The same protem, functioning as an mternal mono- 
oxygenase, also catalyzes the mltlal reachon m the C2 photoresplratory carbon 
oxidation cycle, the oxygenahon of rlbulose-P2 to ymld 3-P-glycerate and 2-P- 
glycolate, the immediate precursor of the photoresplratory substrate glycohc 
acid [1,2]. The enzyme has been obtamed m a highly purlfmd crystalhne state 
from tobacco [3] and spmach [4] leaves and is a large protem (Mr ~ 550 000) 
composed of eight 69 000 dalton protomers, each consisting of one large 
(55 000 dalton) catalytm subumt and one small (14 000 dalton) non-catalytm 
subumt [ 5] 

Although it is generally recognized that nbuloseblsphosphate carboxylase- 
oxygenase plays a pivotal role m controlhng the balance between photosyn- 
thetm CO2 flxatmn and photoresplratmn m leaf tissue of most major agronomm 
crops [1,2], surprisingly httle is known about the ammo acid residues revolved 
m either the catalyhc functmns of this important protein or the regulatmn of 
these functmns by effector molecules. With the recent development and use of 
a-dmarbonyl compounds as selechve reagents for the chemmal modffmatmn of 
argmyl groups under mild condltmns, an ever-increasing awareness of the 
importance of argmme residues m binding phosphorylated substrates, coen- 
zymes and effectors m a wide varmty of enzymes has emerged [6,7] Indeed, 
McFadden's [8] and Hartman's [9] groups have pubhshed results on the modl- 
fmatmn of bacterial and higher plant mbuloseblsphosphate carboxylases by 
argmme-selectlve a-dmarbonyls. Lawhs and McFadden [8] reported that the 
higher plant-type enzyme isolated from Pseudomonas oxalattcus and barley is 
machvated by 2,3-butanedmne. The borate-dependent machvatmn was 
markedly reduced by high levels {10--20 mM) of the product 3-P-glycerate, 
suggeshve of the modffmatmn of active-site argmyl groups, but the effect of 
the substrate rlbulose-P2 was not examined. In addition, uncertamtms were 
noted due to the lack of reagent specffmlty for essentml argmme residues. In 
the case of the P oxalatlcus enzyme, an 80% loss of achwty was assocmted 
with the modffmatmn of 22 of the 36 argmlne residues present per protomer 
and complete protectmn by 3-P-glycerate correlated with the shmldmg of 15 
residues per protomer. In a related study, Schloss et al. [9] reported that 
phenylglyoxal completely and Lrreverslbly reactivates spinach and Rhodospwd- 
lum rubrum nbuloseblsphosphate carboxylases. Inactlvatmn of the spinach car- 
boxylase was markedly reduced by the substrate nbulose-P2, whereas a varmty 
of phosphorylated competlhve mhlbltors (mcludmg 6-P-gluconate, 3-P-gly- 
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cerate, fructose-l,6-P2 and butanedml-l,4-P2) afforded httle or no protectmn. 
Of the 2--3 total arginme residues modffmd per protomer by phenylglyoxal, 
only about 0.5 argmme/protomer was shielded by nbulose-P2 or the transltmn- 
state analogue 2-carboxypentltol 1,5-P2, suggestive of half-of-the-sites reactivity 
[9]. In vmw of the complexities of these protectmn data, it was concluded that 
these expemments neither refute nor verify the possibility of the involvement 
of an argmme residue(s) m the bmdmg of ribulose-P2 by the carboxylase [9]. 

Smce mbuloseblsphosphate carboxylase not only acts on a phosphorylated 
substrate, but is also modulated by aniomc effectors mcludmg NADPH and 6-P- 
gluconate [10,11], we have further investigated the possible importance of 
argmme residues m the catalytm and regulatory propertms of the crystalhne 
tobacco enzyme by modfficatmn with the argmme-selectxve a<llcarbonyls 2,3- 
butanedmne [12] and phenylglyoxal [13--15]. 

Prehmmary reports of some of the fmdmgs have appeared [ 16,17 ]. 

Matenals and Methods 

Materials. 2,3-Butanedlone, 99%, was purchased from Aldrich Chemmal Co. 
and used without further pumflcatlon. Phenylglyoxal hydrate was obtamed 
from Tndom Chemmal Inc. and [294C]phenylglyoxal (30 C1/mol) was pur- 
chased from Research Products International Corp. The stated radiochemical 
purity of the [14C]phenylglyoxal (99%) was vemfled by one<hmenslonal 
chromatography on precoated silica gel plates using ethyl acetate/petroleum 
ether, 35--60°C (1 : 1) as the solvent [18]. Buffers, Nbs2 and the sodmm salts 
of nbulose-P2, NADPH, 6-P-gluconate and sedoheptulose-P2 were obtamed 
from Sigma Chemical Co. NaHI4COa was purchased from New England Nuclear 
and SDS from BioRad Labs. Sephadex G-50 (coarse) and G-100 and prepacked 
columns of Sephadex G-25 (medmm; 9.1 ml bed vol.) were obtamed from 
Pharmacla Fine Chemicals. 

Enzyme preparatzon and assay Crystalhne ribuloseblsphosphate carboxylase 
was obtained from tobacco (N~cot~ana tabacum L. cv. Xanthl) leaf homog- 
enates and recrystalhzed twice as described prewously [3]. The protem crystals 
were dissolved m 25 mM Hepes-NaOH/0.1 M NaCl (pH 8.0) to ymld a final con- 
centratmn of 13--20 mg/ml and the resultant enzyme solution was heat-acti- 
vated for 20 min at 50°C [19]. Carboxylase actlwty was determmed by 14CO 2 
incorporation at 30°C in the presence of NaH~4CO3 and rlbulose-P2, essentially 
as described by Kung et al [3]. For routine assays the complete reactmn mixture 
contamed 0.1 M Tns/10 mM MgC12/0.1 mM Na2EDTA/0.5 mg/ml Fractmn V 
bovine alburmn (entire solution adjusted to pH 8.0 with HC1)/0.5 mM freshly 
dissolved rlbulose-P2/25 mM NaH'4CO3 (0.25 C1/mol)/5--10 pg of protein m a 
final volume of 0.5 ml. Followmg a 10 mm premcubatmn of the protem at 
30°C m the presence of Mg 2÷ and H~4CO~ (to CO2fMg2+-actlvate the enzyme), 
the reactmns were mItmted with nbulose-P2 and terminated wlthm 30--60 s by 
mjectmg 0.1 ml 6 M acetic acid. Blanks were treated m an identical manner 
except that no nbulose-P2 was added. To assess modulation of the control, 
modffmd and substrate-protected enzyme activity by anmmc effectors, allquots 
of the gel-filtered protein samples (see below) were ~ramedlately assayed for 
carboxylase actlwty followmg 10 mm preincubation m the Tns-buffered reac- 
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tion mLxture (pH 7.6 with HCI)/10 mM Mg2÷/1 mM NaHI4CO3 (2 5 Cl/mol)/+ 
effector [ 11 ]. 

Rlbuloseblsphosphate carboxylase was punhed to homogeneity from gluta- 
mate/CO2/thlosulfate-grown Thlobac~llus mtermedms exactly as described by 
Bowman and Chollet [20]. Prior to chemmal modlfmatlon by phenylglyoxal 
(see below}, ahquots of this higher plant-type carboxylase [20] were dialyzed 
overmght at 4°C agamst 4000 vol. 25 mM Hepes/1 mM Na2EDTA/2 mM 
dlthlothreltol/0.6 M sucrose (pH 8.0 with NaOH} to remove mterfermg Tris, 
Mg 2÷ and HCO~ present m the original sucrose gradmnt fractions. 

Protein concentration, as mg/ml, was estimated spectrophotometncally by 
multiplying A ~80nm~cm by the factor 0.70 for the tobacco enzyme [3] and 0.84 
for T mtermedms [20]. The molar concentration of the tobacco carboxylase 
was calculated usmg a molecular weight of 550 000 [19]. 

Inactwatlon by 2,3-butanedtone. Inactlvatmn was routmely performed by 
adding an ahquot of freshly prepared 40 mM butanedmne m 0 1 M Na4B407 
buffer {readjusted to pH 8 0 with NaOH) to an equal volume of protein solu- 
tmn whmh had been premcubated for 15 mm at 30°C m the absence or pres- 
ence of varmus hgands (prepared m 25 mM Hepes buffer readjusted to pH 8.0} 
The fmal solutmn contained 50 mM borate (pH 8.0)/25 mM NaCl/12 mM 
Hepes/6--8 /aM enzyme/20 mM butanedmne and varmus hgands as specffmd. 
Controls were treated ~dentmally except that no butanedmne was added. After 
the specffmd times at 30°C, 0.2-ml allquots were passed through a small 
column of Sephadex G-25 equilibrated with 10 mM borate/0.1 M NaCl (pH 
7.5) Ahquots of the protem eluant were either diluted with 4 vol. 50 mM Tns- 
HCI/10 mM NaCl (pH 7.5) and lmmedmtely assayed for carboxylase activity or 
added to an equal volume of me-cold 12 1 N HC1 for subsequent hydrolysis and 
ammo acid analysis (see below}. Alternatively, at the appropriate times the 
mactlvatmn reactmn was terminated by diluting ahquots with 30 vol. 50 mM 
Tns-HC1/25 mM NaC1 (pH 7.5). Prehmmary experiments mdmated that 30-fold 
dflutmn with Tns-NaC1 buffer was effective m obtmnmg control or reactivated 
enzyme act~wty that was stable for at least 90 mm at 30°C [16]. 

Inactwatmn by phenylglyoxal Unless noted otherw,se, mactlvatmn was 
performed by addmg an aliquot of freshly prepared 10 mM phenylglyoxal m 
0.1 M Bmme-NaOH buffer (pH 8.0) to an equal volume of protem solutmn 
whmh had been premcubated as described above. The final solutmn contmned 
50 mM Bmme (pH 8.0)/25 mM NaC1/12 mM Hepes/6--9 pM enzyme/5 mM 
phenylglyoxal and varmus hgands as specffmd m the figure and table legends. 
Controls were treated ldentmally except that no phenylglyoxal was added. After 
the specffmd times at 30 ° C, 0.2-ml allquots were gel filtered through Sephadex 
G-25 equilibrated with either 50 mM Bmme-NaOH/25 mM NaCI (pH 7.7) or 10 
mM borate/0.1 M NaC1 (pH ~.5} (for ammo acid analyses}. Ahquots of the pro- 
tern eluant were either diluted with 4 vol. 50 mM Bmme-NaOH/25 mM NaCl 
{pH 7.7) and lmmedmtely assayed for carboxylase actlwty or added to an equal 
volume of me-cold 12.1 N HC1 for subsequent hydrolysis and ammo acid anal- 
ysis (see below). Alternatively, at the appropriate times the mactlvatmn reac- 
tmn was terminated by dflutmg allquots with 30 vol. 50 mM Tns-HC1/10 mM 
NaC1 (pH 7.5) or 50 mM Bmme-NaOH/10 mM NaC1 (pH 7.7} and 50-pl samples 
were assayed unmedmtely for activity. Phenylglyoxal concentratmn (mM) was 
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determmed spectrophotometncally by diluting allquots of the Blcme-buffered 
stock solution with 300 vol. water and dividing Alem by 12.6 [21] " ~ 2 5 3 n m  

Incorporation of [2-14C]phenylglyoxal Modlfmatlon of the tobacco enzyme 
by [~4C]phenylglyoxal was performed exactly as described above for Inactiva- 
tion except that unlabeled reagent was replaced with 10 mM [~4C]phenyl- 
glyoxal (0 5--1 25 C1/mol) After the specified times at 30°C, 0.2-ml ahquots 
were passed through Sephadex G-25 eqmhbrated with 50 mM Blcme-NaOH/25 
mM NaCI (pH 7.7}. Ahquots of the ~4C-protem eluant were diluted with 4 vol 
column buffer and immediately assayed for [~4C]phenylglyoxal mcorpora- 
tlon by hquld scintillation spectroscopy and for enzyme activity. The carryover 
of ~4C-protem mto the 14C-based carboxylase assays was corrected by takmg 
into consideration the radmactlvlty in the mmus-mbulose-P2 blanks. The spe- 
cific radioactlwty of the [ 14C]phenylglyoxal was determmed experimentally by 
assaying allquots of the stock solutmn for radloactlwty and absorbance at 253 
nm (see above). From the [14C]phenylglyoxal-mcorporatlon and -specific radio- 
actlwty determmatmns, the extent of argmyl modification per enzyme pro- 
tomer was calculated assummg a 2 • 1 stomhlometry between reagent mcorpo- 
rattan and argmme modffmatmn [9,13,14]. 

To assess [~4C]phenylglyoxal modfflcatmn of the carboxylase at the subumt 
level, ahquots of the Sephadex G-25 eluant (see above) were added to an equal 
volume of ice-cold 10% (w/v) tnchloroacetm acid and the precipitate was col- 
lected by centrffugatmn (2500 × g) at 4 ° C. The pellet was washed once with 
2 ml of --20°C acetone and dried at 37 °C. The ~4C-labeled protein precipitate 
(approx. 0.9 mg) was dissolved m 1.0 ml 50 mM Tns-HC1 buffer (pH 9.0)/1% 
(w/v) SDS/0.14 M 2-mercaptoethanol and dissociated as described prewously 
[20,22]. The dissociated subunits were separated at 25°C by descending 
chromatography through Sephadex G-100 equilibrated and eluted with 50 mM 
Tns-HC1 buffer (pH 8.6)/0.5% SDS [20]. Ahquots of each 1.2-ml fractmn were 
analyzed for radioactivity and absorbance at 280 nm. 

Amino actd analyses For the determination of argmme modffmatlon by 
butanedione or phenylglyoxal, allquots of the gel-filtered control, modffmd and 
substrate-protected enzymes (see above) were hydrolyzed m evacuated glass 
tubes at l l 0 ° C  for 24 h with 6 N HC1 and subjected to ammo acid analysis on 
the short basic column of a Beckman 120C amino acid analyzer equipped with 
a computing integrator. Loss of argmme was determined by duphcate analysis 
of single samples using a value of 32.8 lysme/promoter as the basis of refer- 
ence [23]. Unmodffmd tobacco carboxylase gave a value of 36.9 argmme/pro- 
tomer for the average of 12 determmations, which compares favorably with the 
value of 36.2 reported by Kung et al. [23] for the crystalline tobacco protem. 

Results and Dlscussslon 

Modtftcat~on of r~buloseb~sphosphate carboxylase by 2,3-butaned~one Treat- 
ment of the crystalhne tobacco enzyme with butanedlone m borate buffer 
results m a tune- and concentratmn<lependent loss of actlwty, although the 
reactivation reactmn deviates from pseudo-hrst-order kinetics [16]. Anal- 
ysis of the enzyme whmh has been reactivated 60% by incubation with 20 mM 
butanedione for 35 mm reveals that the Kva value for rlbulose-P2 is shghtly 
increased (from 99 #M m the control to 168 pM m the partially reactivated 
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sample), whereas the apparent maximal velocity at infinite substrate concentra- 
tion (V) is decreased by 57%. Inachvahon is markedly enhanced by borate 
buffer (relative to Hepes or Trls) and alkahne pH [16],  in agreement with the 
findings of  other butanedlone reactivation studies [6,7].  In similar agreement 
(cf Ref 7) are the observations that the inactivation of  rlbuloseblsphosphate 
carboxylase by butanedlone is Irreversible m the presence of  borate and par- 
tlally reversed upon complete  removal of  excess reagent and borate by gel fil- 
tration [16].  Although both the control and modified protems are progres- 
sively inactivated by prolonged incubation m borate buffer at pH 7.5, the rela- 
tive activity of the modified enzyme (expressed as a percentage of  the corre- 
sponding control) remains constant  for at least 3 h. 

Inactivation of the carboxylase by butanedlone is markedly reduced by 
premcubatlng the enzyme with the substrate rlbulose-P2 [16].  For example, 
upon prolonged incubation (3 h) m the presence of  20 mM butanedlone com- 
plete inactivation is observed (~2.5% activity remammg), as would be expected 
ff residue(s) essential to substrate binding or catalysis were modified. However, 
in the presence of 1 mM rlbulose-P2 only 35% of the activity is lost over the 
same period. In contrast, none of  the non-substrate phosphorylated llgands 
examined, including the effectors NADPH and 6-P-gluconate and the reaction 
products 3-P-glycerate and 2-P-glycolate, significantly decrease mactlvatmn 
[16].  Slmtlarly, CO2/Mg2+-actlvat1on of the enzyme (m the absence or presence 
of  NADPH or 6-P-gluconate) prior to modification has little Influence on 
butanedione inactivation [16].  

Butanedlone is highly specific for the modfflcatmn of  arglnme residues m 
proteins. The modffmatlon is enhanced by borate buffer, which likely stablhzes 
the c~s-dlol guanldmmm-butanedmne adduct,  and is at least partially reversed 
upon removal of excess reagent and borate [7,12].  When the observations that  
lnachvatlon of ribuloseblsphosphate carboxylase by this a-dlcarbonyl is 
enhanced by borate and partially reversed upon complete removal of  borate are 
coupled to the results from the protect ion experiments,  they strongly suggest 
that the modification of  essential argmme residues within the binding domain 
for rlbulose-P2 (presumably at the active site) is responsible for reactivation. 

T A B L E  I 

C O R R E L A T I O N  OF  B U T A N E D I O N E  I N A C T I V A T I O N  O F  T O B A C C O  R I B U L O S E B I S P H O S P H A T E  

C A R B O X Y L A S E  W I T H  LOSS OF  A R G I N I N E  

M o d l h c a t l o n  o f  8 1 ~M e n z y m e  by  20 m M  b u t a n e d l o n e  (BD)  was ca r r i ed  o u t  for 65 m m  a t  30 ° C m 50 r a m  
b o r a t e  b u f f e r  (pH 8 0) m t h e  a b s e n c e  or p r e s e n c e  of  1 m M  n b u l o s e - P  2 ( R b u - P 2 )  The  resul ts  r e p r e s e n t  the  
m e a n  o f  fottr  i n d e p e n d e n t  e x p e r i m e n t s  C o n t r o l  a c h w t y  was  5 7 9  n m o l  H I 4 C O ~  h x e d / m m  pe r  m g  Pro-  
tern 

Enzyme C a r b o x y l a s e  Arg / rane  ArglnLne A r g m m e  
a c U w t y  per  m o d i f i e d  s h ~ e l d e d / p r o t o m e r  
(% of  c o n t r o l )  p r o t o m e r  per  p r o t o m e r  for 1 0 0 %  p r o t e c t i o n  * 

C o n t r o l  1 0 0  3 6  6 
B D - m o d l h e d  20  27 2 

R b u - P 2 - p r o t e e t e d  74 28 5 

9 4  

8 1  
2 4  

* Ca lcu la ted  f r o m  ( d d f e r e n c e  m n u m b e r  o f  a r s m m e  g r o u p s  m o c h f l e d ) / ( c h f f e r e n c e  m % ac t tv l ty )  × 100  
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Ammo acid analyses of the control  and partially reactivated enzymes were per- 
formed to identify the basic ammo acid residues modlfmd by treatment  with 
butanedlone.  Whereas the ratio of  hlstldme to lysme in samples incubated for 
65 mm m 20 mM butanedlone is identical to that  in the unmodified control,  
the ratio of  argmme to lysme decreases 25% over the same period. More note- 
worthy,  an 80% loss of  activity IS associated with the modification of 9--10 of  
the 37 argmme residues present per protomer  (Table I). The excessive loss 
(about  25%) of  argmlne residues dunng the course of enzyme inactivation IS 
mdmatlve of  a concomitant  modlfmatlon of  non-essential argmyl groups. Since 
rlbuloseblsphosphate carboxylase contams about  290 argmme/mol [23],  modih- 
cation of  argnmne residues m addition to those essentml for substrate bindmg or 
catalysis is not  unexpected.  Insight mto the number  of  essential argmyl groups 
per protomer  was obtained by comparmg the number  of  residues modified and 
the percent carboxylase actlwty of  samples treated with butanedIone for the 
same length of  time In the absence or presence of  ribulose-P2 (Table I). Assum- 
mg the difference m loss of argmyl groups is lmearly related to the difference 
in activity between the reactivated and substrate-protected samples, the extra- 
polatmns suggest that  complete protection by mbulose-P2 correlates with the 
shielding of  2--3 argmme residues per protomer.  However,  given the hmlted 
sensitivity of  ammo acid analysis and the observation that a relatively large 
number  of argmme groups are modifmd In either the presence or absence of  
substrate (Table I), this extrapolated value cannqt be taken as unambiguous 
quantitative evidence for the number of  essential argmme residues per pro- 
tomenc  unit  of  ribulosebisphosphate carboxylase. 

Mochflcatzon of nbuloseblsphosphate carboxylase by phenylglyoxal Al- 
though the modification of  essentml argmme residues within the bmdmg domain 
for nbulose-P2 appears responsible for the complete Inactivation of  the tobacco 
carboxylase by 2,3-butanedlone, several characteristics of  the modification 
reaction between butanedione and this particular protem are undesirable from 
an experimental standpoint.  These include the apparent lack of  reagent specifi- 
city for essential argmme residues (Table I and Ref. 8), the anomalous Inactiva- 
tion kmetIcs [16] and the effect  of  modification on both V and Km values 
(mbulose-P2). Prewous studies from this laboratory have Indicated that  hydro- 
phobic reagents are especially useful probes for monitoring activity-associated 
events m the carboxylase protem,  presumably due to the hydrophoblc  nature 
of  the large catalytic subumts [19].  In view of these observations, we selected 
phenylglyoxal to further mvestigate the importance of  argmme residues m the 
catalytic properties of  rlbulosebisphosphate carboxylase. Not only is this 
a-dicarbonyl qmte  specific for arglnyl groups [13--15] ,  but  the modification 
reaction appears particularly sensitive to the chemical mmroenvtronment (pre- 
sumably the degree of hydrophoblc l ty)  of  the argmme remdues m proteins 
[24--27] .  Thus, the preferential modification of  a small number of  specific 
argmyl groups m the hydrophobm catalytic subumts might be possible using 
phenylglyoxal m spite of  the large number  of  argmme residues in the holo- 
enzyme. 

Bicarbonate buffer is widely used m phenylglyoxal modification studies 
[24,25,27,28] as it hkely catalyzes a nucleophflm attack by the argmyl-guani- 
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dmmm group against the carbonyl carbon of the reagent [7,29]. However, for 
our routine studms it was desirable to avoid the use of this buffer smce CO2 is 
both an actwator and substrate for nbuloseblsphosphate carboxylase [5] Com- 
parison of several other systems with buffering capacity around pH 8 (Bmme, 
borate, Trmme, Tns) mdmated that  mactwatlon of the tobacco enzyme was 
markedly enhanced m Blcme buffer, whereas no lnactwatmn was observed m 
Tris or Trmme. The total ineffectweness of Tns buffer is expected smce this 
amine is known to react with the reagent [13,29]. Inactwatmn of tobacco 
rlbuloseblsphosphate carboxylase by 2 6 or 5 1 mM phenylglyoxal m Blcme 
buffer follows pseudo-ftrst-order kinetics until at least 85% of the actwlty is 
lost. Upon prolonged mcubatmn {2.5 h) in the presence of 5 mM reagent com- 
plete mactivatmn is observed (<1% activity remaining) (cf., Table V). Analysis 
of the enzyme which had been inactivated about 60% by incubatmn with 5.3 
mM phenylglyoxal for 25 min revealed that  the Km value for nbulose-P2 is 
unchanged (102/~M m the control vs. 117 pM m the modffmd sample), whereas 
the apparent V value decreased 63% following modlfmatmn. Thus, the activity 
of the partially inactive enzyme can be attributed to the unmodified protem 
still present rather than to the formatmn of a modlfmd carboxylase with dff- 
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Fig 1 ReverslbKtty of phenylglyoxal inactlvatlon of tobacco rlbuloseblsphosphate carboxylase upon 

removal of excess reagent Modlhcatlon of 8 2 NM enzyme by 5 mM phenylglyoxal (PGO) was carried out 

at 30°C m 50 mM B1clne buffer (pH 8 0) in the absence (e --) or presence (a A) of 1 mM 

nbulose-P 2 (Rbu-P 2) After a 15 or 70 mm mactlvatmn period an ahquot was passed through a Sephadex 

G-25 column equfllbrated wlth 50 mM Blcme/25 mM NaCI (pH 7 7) and the protein eluant assayed for 

carboxylase actlvlty immedlately after and up to 5 5 h after gel filtratmn. The control (m m) was 

sub}ected to identical conchtmns except that nelthcr PGO nor Rbu-P 2 was added 
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T A B L E  II 

E F F E C T  O F  V A R I O U S  L 1 G A N D S  O N  P H E N Y L G L Y O X A L  I N A C T I V A T I O N  O F  T I N T E R M E D I U S  

A N D  T O B A C C O  R I B U L O S E B I S P H O S P H A T E  C A R B O X Y L A S E S  

ModLf lca t lon  o f  t he  T m t e r m e d m s  e n z y m e  ( 8 5  p g / m l )  b y  5 2 m M  p h e n y l g l y o x a l  w a s  caxr led  o u t  at  3 0 ° C  
m 5 0  m M  B l c m e  b u f f e r  ( p H  8 0)  in  the  absence  or  presence  o f  2 m M  n b u l o s e - P  2 ( R b u - P 2 ) ,  s e d o h e p t u l o s e -  
P2 (Sed  1 ,7-P2)  o r  6 - P - g l u c o n a t e  A f t e r  a 7 0  m m  m a c t a v a t l o n  p e r i o d  a n  a l i q u o t  was  pa s sed  t h r o u g h  a 
S e p h a d e x  G - 2 5  c o l u m n  e q t a h b r a t e d  w i t h  5 0  m M  B l c m e / 1  m M  N a 2 E D T A / 1  m M  c h t l u o t h r e i t o l  ( p H  8 0)  
a n d  the  prote in  e l u a n t  w a s  w n m e d m t e l y  a s s a y e d  f o r  c a r b o x y l a s e  ac tav l ty  Co ntro l  ac tawty  was  1 7 0  # t o o l  
H I 4 c o ~  h x e d / m m  pe r  m g  p r o t e i n  Mochfzcataon o f  the  t o b a c c o  e n z y m e  (4 4 m g / m l )  b y  5 1 m M  pbeny l -  
g lyoxa l  was  c a r n e d  o u t  for 6 5  m m  at 3 0 ° C  as descr ibed  above  Co ntro l  a c t t w t y  was  5 9 0  n m o l  H 1 4 C O ~  
f i x e d / r a m  p e r  m g  prote in  

L1gand 
p r e m c u b a t e d  

C a r b o x y l a s e  ac t t v l t y  (% o t  c o n t r o l )  

T ~nterrnedzus T o b a c c o  

N o n e  8 9 
R b u - P  2 6 9  7 9  
Sed  1 ,7 -P  2 6 4  6 9  
6 - P - g l u c o n a t e  8 2 2  

ferent propertms. Phenylglyoxal reactivation of  the tobacco enzyme is slowly 
and partially reversed upon complete removal of  excess reagent by gel ffltrahon 
(Ftg. 1). The speclfm achwty  of the modffmd enzyme roughly doubles over a 
5.5 h reachvatlon period at 30°C, whereas that of  the control sample remains 
unchanged. A slow partial reachvahon is also observed after the mactlvatlon 
reaction is termmated by 30-fold dlluhon m Bmme- or Tns-NaC1 buffer, with a 
40--50% mcrease m carboxylase speclfm activity occurring after a 1.5 h incuba- 
tion at 30°C. These results are m contrast to the observahon of  Schloss et al. 
[9] that  the spmach and R rubrum carboxylases are reactivated irreversibly by 
this a-dmarbonyl.  Partial reversibility of  phenylglyoxal machvatIon of  several 
other  enzymes has been reported prevmusly [ 13,26,27,30].  

As m the butanedmne studms, the substrate rlbulose-P2 affords considerable 
protect ion against phenylglyoxal reactivation of  the higher plant-type car- 
boxylase isolated from T mtermedms and tobacco (Table II, Fig. 1). The 
observation that the achwty  of the substrate-protected tobacco enzyme 
remmns essenhally constant  for at least 2.5 h at 30°C following removal of  
rlbulose-P2 and excess reagent by gel ffltratmn (Fig. 1) mdmates that the sub- 
strate protects against mactlvatmn by preventing modlfmatlon of an essenhal 
residue(s), rather than by conferring conformatlonal  stablhty on the modlfmd 
enzyme. Inachvatlon of  both enzymes IS also markedly reduced by premcu- 
bating the proteins with the dlphosphorylated competit ive mhlbltor sedohep- 
tulose-P2 [31] (Table II). In contrast, 6-P-gluconate, an equally potent  but  
monophosphoryla ted  competit ive inhibitor [9],  prowdes little or no protec tmn 
against mactlvahon (Table II and Ref. 9). Similarly, CO2/Mg2+-actlvatlon of the 
tobacco enzyme with 20 mM HCO~/10 mM Mg 2÷ pnor  to modlfmatlon has 
httle influence on machvatlon.  

Given the specificity of  phenylglyoxal for argmyl modffmatlon and the 
results from the protect ion experiments,  the above observatmns suggest that  
the modffmatmn of essenhal argmme residues wlthm the bmdmg domain for 
nbulose-P2 is responsible for the observed mactlvatmn. Direct titration of  free 
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T A B L E  III 

C O R R E L A T I O N  O F  P H E N Y L G L Y O X A L  I N A C T I V A T I O N  O F  T O B A C C O  R I B U L O S E B I S P H O S P H A T E  
C A R B O X Y L A S E  WITH L O S S  O F  A R G I N I N E  

Mochf l ca t aon  o f  8 6 t im e n z y m e  b y  4 5 m M  p h e n y l g l y o x a l  ( P G O )  was  c a r n e d  o u t  f o r  6 5  m m  a t  3 0 ° C  m 
50  m M  Blcine  b u f f e r  ( p H  8 0) m the  a b s e n c e  o r  p r e s e n c e  o f  1 m M  n b u l o s e - P  2 ( R b u - P 2 )  The  resu l t s  
r e p r e s e n t  t he  m e a n  o f  t w o  i n d e p e n d e n t  e x p e n m e n t s  C o n t r o l  a c tw1 ty  was  6 2 5  n m o l  H 1 4 C O ~  f i x e d / r a m  
p e r  m g  p r o t e i n  

E n z y m e  Ca~boxy lase  A r g i n m e  A r g m m e  A r g t n l n e  
a c t i w t y  p e r  m o c h h e d  s l ~ e l d e d / p r o t o m e r  
(% of  c o n t r o l )  p r o t o m e r  p e r  p r o t o m e r  f o r  1 0 0 %  p r o t e c t a o n  * 

Control  100 37 6 
PGO-mo(hfled 15 32 8 4 8 
Rbu-P2-protected 87 34 2 3 4 

1 9  

* C a l c u l a t e d  f r o m  ( d i f f e r e n c e  m n u m b e r  o f  a r g m m e  g r o u p s  m o d l f ~ e d ) / ( d l f f e r e n c e  m % a c t a w t y )  X 1 0 0  

sulfhydryl groups with Nbs2 m the presence of SDS [19] demonstrated that  
there is no irreversible loss of -SH residues m the reactivated or substrate-pro- 
tected tobacco enzymes. Amino acid analyses of the control and modified pro- 
terns mdlcated that  an 85% loss of carboxylase activity is associated with the 

T A B L E  IV 

C O R R E L A T I O N  O F  I N A C T I V A T I O N  O F  T O B A C C O  R I B U L O S E B I S P H O S P H A T E  C A R B O X Y L A S E  
W I T H  I N C O R P O R A T I O N  O F  [ 2  - 1 4 C ] P H E N Y L G L Y O X A L  

In E x p t  I, m o c h f i c a t a o n  o f  7 8/~M e n z y m e  b y  5 3 m M  [ 2 - 1 4 C ] p h e n y l g l y o x a l  ( P G O )  (0  79  C l / m o l )  was  
c a r r i e d  o u t  a t  3 0 ° C  m 50  m M  B m m e  b u f f e r  (pH 8 0)  m t h e  a b s e n c e  o r  p r e s e n c e  o f  2 m M  n b u l o s e - P  2 
(RbuoP  2) o r  6 -P -g lucona t e  C o n t r o l  c a r b o x y l a s e  ac tavl ty  was  6 5 9  n m o l  H 1 4 C O ~  h x e d / m i n  p e r  m g  p r o t e i n  
In  E x p t  If,  m o d i f i c a t i o n  o f  6 4 ~M e n z y m e  b y  5 2 m M  [ 2 - 1 4 C ] p h e n y l g l y o x a l  (0  4 8  C t / m o l )  was  c a r n e d  
o u t  as d e s c r i b e d  a b o v e  C o n t r o l  c a r b o x y l a s e  a c h w t y  was  4 6 2  n m o l  H I 4 c o ~  f i x e d / r a m  p e r  m g  p r o t e i n  In  
E x p t  III,  m o c h f i c a t l o n  o f  8 4 ~M e n z y m e  b y  5 3 m M  [ 2 - 1 4 C ] p h e n y l g l y o x a l  (1 2 5  C t / m o l ) w a s  c a r n e d  
o u t  as d e s c n b e d  a b o v e  m the  a b s e n c e  o r  p r e s e n c e  o f  2 m M  R b u - P  2 o r  s e d o h e p t u l o s e o P  2 (Sed  1,7oP2) 
C o n t r o l  c a r b o x y l a s e  ac tav l ty  w a s  9 4 0  n m o l  H 1 4 C O ~  f t x e d / m m  p e r  m g  p r o t e i n  

E x p t  E n z y m e  T ime  C a r b o x y l a s e  [ 1 4 C ] P G O  A r g m m e  
N o  a t  3 0 ° C  a c t a w t y  i n c o r p o r a t i o n  s h i e l d e d /  

( m m )  (% o f  c o n t r o l )  ( m o l / m o l  p r o t o m e r  f o r  
p r o t o m e r )  1 0 0 %  p r o t e c t i o n  * 

I [ 1 4 C ] P G O - m o c h l ~ e d  5 77  1 27  
1 2  6 7  2 3 2  
2 8  3 4  3 6 9  

R b u o P 2 - p r o t e c t e d  5 1 0 2  0 7 3  1 1 
1 2  1 0 4  1 4 3  1 2 
2 8  9 7  2 4 5  1 0 

6 - P - g l u c o n a t e - p r o t e c t e d  2 8  58  3 87  

II [ ! 4 C ] P G O - m o d l f ~ e d  1 5  5 2  2 87  
3 5  2 5  4 5 3  
65 6 6 31 

R b u - P 2 - p r o t e c t e d  1 5  9 7  1 8 3  1 2 
3 5  9 3  3 0 4  1 1 
65 7 6  4 14  1 6 

III [ 14C]  P G O - m o d l f l e d  4 5  1 5  5 0 3  
R b u - P 2 - p r o t e c t e d  4 5  79  3 31  1 3 
Sed  1 , 7 - P 2 - p r o t e c t e d  4 5  7 8  2 87  1 7 

* C a l c u l a t e d  f r o m  (dLfference  m [ ! 4 C ] m c o r p o r a t e d / p r o t o m e r ) / ( c h f f e r e n c  e m % a c t i v i t y )  X 1 0 0 ,  a s ~ r n ~ n g  
a 2 1 s t o l c h l o m e t r y  b e t w e e n  p h e n y l g l y o x a l  i n c o r p o r a t i o n  a n d  a r g m m e  m o d l f i c a t t o n  [ 9 , 1 3 , 1 4 ]  
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modlfmatlon of  about  5 of  the 37 argmme residues present per protomer  (Table 
III). These results mdmate that  of  the two a<hcarbonyls used m the present 
study,  phenylglyoxal is by far the more selective modffmr of  the carboxylase 
protein m that about  twine as many total argmme residues are modified by 
butanedlone compared to phenylglyoxal to achmve the same degree of mactlva- 
tlon (cf., Tables I and III and Refs. 8 and 9). However,  as m the butanedlone 
studms (Table I), comparison of  the phenylglyoxal-modlfmd and substrate-pro- 
tected samples suggests that complete protect ton by nbulose-P2 correlates with 
the shmldmg of about  two argmme residues per protomer  (Table III). 

Besides the greater selectivity of  phenylglyoxal as a chemical modlfmr of  
argmme groups m nbuloseblsphosphate carboxylase, another advantage of  this 
a-dlcarbonyl is that the use of  [14C]phenylglyoxal permits a more accurate 
estimate of  the s tomhmmetry of lnactlvatmn by reagent mcorporatmn than can 
be obtmned by analyzing for losses m argmme from a large lmtlal number  [7].  
[14C]Phenylglyoxal is rapidly mcorporated mto  the tobacco enzyme with a 
concormtant decrease m carboxylase actlwty (Table IV). When the data m 
Table IV for the modffmd samples are plot ted as percent act lwty vs. ~4C-mcor- 
poratmn per protomer  (mol/mol),  the resultant hnear plot shows curvature 
after the enzyme is inactivated by more than 85% (Fig. 2). Extrapolatmn of  the 
hnear por tmn to zero act iwty mdmates that  the mcorporat lon of  approx. 6 
mol phenylglyoxal per mol enzyme protomer  (Le., the modffmatmn of  3 argl- 
nme/protomer)  correlates with the complete  mactlvatmn of nbuloseblsphos- 
phate carboxylase (Fig. 2). It may be postulated, however, that  the amount  of  
total reagent mcorporatmn at any given time represents a composi te  of  the 
modifmatmn of argmme residues whose reactmn is unrelated to loss m act iwty 
or the presence of  protective hgands and those groups that  are essentml for 
activity and whose modifmatmn is affected by hgands. Addltmnal mslght mto 
the number of  essential argmme residues mvolved at the active site can thus be 
obtained by comparing the amount  of  14C-mcorporatmn and the percent car- 
boxylase act lwty of  samples treated with phenylglyoxal for the same length of  
time in the absence or presence of  nbulose-P2 or  sedoheptulose-P2 (Table IV). 
Assuming the difference m reagent mcorporatmn per protomer  is hnearly 
related to the difference m act lwty between the reactivated and protected 
samples, the extrapolatmns mdmate that  complete  protec tmn against mact~va- 
tmn correlates with the shmldmg of 1--2 (1.27 -+ 0.25) argmme residues per 
protomer  (Table IV). This value compares favorably with snmlar, but  less quan- 
titative determmatmns based on amino acid analyses of  the modffmd and sub- 
strate-protected enzymes (Tables I and III). As m the mactlvatmn experiments 
(Table II), 6-P-gluconate has httle effect  on ['4C] phenylglyoxal mcorporatmn 
(Table IV). 

Premcubatlon of  the tobacco carboxylase with the competitive mhlbltor 
sedoheptulose-P2 prevents the mcorporatmn of about  2 mol [14C]phenyl- 
glyoxal per mol enzyme protomer  (Le., the modffmatmn of 1 argmme/ 
protomer)  following a 45 mm treatment  with the reagent (Table IV). Samples 
of  the carboxylase that  had been treated w~th [ ~4C]phenylglyoxal (m either the 
absence or presence of  sedoheptulose-P2) for 45 mm were d~ssocmted and the 
large and small subumts separated by Sephadex G-100 gel ffltratmn m the pres- 
ence of  SDS (F~g. 3, reset). As seen m the radmact lwty profiles obtmned by 
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Fig  2 C o r r e l a t i o n  o f  [ 2 - 1 4 C ] p h e n y l g l y o x a l  i n c o r p o r a t i o n  w i t h  t o b a c c o  n b u l o s e b i s p h o s p h a t e  c a r b o x y l a s e  
inac t iva t ion  F o r  de ta t l s ,  see  Extp  Nos I (A), II  ( i )  a nd  n l  ( e )  in Table  IV  PGO,  p h e n y l g l y o x a l  

F ig  3 S e p h a d e x  G - 1 0 0  gel  ff l t raUon of [14C]  p h e n y l g l y o x a l - m o d l h e d  t o b a c c o  n b u l o s e b i s p h o s p h a t e  car- 
boxylase  in  t h e  p r e s e n c e  of  0 5% SDS at  pH 8 6. Modif ica t ion  of  8.4 #M e n z y m e  b y  5 3 mM 
[ 2 - 1 4 C ] p h e n y l g l y o x a l  (PGO) (1 25 Cl /mol )  was carr ied o u t  at  3 0 ° C  m 50 r a m  B m m e  b u f f e r  (pH 8 0 ) m  
the  a b s e n c e  ( e )  o r  p r e s e n c e  (A) of  2 m M  sedohep tu lose -P  2 (Sed 1.7-P 2)  T h e  r e a c t i o n  w a s  t e r m i n a t e d  a f t e r  
45 m m  b y  c h r o m a t o g z a p h y  t h r o u g h  S e p h a d e x  G-25 and  t he  1 4 C - p r o t e i n  e l u a n t  p r o c e s s e d  as  descr ibed  in 
Mater ia l s  a n d  M e t h o d s  T h e  Inse t  s h o w s  t h e  p r o f i l e  o f  a b s o r b a n c e  a t  280 n m  f r o m  t h e  S e p h a d e x  Go100 
c o l u m n  T h e  large  a n d  s m a l l  s u b u n l t  p e a k  f r a c t i o n s  w e r e  n u m b e r s  35 and  48,  r e s p e c t i v e l y  T h e  large  

s u b u m t  w a s  e l u t e d  w i t h  t h e  e x c l u d e d  v o l u l n e  

counting ahquots of  each fraction (Fig. 3), phenylglyoxal almost exclusively 
modffms remdues m the large catalytm subumts of  the protem even though the 
small subumts contribute 4--5 argmyl groups per mol enzyme protomer [23] .  
The apparent selectivity of  thin a-dmarbonyl for argnnme residues m the cata- 
lytic subumts of  nbuloseblsphosphate carboxylase is hkely due to the hydro- 
phobm nature of  this subumt type. These observations, however, must be some- 
what qualffmd m that some labthty of the ['4C] phenylglyoxal-protem adduct is 
observed dunng the 6 h period required to dissociate the protein and separate 
the subumts at alkaline pH (cf., Fig. 1). Premcubatlon of  the protein with sedo- 
heptulose-P2 (Fig. 3), nbulose-P= or the tranmtlon-state analogue 2-carboxy- 
pentitol-l,5-P2 (plus Mg =÷ ) markedly reduces the mcorporatlon of [14C]phenyl- 
glyoxal into the catalytm subumts, consistent with the notion that these hgands 
protect against mactlvatmn by shmldmg essenbal argmme residues m the acbve 
site region of the carboxylase. 
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Effect of argmyl modzf~catzon on the regulatory propertws of nbulosebts- 
phosphate carboxylase. Arglnme residues have been ]mpllcated in the anionic 
effector  bmding sites of  several regulatory enzymes, mcludmg fructose-l,6-bm- 
phosphatase [6],  phosphoenolpyruvate carboxylase [32],  aspartate trans- 
carbamylase [25,33] ,  NAD-lsocltrate dehydrogenase [34],  and NAD(P)-gluta- 
mate dehydrogenase [35].  Since the activity of  rlbuloseblsphosphate car- 
boxylase at low pCO:  is modulated by various phosphorylated effectors 
[10,11] ,  the effect  of  butanedIone and phenylglyoxal modlfmatlon on the 
regulatory properties of  this enzyme has also been examined. Inactivation of  
the tobacco enzyme by 20 mM butanedlone (15--80% loss of actIwty) does not  
alter the response of  the enzyme to various anlomc effectors [16].  If the rate 
of  a<hcarbonyl  reaction with the residues mvolved in effector  modulation is 
slower than the reaction rate of  essentml argmyl groups mfluencmg activity, it 
would be Impossible to detect  any change m regulatory properties usmg this 
experimental protocol  since enzymm actiwty Is used to monitor  effector  modu- 
lation. However,  when the essential argmlne residues of  the carboxylase are 
protected by rlbulose-P2, the response of  the modified, but  catalytlcaUy active 
protein (cf., Tables I, III, IV) to NADPH and 6op-gluconate is still essentially 
identical to that  of the control and phenylglyoxal- (Table V) or butanedione- 
reactivated samples. These results mdmate that  if amonlc effectors modulate 
carboxylase-oxygenase activity by bindmg at specific regulatory site(s), arglnme 
residues are either not  involved m bmdmg these phosphorylated hgands to the 
enzyme or such groups are also protected from modification, directly or indi- 
rectly,  when rlbulose-P2 brads at the catalytic center. 

Concluding remarks The results of  the present s tudy mdlcate that  mactlva- 
tmn of crystalline tobacco rlbuloseblsphosphate carboxylase by argmme-selec- 
tlve a~tlcarbonyls results f rom the modlfmatmn of 1--2 essential argmyl groups 
wlthm the large catalytm subumt,  presumably at the active site. In contrast  to 
the report  by Schloss et  al. [9],  no ewdence was obtained to suggest half-of- 
the-sites reactivity. Since both arglnme modlflcatmn and mactlvatlon of  the 

T A B L E  V 

E F F E C T  OF P H E N Y L G L Y O X A L  M O D I F I C A T I O N  OF T O B A C C O  R I B U L O S E B I S P H O S P H A T E  
C A R B O X Y L A S E  ON A C T I V A T I O N  BY A N I O N I C  E F F E C T O R S  

M o d ~ c a t l o n  o f  8 4 #M e n z y m e  b y  4 7 m M  p h e n y l g l y o x a l  (PGO)  w a s  c a r n e d  o u t  at  30°C m 50 m M  
B1cme b u f f e r  ( pH  8 0)  m t h e  a b s e n c e  or  p r e s e n c e  o f  1 m M  rlbuloseoP 2 (Rbu-P2)  A f t e r  50 an d  145 m m ,  
a h q u o t s  w e r e  p a s s e d  t h r o u g h  a S e p h a d e x  G-25  c o l u m n  a n d  t h e  p r o t e i n  e l u a n t  w a s  u n m e d m t e l y  a ~ a y e d  
for  c a r b o x y l a s e  a c t l w t y  m t h e  a b s e n c e  or  p r e s e n c e  o f  0 1 m M  6-P-gluconate  or  0 4 m M  N A D P H  C o n t r o l  
ac t tv l ty  was  24 n m o l  H I 4 C O ~  f l x e d / m l n  pe r  m g  p r o t e i n  

E n z y m e  Carboxy lase  a c t l w t y  

% o f  c o n t r o l  + / - -  6-P-gluconate  + / - -  N A D P H  

C o n t r o l  I 0 0  3 48 2 80  
P G O - m o d ~ h e d  23 2 46 2 09  

< I  - -  - -  
R b u - P 2 - p r o t e e t e d  103  2 82  2 20  

70  2 85  2 03  
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higher plant-type carboxylase isolated from tobacco leaves and the procaryote 
T mtermed tus  are decreased by the substrate rlbulose-P2 or the diphos- 
phorylated competitive Inhibitor sedoheptulose-P2, these residues hkely serve as 
bmdmg sites for negatively charged phosphate groups of  the non-gaseous sub- 
strate. 
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