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1. Introduction 

Yeast phosphofructo~nase (EC 2.7.1.1 l), a key 
enzyme in the regulation of the glycolytic pathway, 
is built up of an equal number of two types of sub- 
units (Y and /3 which are immunologically distinct [l] 
and further differentiated by their relative suscep- 
tibility to proteolytic degradation in the presence of 
specific ligands [2]. Binding experiments [3,4] as 
well as functional properties of yeast phospho- 
fructokinase [4,5] were indicative of a small number 
of interacting protomers (3 or 4) equal to only half 
the number of subunits constituting the enzyme 
oligomer. 

However, quaternary structure of yeast phospho- 

fructokinase is still a matter of controversy since 
molecular weight determinations were unable to dis- 
criminate unambiguously between a hexameric and 
an octameric structure of the enzyme [4,6,7]. Thus, 
the major evidence for an octameric structure was 
obtained from small-angle X-ray scattering [S] and 
from crosshnking experiments with dimethyl su- 
berimidate [9]. However, these data could not rule 

out an eventual hexameric structure for yeast 
phosphofructokinase. Indeed, the interpretation of 
X-ray diffusion data relies heavily on the assumption 
of an arbitrary chosen shape of the subunits. 
Moreover, no polymeric forms higher than tetramer 
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were obtained by intramolecular crosslinking with 
dimethyl suberimidate, so that hexameric structure 
might be also consistent with expe~mental patterns 
if some binding domains remained unreactive towards 
the bifunctional reagent. 

This study presents the quantitative evaluation of 
the crosslinking reaction of phosphofructokinase with 
disucc~imidyl ~-hydromuconate , leading to the 
conclusion that native yeast phosphofructo~nase is 
built up of 8 subunits.. The nature of the contact 
domains between subunits and the symmetry of the 
quaternary structure of the enzyme oligomer are also 

discussed. 

2. Experimental 

2.1. Enzyme and chemicals 
Phosphofructokinase was prepared from baker’s 

yeast by the procedure in [61 with minor modifica- 
tions. Disuc~inimidyl~-hydromuconate was synthesized 

as in [ 101, Before utilization, it was dissolved in a 
minimum volume of dimethyl formamide. Bovine 
serum albumin crosslinked with glutaraldehyde by 

the method in [I 11, was a generous gift of 
M, Ternpete. L-lysineethylester was obtained from 
Mann Res. Labs. All other chemicals were of analyical 
grade. 

2.2. Crosslinking of yeast phosphofructokinase with 
disuccinimidyl /Shydromuconate 

Crosslinkiig was performed at O’C in 50 mM 
~-tris(hydroxymethyl)methyl-2-am~oeth~esulfoni~ 
acid (TES), 25 mM K&PO~ buffer (pH 8) 
containing 2 mM EDTA, 2 mM 2-mercaptoethanol 
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and 4 mM fructose 6-phosphate. Phosphofructokinase 2.4. Electrophoresis 
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(0.25 mg/ml) was incubated with disuccinimidyl 
/3-hydromuconate at final concentration of 1.6 mM. 
The reaction was stopped by addition of an aqueous 
Llysine-ethylester solution reaching 15times the 
molar concentration of the reagent. 

2.3, Denaturation of the crosslinked proteins 
Phosphate buffer (10 ~1, 100 mM) (pH 7) con- 

taining 10% sodium dodecylsulfate and 5% 2-mer- 
captoethanol were added to 100 1.t1 sample. Before 
denaturation, the samples were concentrated by 
means of Amicon membranes to reach l-l .25 mg 
protein/ml. After heating for 10 min in a boiling 
water bath, glycerin (30% final cont.) was added to 
the mixture. 

Electrophoresis was conducted according to [ 121 
using a 3% polyacrylamide-bisacrylamide gel. Staining 
and destaining were carried out as in [ 131. The gels 
were scanned at 550 nm with a Vernon PHI 6 
recording spectrophotometer. The peak areas were 
calculated by integration of the absorbance profile. 

2.5. Chromatography on Sepharose CL 6B 
At the end of the crosslinking reaction, phospho- 

fructokinase was concentrated by dialysis against 
phosphate buffer under vacuum and then filtered 
through a Sepharose CL 6B (Pharmacia) column 
(80 X 1.07 cm) equilibrated with the same buffer. 
Elution was followed fluorimetrically. 

1 2 4 6 10 15 20 30 
min min min min min min min min 

Fig.1. Densitometric recordings of SDS-polyacrylamide gel electrophoresis of yeast phosphofructokinase crosslinked with 
disuccinimidyl p-hydromuconate. Crosslinking, denaturation and electrophoresis were performed successively as in section 2. Pro- 
tein (-15 rg) was applied to each gel. Bands (a-h) represent the monomeric to octameric species, respectively, according to fig.2. 
Time course of the crosslinking reaction is indicated below each densitogramm. 
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3. Results 

Electrophoresis of yeast phosphofructo~nase 
crosslinked with disuccinimidyl fi-hydromuconate 
results in the appearance of 8 protein bands, the 
highest molecular weight species being noticeable 
after 4-6 min of chemical reaction, under our 
experimental conditions (flg.1). Evaluation of the 
molecular weight of crosslinked phosphofructokinase 
subunits with crosslinked bovine serum albumin as 
marker, leads to the conclusion that each band 
corresponds, respectively, to molecular species 
included between monomer and octamer of yeast 
phosphofructokinase (fig.2). We note the presence of 
a shoulder close to the octamer peak, for electro- 
phoresis performed for >20 min after starting the 
reaction (fig.1). As a control experiment, crosslinked 
proteins were filtered under non-denaturing condi- 
tions through a calibrated Sepharose CL 6B column, 
after 40 min reaction with the bif~~tion~ reagent. 
No polymeric forms further than octamer were 
detected by this procedure and the corresponding 
peak appears quite symmetrical. Moreover, increase 
of-2-fold of the enzyme concentration in the reac- 
tion mixture was unable to reveal the existence of 
crosslinked species higher than octamer. Thus, the 
occurrence of interoligomeric crosslinking seems to be 

RELATIVE MOBILITY 

Fig.2. Half-logarithmic plot of the molecular weights of the 
crosslinked phosphofructokinase subunits versus their relative 
mobilities. The relative mobilities were calculated from the 
densitometric recordings shown in 6.1. Molecular weight 
scale was calibrated by use of crosslinked bovine serum albu- 
min. Hence, (a-h) bands (see fii.1) may be identified as the 
monomeric to octameric crosslinked species, respectively. 

3 

TIME (min) 

Fig.3. Time course of the crosslinking reaction of yeast 
phosphofructokinase with disuccinimidyl p-hydromuconate. 
Tie dependance of the relative amounts of monomer (o), 
dimer (e), trimer (A), tetramer (0). pentamer (D), hexamer 
(v), heptamer (v) and octamer (A) as estimated from the 
densitometric analysis shown in fig.1. ~xperimentai condi- 
tions as in fig.1. 

very unlikely and this shoulder probably results from 
unexpected diffusion on the polyacrylamide gel of 
the particularly high molecular mass enzyme oligomer 
(-740 000). 

Time course of the formation of monomeric to 
octameric phosphofructo~ase subunits crosslinked 
with ~su~cin~idyl ~-hydromu~onate is shown in 
fig.3. While the relative amount of octamer is con- 
tinuously increasing, the other components reach 
rapidly a nearly stationary level close to S-10% of 
the total amount of protein, except tetrameric species 
for which final level is of -20%. A maximum propor- 
tion of dimers is observed in <l min. It is of interest, 
taking into account recent data obtained from X-ray 
diffusion analysis [8], to examine if the crosslinking 
reaction with disucci~m~dyl ~-hydromuconate can 
be simulated by a simple model for the interactions 
between the polypeptide chains in an octamer built 
up of an equal number of 2 types of subunits. This 
model was calculated in a manner derived from that 
proposed [ 141 in the case of a tetramer. According 
to X-ray diffusion data [8], we supposed that 
arrangement of the subunits within the enzyme 
oligomer is &(r& (or LY&Q). For the description of 
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Fig.4. Time dependance of the statistical composition of a 
mixture of monomers (l), dimers (2), trimers (3), tetramers 
(4), pentamers (51, hexamers (6) and heptamers (7) to form 
an octamer (8) by theoretical intramolecular crosslinking of 
a protein containing 8 non-identi~ subunits. For the cal- 
culations, we assumed that the protein exhibits a pp,& struc- 
ture in which only 3 types of different contact domains 
coexist (see insert). Thus, the arrangement inside the o, 
group is supposed heterologous. The probability for the 
crosslinking of two non-identical subunits a-P is ~7, = 0.82 
and the ratio of the probabilities for the formation of 
covalent crosslinks between o-p and o-o contact domains 
is equal to 1.8; an identical value for the ratio of the proba- 
bilities for crosslinking p-p and or-o subunits was found to 
give the best computed curves. r is the relaxation time (i.e., 
T=t/k where k is the pseudo-first order rate constant for the 
chemical reaction). For the principle of the ~lculations 
see [14]. 

the distribution of crosslinked subunits, we considered 
that the 3 types of contact domains o--o, o--/J and 0-p 
may be unequally reactive towards the crosslinking 
reagent (fig.4, insert). The experimental data (fig.3) 
are in excellent accord with the computed curves 
(fig.4) if we assume that the probability of cross- 
linking between /Ii+3 and a-@ contact areas (in the 
case of a jjza& structure) is 1 .&fold higher than the 
probability of crosslinking between o--o contact 
domains. 

4. Discussion 

Crosslinking patterns obtained from chemical 

reaction of yeast phosphofructokinase with 
disucc~imidyl ~-hydromuconate demonstrate the 
octameric structure of the enzyme oligomer. These 
results differ significantly [9] in which suberimidate 
was used as a bifunctional reagent: these studies 

suggested, under the assumption of an octameric 
structure, the existence of a tetrahedral symmetry in 
each of the homogeneous tetramers in a quaternary 
arrangement such as a&. Unfortunately, this con- 
clusion was rather questionable as no species higher 
than tetramer were obtained in these crosslinking 
experiments. The difference between these 2 sets of 
results does not seem in relation to the carbon chain- 
length of the bifunctional reagent, since its variation 
did not modify qualitatively the crosslinking patterns 
obtained with diimidates [9]. However, preliminary 
results (not shown here) are indicative of an optimal 
crosslinking reaction with the chain length of the 
/3-hydromuconate derivative (9 IL) in the case of 
disuccini~dyl esters. 

On the other hand, our results fairly well agree 
with the && (or ty2&r2) structure recently 
proposed [8 J on the basis of small-angle X-ray scat- 
tering studies. Moreover, the square arrangement of 
4 identical interacting subunits is consistent with 
the occurrence of a concerted allosteric transition of 
yeast phosphofructokinase in the presence of fructose 
&phosphate, involving only half the number of subunits 
constituting the enzyme oligomer [4]. Hence, these 
data, in relation to our binding studies [3,4], speak well 
in favor of f~ction~ly distinct Q and @ subunits in 
yeast phosphofructokinase. 
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