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SUMMARY: 

The D-ribulose 1,5-bisphosphate carboxylase/oxygenase from spinac h 
possesses mult iple binding sites for pyridoxal 5'-phosphate, a specif ic 
reagent for reactive amino groups of the enzyme. Pyridoxal 5'-phosphate 
binding can be di f ferent iated f luor imet r i ca l l y .  A high a f f i n i t y  s i te of 
the carboxylase for this inh ib i to r  has been select ively detected and 
characterized. Our results are consistent with the hypothesis that pyr i -  
doxal 5'-phosphate functions as an active s i te directed inh ib i to r  of the 
enzyme. 

INTRODUCTION: 

Pyridoxal 5'-phosphate (PLP) has been characterized as an active s i te 

directed inh ib i to r  of D-ribulose 1,5-bisphosphate carboxylases/oxygenases 

(3-phospho-D-glycerate carboxylases (dimerizing), EC 4.1.1.39) by several 

author~ (I - 6). 

PLP reacts spec i f i ca l ly  with essential amino groups at the reaction 

centers of these enzymes. 16 C-amino groups of lysyl residues were found 

to be involved in the ac t i v i t y  of the spinach carboxylase (3). PLP also 

inh ib i ts  the regulatory functions of these enzymes, however, presumably 

Abbreviations: RuP 2 = D-ribulose 1,5-bisphosphate 

PLP = pyridoxal 5'-phosphate 

TNS = 2-p-toluidinonaphthaline-6-sulfonate 
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there is no d i rec t  in teract ion between PLP and the ef fectors at the regu- 

la tory  centers (6). 

Because of i t s  charac ter is t i c  spectral propert ies PLP is an a t t rac t i ve  

reporter molecule for  monitoring events at the reaction centers of D-r i -  

bulose 1,5-bisphosphate carboxylases/oxygenases and the i r  v i c i n i t y .  In 

th is  publ icat ion the mult ip le binding s i tes for  th is i nh ib i t o r  have been 

d i f f e ren t ia ted  f l uo r ime t r i ca l l y .  A high a f f i n i t y  s i te  of the spinach en- 

zyme for  PLP has been se lec t i ve ly  detected and characterized. 

METHODS AND MATERIALS: 

Ribulose 1,5-bisphosphate carboxylase/oxygenase from spinach was 
pur i f i ed  and assayed as described in (7).  The spec i f ic  a c t i v i t y  of our 
preparations was 0,5 - 1,5 pmoles CO 2 f ixed per min and mg protein.  

Difference absorption spectra were recorded with a Perkin-Elmer two 
wavelength spectrophotometer model 556, equipped with a baseline correc- 
t ion accessory. Fluor imetr ic binding studies with PLP were performed with 
a Perkin-Elmer MPF-44 spectrof luor imeter in combination with a d i f fe ren-  
t i a l  corrected spectra attachment DCSU-2. Quantum corrected di f ference 
exc i ta t ion  and emission spectra of enzyme-PLP-complexes were recorded with 
a 3 nm exc i ta t ion  and 10-15 nm emission band width. For each measurement 
the fluorescence of free PLP as a blank was subtracted from the f luores-  
cence of the complete react ion mixture, Rhodamin B was used for  the quantum 
correct ion of the fluorescence spectra. Fluor imetr ic studies of the f ruc to-  
se 1,6-bisphosphate binding using 2-p- to lu id inonaphthal ine-6-sul fonate (TNS) 
as a f luorescent reporter  group were performed as described in (B). 

The composition of the reaction mixtures was essent ia l ly  as described 
in (6). Protein concentration varied between 0,1 and 0,5 mg/ml. The carbo- 
xylase was preincubated in 0,I M bic ine buf fer ,  pH = 8,0 in the presence of 
e i ther  a) 10 mM MgCI2; b) 10 mM MgCI2 and 10 mM NaHCO~ or c) without MgCl 2 
and bicarbonate for  20 minutes pr ior  to the addit ion of PLP° For the meas- 
urement of the inf luence of RuPp and e f fec tor  sugar phosphates on PLP bind- 
ing the enzyme was preincubated~with various concentrations of these agents 
in the presence of 10 mM MgCI 2. The reaction time of the enzyme with the 
i nh i b i t o r  was 20 minutes. For the f luo r imet r i c  detection of the reduced 
form the enzyme-PLP complex was treated with 10-100 mM NaBH 4 for  one hour. 
10 ml n-octanol were added to prevent foaming of the samples. 

Al l  measurements were performed at 25°C. RuP 2, the e f fec tor  sugar 
phosphates and PLP were products of Sigma. TNS as the potassium sal t  was 
purchased from Serva. 

RESULTS AND DISCUSSION: 

In Fig. I PLP binding to the spinach carboxylase has been studied by 

physico-chemical methods. Aldimine formation in the react ion between the 

spinach carboxylase and PLP was quanti tated spectrophotometrical ly in Fig. I a. 
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Spectrophotometrical and f luor imetr ical  detection of PLP 
to the D-ribulose 1,5-bisphosphate carboxylase/oxygenase 

from spinach. 
a) absorption changes at 432 nm (Q) ;  
b) fluorescence changes at 500 nm (aldimine formation; excitat ion 

wavelength: 430 nm) ( • )  and 390 nm (reduced complex; excitat ion 
wavelength: 325 nm) (~') and 

c) fluorescence changes at 330 nm (protein fluorescence of the re- 
duced carboxylase-PLP-complex; excitat ion wavelength: 260 nm) ( ~ )  
as a function of the PLP concentration in the presence of 10 mM MgCI2. 

The absorption change at 432 nm was measured using the ex t i nc t i on  co- 

e f f i c i e n t  ~ = 5.800 Imol - Icm-! as published by Paech et  a l .  (2) .  

In the PLP concentrat ion range inves t iga ted (0-2 mM) up to 3 - 4 mole- 

cules of PLP per subunit AB of the carboxylase are bound. These mu l t i p le  

binding s i tes  of the enzyme fo r  the i n h i b i t o r  can be d i f f e r e n t i a t e d  f l u -  

o r i m e t r i c a l l y .  PLP binding has been detected e i t he r  d i r e c t l y  by the f l u -  

orescence changes resu l t i ng  from aldimine formation or i t s  reduced de- 

r i v a t i v e  (Fig.  I b) and, i n d i r e c t l y ,  by a PLP induced decrease of  the 

i n t r i n s i c  f luorescence of  the carboxylase (Fig.  I c) .  The PLP concen- 

t r a t i o n  p r o f i l e  of  the l a t t e r  e f f ec t  appears biphasic resembling the 

spectrophotometr ical t i t r a t i o n  curve. This quenching obviously o r ig ina tes  

from a per turbat ion of aromatic chromophores of the enzymes by PLP. An 

energy t rans fe r  between prote in f luorophors and the bound PLP could not 

be observed. These experiments require high PLP concentrat ions up to 2 mM. 

In order to prevent in te rna l  absorption e f fec ts  in the f luorescence meas- 

urement at high i n h i b i t o r  concentrat ions PLP was i r r e v e r s i b l y  l inked to the 

enzyme by reduct ion with NaBH 4 and samples of  the reduced carboxylase-PLP- 

complexes were d i lu ted  10 or 100 fo ld  resp. p r i o r  to f luorescence detect ion.  
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Fi 9. 2. Relative change of fluorescence in the formation of the re- 
duced darboxylase-PLP-complex at 390 nm as a function of the PLP con- 

~ n ~ a ~  ( ~ ) w ~ o ~  M~L~h~n~r~ce(o~)iob~M1~g~ea~e~n~ ~Oa_(~)" 

Excitation wavelength: 330 nm 
Insert: Double reciprocal plots I /~F39 D as a function of I /  ~L~. 

I f  the f luorescence emission of  the enzyme bound PLP at 500 nm ( a l d i -  

mine) or 390 nm (secondary amine as the reduced form) is determined as a 

func t ion  of the PLP concentrat ion (Fig.  I b) a qu i te  d i f f e r e n t  binding pro- 

f i l e  is obtained. The maximal f luorescence change leve ls  o f f  at I00 un t i l  

200 pM PLP. Under these condi t ions about I molecule of the i n h i b i t o r  is in -  

corporated per subunit  AB of the carboxylase, as is apparent from the ab- 

sorpt ion measurements in Fig. I a. 

PLP is more t i g h t l y  bound in the presence of  Mg 2÷ than wi thout  Mg 2+" 

No add i t iona l  e f f e c t  of NaHC03 could be observed (Fig.  2).  The degree of 

PLP-label ing of the enzyme, however, is independent of the pre incubat ion 

cond i t ions .  The Mg 2+ induced change of the a f f i n i t y  of  the enzyme fo r  

PLP may depend on a formation of a te rnary  complex of the carboxylase 

wi th  the i n h i b i t o r  and Mg 2+ or ,  a l t e r n a t i v e l y ,  the PLP binding s i tes  

may be modif ied by Mg 2+ bound to separate s i tes  of  the enzyme. The 

binding p r o f i l e s  fo r  PLP in Figs. I b and 2 a - c are cons is tent  wi th 

a b inary equ i l i b r ium react ion between the enzyme and PLP. Linear double 

rec iproca l  p lo ts  I / ~  F390 as a func t ion  of  I / [PL~have  been obtained 
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Fig. 3. The decrease of the fluorescence of the reduced carboxylase- 
PLP-complex at 390 nm as a function of preincubation with various con- 
centrations of RuP 2 ( ~ )  and the effector sugar phosphates&phospho- 
gluconate ( • )  and fructose 1,6-bisphosphate ( x ) .  
Reaction conditions: 50 pM PLP; 10 mM Mg2+. Excitation wavelength: 325 nm. 
For comparison the fructose 1,6-bisphosphate induced decrease of the 
fluorescence of the carboxylase-TNS-complex was detected ( ~ ) .  
Reaction conditions: 25 pM TNS; 10 mM Mg2+. 
Excitation wavelength: 366 nm; emission wavelength: 427 nm. 

( i n s e r t  in Fig. 2). From these diagrams d issoc ia t ion  constants fo r  the 

enzyme-PLP-complex under various react ion condit ions were der ived.  In 

the absence of Mg 2+ K D = 27 pM was found. In the presence of 10 mM Mg 2+ 

alone or in combination with 10 mM HCO 3- K D = 7 ~M was determined. Ob- 

v ious ly  PLP binding to a high a f f i n i t y  s i t e  of  the carboxylase can be 

studied s e l e c t i v e l y  under these experimental condi t ions.  

The f luorescence of the enzyme-PLP-complexes is  diminished, i f  the 

enzyme is  preincubated with RuP 2 p r i o r  to the react ion with PLP, as is 

shown in Fig. 3. This r esu l t  is  consistent  wi th the charac ter iza t ion  of  

PLP as an ac t ive  s i t e  d i rected i n h i b i t o r  of D-r ibulose 1,5-bisphosphate 

carboxylases/oxygenases ( I  - 6).  S imi la r  conclusions can be drawn from 

experiments with regu la tory  sugar phosphates, l i k e  6-phosphogluconate 

and f ructose 1,6-bisphosphate. These agents bind to regula tory  centers 

of these enzymes and enhance CO 2 f i x a t i o n  at low concentrat ions.  At con- 

cent rat ions higher than approx. 50 mM these e f fec to rs  are also attached 

to the react ion centers of the enzyme and i n h i b i t  the carboxylase reac- 

t ion  compet i t i ve ly  to RuP 2 (7, 9). 
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Effector  binding both to the ca ta ly t i ca l  and regulatory s i tes can 

be detected, i f  TNS is applied as a f luorescent marker, as is shown for  

f ructose 1,6-bisphosphate in Fig. 3. The fluorescence of the high a f f i n i t y  

complex of the spinach enzyme with PLP is diminished by 6-phosphogluconate 

and fructose 1,6-bisphosphate in the i nh ib i t i on  range s imi lar  to the 

RuP 2 e f fec t .  On the other hand PLP binding is not af fected by these 

compounds at lower concentrations in the e f fec tor  range. These f indings 

support our previous spectrophotometrical resul ts (6) which demonstrate 

that e f fec to r  sugar phosphates and PLP do not in teract  at the regulatory 

centers of the enzyme. PLP, therefore,  can be used as a reporter  f luo-  

rophor for  sugar phosphate binding spec i f i ca l l y  to the reaction centers 

of the carboxylase. 

The resul ts of th is  paper demonstrate mult ip le binding s i tes of 

the spinach carboxylase for  PLP which can be d i f f e ren t ia ted  by f l u o r i -  

metric techniques. I f  the spec i f ic  fluorescence of the enzyme-PLP-com- 

plex is monitored PLP binding to a high a f f i n i t y  s i te  of the enzyme can 

be se lec t i ve ly  invest igated. Our observations provide addit ional ev i -  

dence that these PLP binding s i tes represent the reaction centers of 

the carboxylase. They are in accordance with the f indings of other 

authors (2 - 6). Paech et a l .  (2) found 9,5 high a f f i n i t y  PLP binding 

s i tes for  the spinach enzyme. Whitman and Tabita (5) demonstrated that 

the Rhodospiril lum rubrum carboxylase contains two high a f f i n i t y  s i tes 

for  PLP and two ca ta ly t i c  s i tes per enzyme dimer. PLP binding at only 

one s i te  is s u f f i c i e n t  for  the complete inact ivat ion of th is  carboxy- 

lase. The di f ference in the k inet ic  patterns for  PLP deact ivat ion of 

those enzymes need to be c l a r i f i e d  by addit ional experiments. 

Our resul ts  suggest d i f f e ren t  environments of the PLP binding s i tes 

at the spinach carboxylase. PLP binding to i t s  high a f f i n i t y  s i tes is 

accompanied by an increase of the quantum y ie ld  of the PLP emission com- 
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pared to the fluorescence of PLP in free solut ion. This indicates a tran- 

s i t ion to a more apolar state of the inh ib i to r  in i ts  enzymic environment, 

In contrast to this resul t  the spectral properties of PLP remain unchanged 

when PLP binds to i ts  low a f f i n i t y  sites of the carboxylase, These 

processes, however, induce a perturbation of aromatic chromophors of 

the enzyme probably as a consequence of PLP induced conformational 

changes modifying the environment of such groups, 

A further characterization of the PLP binding sites of D-ribulose 

1,5-bisphosphatecarboxylases/oxygenases is in preparation. 
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