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Abstract 

Muscle phosphofructokinase is one of the glycolytic enzymes whose partitioning between the particulate and soluble 
fractions in skeletal muscle is linked to the biological activity of the muscle. The formation of the enzyme-actin complex is 
apparently regulated by phosphorylation of the enzyme. In order to understand the role of phosphorylation on the regulatory 
mechanism of phosphofructokinase, the self-association of the phosphorylated and dephosphorylated forms of phosphofruc- 
tokinase was studied by investigating the sedimentation velocity at pH 7.0 and 23°C in different solvent constituents. The 
results show that both the phosphorylated and dephosphorylated forms of the enzyme exhibit the same mechanism of 
assembly. The effects of allosteric effecters are dependent on the phosphorylation state of the enzyme. The presence of 0.2 
mM fructose-6-phosphate, one of the two substrates, leads to a significant enhancement in the formation of octomers without 
altering the equilibrium constant for tetramerization for either phosphorylated or dephosphorylated enzyme. The presence of 
10 mM citrate, an allosteric inhibitor, leads to the formation of a significant amount of dimer, an inactive form of the 
enzyme. Citrate decreases the propensities of the dephosphorylated and phosphorylated forms of the enzyme to tetramerize 
3000 times and 100 times, respectively. Based on the mode of subunit assembly, bimodal sedimentation velocity profiles can 
be obtained by simulation. Furthermore, simulation showed that the seemingly very different profiles reported in the 
literature can be accounted for by various combinations of equilibrium constants. In summary, this study showed that the 
propensity of subunit assembly is affected differentially by specific metabolites and the phosphorylation state of phospho- 
fructokinase. 
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1. Introduction 

Abbreviations: PPK, rabbit muscle phosphofructokinase; 
GKMED buffer, 65 p,M glycylglycine buffer with 10 mM KCl, 15 
mM MgCl,, 1 mM EDTA and 1 mM D’lT at pH 7.0; TEMA 
buffer, 25 mM Tris-CO3 buffer with 1 mM EDTA, 6 mM MgC1, 
and 30 mM (NH,),SO, at pH 7.0 

In skeletal muscles, the structural proteins seem to 
be the site for reversible binding of glycolytic en- 
zymes [l-3]. Such reversible complex formation may 
play a significant role in the metabolic control mech- 
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anism, since the skeletal muscle proteins can serve as 
the support for the enzyme-enzyme interaction which 
in turn leads to metabolic transfer [4,5]. 

The interaction between skeletal muscle proteins 
and glycolytic enzymes is sensitive to the pH, ionic 
strength and concentration of metabolites [6,7]. One 
of the glycolytic enzymes that has been shown to be 
reversibly associated with filamentous actin is mus- 
cle phosphofructokinase [8- 111. The partitioning of 
muscle phosphofructokinase between the particulate 
and soluble fractions is apparently intimately linked 
to the biological activity of the muscle. The enzyme 
is found in higher abundance in the particulate frac- 
tion of stimulated muscle, whereas in unstimulated 
muscle, it is present mostly in the cytosol [ 12,131. 
The formation of an enzyme-actin complex affects 
the steady-state kinetic behavior of PFK [8,14]; 
hence, it seems that actin can serve as a positive 
effector for PFK activity. 

The formation of the PFK-actin complex is regu- 
lated by the phosphorylation of PFK [8,9]. The phos- 
phorylated form of the enzyme demonstrates a higher 
affinity for F-actin than the dephosphorylated form. 
Steady-state kinetic measurements show that F-actin 
acts as an effector of the phosphorylated form but 
does not significantly affect the dephosphorylated 
form. Results from these in vitro studies are consis- 
tent with in vivo observations that phosphorylation 
of PFK is directly proportional to the stimulation of 
muscle contraction; thus, this post-translational mod- 
ification of PFK may serve as a means to regulate 
the compartmentalization of the enzyme in order to 
provide energy to the cellular component where it is 
needed. 

It is evident that the localization and regulation of 
PFK is intimately linked to post-translational modifi- 
cation; however, the regulation of enzyme activity is 
also modulated by subunit assembly [15-201. The 
enzyme can undergo a dynamic reaction of subunit 
association-dissociation in the mode monomer ti 
tetramer, in which the tetramer is the active form. 
Since F-actin serves as an activator of PFK, the 
formation of the PFK-actin complex most likely 
affects the equilibrium of the subunit assembly by 
favoring the formation of active tetramer. As the 
linkages among post-translational modification and 
macromolecular assembly are important in the regu- 
lation of muscle PFK, it is imperative that these 

linkages of the multiequilibria be quantitatively de- 
fined. 

Based on present knowledge, the identified equi- 
libria can be linked by the following simple scheme 

E;+A * E;A 

tl t4 

&+A * E;A 

Pi # t P, 

E, + A G E,A 

where E, and E: are the dephosphorylated and phos- 
phorylated forms of PFK, respectively, i = 1 or 4 is 
the number of PFK subunits in that particular en- 
zyme species, A is actin, and E,A and E:A are the 
PFK-actin complexes of the dephosphorylated and 
phosphorylated forms of PFK, respectively. Based 
on this simple scheme, it is evident that the need to 
characterize the various equilibria that govern the 
linkage scheme is real; thus, it is important to deter- 
mine independently the association constants of the 
phosphorylated and dephosphorylated forms of PFK. 
In addition, the formation of an enzyme-actin com- 
plex establishes a thermodynamic linkage between 
the two self-assembly systems, i.e. enzyme subunit 
assembly and G-actin assembly. It is useful to char- 
acterize the effect of enzyme on the self-assembly of 
G-actin. In this study, the effect of phosphorylation 
on PFK assembly is quantitated, the effects of sol- 
vent composition probed and the actin assembly 
process in the presence of PFK is monitored. 

2. Materials and methods 

ATP, F6P, DTT, the catalytic subunit of the 3’, 5’ 
CAMP-dependent protein kinase, and bovine intes- 
tine alkaline phosphatase, type VII, were purchased 
from Sigma Chemical Company. Aldolase, glycerol- 
3-phosphate dehydrogenase/triose phosphate iso- 
merase, and NADH were obtained from Boehringer 
(Mannheim, Germany). These were all used without 
further purification. PFK was purified, stored, and 
assayed as previously described [ 191. 
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In vitro phosphorylation of PFK was accom- 
plished by the procedure reported by Kitajima et al. 
[21], and adopted by Luther and Lee [8]. PFK was 
dephosphorylated by the method of Foe and Kemp 
[22] as reported by Luther and Lee [8]. The amount 
of phosphate covalently bound to PFK was deter- 
mined by the procedure of Hasegawa et al. [23], 
using phosphoserine as the standard. 

Protein concentrations were determined spec- 
trophotometrically. The wavelength and adsorptivity 
coefficient are 280 nm and 1.07 1 g-’ cm-‘, respec- 
tively, for PFK [15]. 

In all experiments, PFK was equilibrated in the 
appropriate buffer by passage through a Sephadex 
G-25 column (1.2 cm X 8.5 cm). PFK was assayed 
for its activity and regulatory properties as previ- 
ously described [8]. 

Sedimentation velocity studies were performed 
and the results analyzed by published procedures 
[ 151. Weight-average sedimentation coefficients were 
normalized to standard conditions by correcting for 
the solvent density and viscosity. Experiments were 
performed in one of three buffer systems at pH 7.0 
and 23°C: GKMED buffer, TEMA buffer and 3 X 
TEMA buffer. For all the experiments, Kel-F coated 
aluminum double-sector centerpieces with sapphire 
windows were used. The apparent partial specific 
volume of PFK is 0.730 [16]. 

The formation of F-actin from G-actin in the 
presence or absence of PFK was followed by turbid- 
ity [24]. The assembly buffer consisted of the same 
buffer used in the kinetic and self-association stud- 
ies. The turbidity was measured at 350 nm in a 
Gilford 250 recording spectrophotometer. Protein so- 
lutions were initially incubated at 10°C in a cuvette 
which was thermostatically regulated by a Gilford 
thermostatic cuvette holder. Assembly of F-actin was 
initiated by the addition of 0.1 ml of 65 PM glycyl- 
glycine, 150 mM MgCl,, 100 mM KCl, 1 mM 
EDTA, and 1 mM DTT at pH 7.0 to a 0.9 ml 
solution of actin in 65 pM glycylglycine, 1 mM 
EDTA and 1 mM DTT at pH 7.0, such that the final 
concentrations of MgC12 and KC1 were 15 mM and 
10 mM, respectively. The reversibility of F-actin 
formation was demonstrated by an increase and de- 
crease in turbidity at 37°C and 10°C respectively. 
The equilibrium constant for F-actin assembly, KTP, 
was obtained from the turbidity data as the reciprocal 

of the critical concentration, assuming that the con- 
densation theory of Oosawa and Kasai [25] can 
describe adequately the polymerization process of 
actin. 

3. Results 

The amount of phosphate covalently bound to 
PFK is (0.09 + 0.008) mole phosphate per mole of 
subunit. This is the maximum amount of phosphory- 
lation regardless of the duration of the in vitro 
phosphorylation reaction. Maximum phosphorylation 
was reached in less than 1 h and routinely the 
reaction was allowed to proceed for 2 h. These 
results are in good agreement with the reports of one 
phosphate group per PFK monomer [21,22]. The 
dephosphorylation reaction is very efficient since 
there is no detectable amount of phosphate left after 
alkaline phosphatase treatment as indicated by an 
experimentally determined content of (0.01 f 0.01) 
mole phosphate per mole of subunit. 

The effect of phosphorylation on PFK subunit 
assembly was investigated in three different buffer 
systems that have been employed in various aspects 
of the study in this laboratory. The sedimentation 
behavior of PFK was studied as a function of protein 
concentration for both the phosphorylated and de- 
phosphorylated forms in these buffer systems. In this 
study, as in all earlier studies in this laboratory, the 
systems were tested for rapid, dynamic equilibrium 
by reference to the measurement of s20,w as a func- 
tion of the number of revolutions per minute and the 
independence of s20,w as a function of the time of 
dilution from a stock solution of higher protein 
concentration. Results in 3 X TEMA are reported in 
order to illustrate typical observations from these 
tests. First, a 300 p,g ml-’ solution of phosphory- 
lated PFK was subjected to sedimentation_ velocity 
analysis at 40000 and 60000 rev min-‘. S2o,w val- 
ues of (13.9 f 0.2)s and (13.8 + 0.2)s were ob- 
tained at low and high speed, respectively. Second, a 
concentrated stock solution of 5 mg mll’ was di- 
luted to 300 p,g ml-’ and the diluted sample was 
subjected to sedimentation velocity analysis at 60 000 
rev min- ’ as a function of the time after dilution at 2 
h intervals. Identical &+, values of (13.8 + 0.2) 
were obtained for samples after O-4 h of dilution, 
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indicating the absence of a slow equilibrium such as 
for a non-interacting, denatured component. For 
samples in 3 X TEMA buffer, a third test was con- 
ducted. It involves the fractionation of a PFK sample 
of 5 mg ml-’ by sedimentation using an aluminum 
partition centerpiece. The leading and trailing frac- 
tions are those that have or have not passed the 
partition, respectively. The two fractions were iso- 
lated and diluted to the same protein concentration as 
for the unfractionated PFK. The three samples of 400 
pg ml-’ of PFK were then subjected to sedimenta- 
tion velocity studies. The observed values for SZO,w 
are 14.8, 14.7 and 14.6 for the trailing, leading and 
unfractionated samples, respectively. Thus, in all 
cases, these tests yielded results that indicated the 
presence of a system in rapid, dynamic equilibrium. 
Typical results in GKMED and 3 X TEMA buffer 
systems are shown in Fig. 1A and lB, respectively. 
In GKMED, a difference between the phosphory- 
lated and dephosphorylated forms in their propensity 
to aggregate is observed, whereas in the 3 X TEMA 
buffer system, this difference is suppressed. 

The sedimentation data are further analyzed in 
accordance with 

3 = CS,“( 1 - g;C) K;C;/ c K;C; 
i i 

where Si” is the sedimentation coefficient of the ith 
species at infinite dilution, g, is the non-ideality 
coefficient, C = Cj K,Cf, Kj is the equilibrium con- 
stant between any i-mer and the monomer. and C, is 
the monomer concentration. The various Si” values 
used in the fitting are S,” = 5.4S, SZo = 8.5S, S,” = 
2 1.4s and S,60 = 34.0s. The rationale for and valid- 
ity of adopting these values have been discussed 
[26]. If multiple modes seem to fit the data, the same 
set of rules as described previously is adopted in 
order to determine the appropriate stoichiometry and 
equilibrium constants [26]. Briefly, mode(s) of the 
lowest standard root mean square deviation (al or 
sum of squares of residuals (SS) are chosen. The 
mode with the smallest number of species will be 
chosen among those with similar (T or SS. 

The sedimentation data for both the phosphory- 
lated and dephosphorylated forms of PFK were ana- 
lyzed for different modes of association. The results 
are summarized in Table 1. It is evident that the 
mode that contains the species of M, , M, and M, 
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Fig. 1. (A) Relationship between the weight-average sedimenta- 
tion coefficient and the PFK concentration in GKMED buffer at 
pH 7.0 and 23°C. 0, phosphorylated PFK; 0, dephosphorylated 
PFK. The lines represent the theoretical fit of the experimental 
data with the association model of M, + M, + Ms + M,,. 
The data points represent the average of multiple data sets. (B) 
Relationship between the weight-average sedimentation coeffi- 
cient and the PFK concentration in 3 X TEMA buffer at pH 7.0 
and 23°C. The symbols and conditions are the same as (A). 

best describes all the data sets. In the presence of 
three times the TEMA, the values of Ki are similar 
to that of the dephosphorylated form in GKMED 
buffer. These results imply that with respect to its 
propensity to self-aggregate, under these experimen- 
tal conditions, only the phosphorylated form of PFK 
is sensitive to the solvent environment whereas the 
dephosphorylated form is less or not responsive. 

The relationship between SZ,,w and the protein 
concentration reveals not only the stoichiometry of 
the reaction but also the ratio of the equilibrium 
constants characterizing these linked multiple equi- 
libria. Intuitively, one may expect to observe a steeper 
relationship between &O,w and the protein concentra- 
tion if the value of Ki is increased. Why, then, do 
the results in Fig. 1 show a shallower relationship 
with larger values of Ki, as in the case of dephos- 
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Table 1 
Summary of fitting for weight-average sedimentation data at pH 7.0 and 23°C 

Stoichiometry/composition K, K, KS KI, ss 
(ml mpg’) (ml mgg’)’ (ml mg-‘Y (ml mgg’)‘* 

GKMED buffer 
A. Phosphorylated PFK 
1:4: 16 (4.2+3.0)X 10s - (1.7 + 5.9) x lo** 184 
1:2:4:1 (5 + 8) (1.7+0.2)X 10s - (4.6 + 4.8) x lo*’ 187 
1:4:8:16 (6.2 + 0.3) x lo4 (3.5 + 0.4) x lo9 (3.9 + 0.7) x lOI 15 
1:2:4:8:16 (44 * 5) (2.0 f 0.2) x lo5 (7.1 + 0.8) x 1o’O (8.9 + 1.2) x 102’ 20 
B. Dephosphorylated PFK 
1:4:16 (8 k 6) X 10’ _ (1.5 + 2) x 102’ 126 
1:2:4:16 (1 + 25) (6.5 + 0.2) x 10’ - (5.6 f 3.4) X lo*’ 126 
1:4:8:16 _ (1.2 + 0.2) x lor (2.1 + 0.5) x 1o’O (8.8 + 5.0) x lOI 5.4 
1:2:4:8:16 (3.7 + 7.0) (1.3 * 0.5) x 10s (2.7 + 2.6) x 10” (9.3 + 10.7) x lOI 6.5 

TEMA buffer a 
A. Phosphorylated PFK (3.7 + 0.4) x 10s (6.3 f 2) x 10” (1.7 + 0.4) x lo= 5.0 

+ 1OmM citrate (7 + 2) (3.7 * 0.8) x 10’ (5.5 f 1.6) x lo6 - 6.3 
+ 0.2mM F6-P - (1.4 * 0.7) x 10s (4.6 * 2.5) x 10” - 2.4 

B. Dephosphorylated PFK 
(36 f 8) 

(2.6 f 0.3) x 10’ (3.7 * 0.3) x IO’O (4.2 * 2) X lo*’ 2.0 
+ 1OmM citrate (92 k 5) (5 f 5) x lo6 - 7.9 
+ 0.2mM F6P (2.0 * 0.3) x lo5 (3.6 f 0.8) x 10” (2.4 f 1.1) X 10” 9.3 

3xTEMA buffer 
Phosphorylated/dephosphorylated PFK 
1:4:16 (1.2+0.1)x lo6 - (8.5 + 2.6) x lo** 35 
1:4:8 _ (3.3 -, 0.1) x lo5 (4.5 + 0.3) x 1o’O - 1.1 
1:2:4:8 (6 + 2) (3.8 k 0.2) x lo5 (6.1 + 0.9) x 10” - 0.9 

a The data obtained in TEMA buffer alone are from Cai et al. [26]. The mode of association in 0.2mM F6-P remains the same as 
M,+M,+M,- -‘M,, but the values of Si” are 5,” = 5.4S, S,” = 12.4s. S,” = 19.75 and S,,” = 3 1.3s. The mode of association in 10 mM 
citrate is M, + Mz + M4 and the values of 5,” are the same as in the buffer alone. 

phorylated PFK? In order to address this issue, a 
detailed analysis of the effects of Ki values on the 
relationship between $a,, and the protein concentra- 
tion was conducted. The results of this study are 
shown in Fig. 2. In Fig. 2A, the only variable is K,. 
After an initial steep increase in S20,W, the slope of 

%I., versus concentration actually decreases with 
increasing K,. In Fig. 2B, the variable parameter is 
K,. At concentrations below 1 mg ml-‘, the slope of 
S 20,w versus concentration increases with increasing 
values of K,. However, at about 1.3 mg ml-‘, these 
lines actually cross over each other. In Fig. 2C, the 
variable parameter is K,,. In contrast to the earlier 
observations, the slope of &,W versus concentration 
increases with increasing K,,. Thus, the shape of the 
relationship between S20.W and protein concentration 
is a complex function of stoichiometry and ratio of 
the equilibrium constants. The change in shape of the 

curve describing S vs. C may sometimes be differ- 
ent from that predicted by intuition. 

Knowing the mode of association and the equilib- 
rium constants, it is possible to calculate for the 
distribution of species as a function of total protein 
concentration. The weight percent distribution of 
various species in GKMED buffer is shown in Fig. 
3A and 3B. It is evident that at protein concentra- 
tions below 20 p,g ml-‘, the predominant species is 
monomeric PFK for either the phosphorylated or 
dephosphorylated form. Tetrameric and octameric 
species become the major ones at higher concentra- 
tions; however, even at these higher concentrations 
the distribution of the 16-mer still has not become 
the dominant species. The data in the 3 X TEMA 
buffer were similarly analyzed and the results are 
shown in Fig. 3C. In this case, species greater than 
the tetramer are not present in a significant amount 
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until the total protein concentration is greater than 
100 pg ml-‘. 

Since most of the steady-state kinetic studies from 
this laboratory were conducted in TEMA buffer, it 
would be interesting to evaluate the effect of sub- 
strate, F6-P, and inhibitor, citrate, on the subunit 
assembly of phosphorylated and dephosphorylated 
PFK in this TEMA buffer system. The results of 
these studies are summarized in Table 1. In the 
presence of 0.2 mM F6-P, the sedimentation data can 
be best fitted only if the sedimentation coefficients 
S,“, S,“, S,” and S,60 assume values of 5.4. 12.4, 
19.7 and 3 1.3, respectively. These observations are 

2C 

s 20,w 

I I 

C 
22 2 

3 

4 

s ~0.~1 6 

IO I?77 
0 

[PFK] lo mgh 2o 

Fig. 2. Simulated relationships of ?,,., and the PFK concentra- 
tion. The mode of association is M, + M, + Ma + M,,. (A) 
Relationships for constant K, and K,, but varying K,: K, = 2 
X IO9 (ml mgg’)’ and K,, = 6~ 10” (ml mgg’)“. The symbols 
and values of K, (ml rngg’j7 are (1) 4X104, (2) 6X10J, (3) 
9X 104. and (4) 1.1 X 10s. (B) Relationships for constant K, and 
K,, but varying K,; K, =6x 10’ (ml mgg’J3 and K,, =6x 
IO’* (ml mg-’ )‘s. The symbols and values of K, (ml mgg )’ are 
(4) 4X 109, (3) 1 X 10’“. (2) 1.5X 10” and (1) 2X IO”‘. (CJ 
Relationships for constant K, and K, but varying K,,; K, = 6 
X lo4 (ml mgg’ )’ and K, = 2X 10’ (ml mg-’ )‘. The symbols 
and values of K ’ ” are (4) 8 x 10”. (3) 1 X 1019, (2) 
3~ lOI and (I)‘~%lrng- ). 19 

I I 

0 05 1.0 15 20 
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Fig. 3. (A). (B) Mass distributions of phosphorylated PFK and 
desphosphorylated PFK, respectively, among polymeric species in 
GKMED buffer as a function of the total protein concentration. 
0. Monomer; 0, tetramer; A. octomer; A, hexadecamer. (C) 
Mass distribution of both forms of PFK in 3 X TEMA buffer. 0, 
Monomer; 0, tetramer; A, octomer. 

consistent with that from earlier studies [ 15,181, and 
they indicate that the binding of the substrate F6-P 
induces a quaternary structural change leading to a 
change in the sedimentation coefficients of the 
oligomeric forms of PFK. It is interesting to note that 
the presence of 0.2 mM F6-P does not alter the 
values for K, of either phosphorylated or dephos- 
phorylated PFK, but a significant enhancement in K, 
and K;, is observed in both forms of PFK. 

In the presence of 10 mM citrate, a significant 
amount of dimer is observed. For the dephosphory- 
lated form, the values for K, and K, are larger and 
smaller, respectively, than the corresponding equilib- 
rium constants for the phosphorylated PFK. The 
weight per cent distribution of various species in 10 
mM citrate is shown in Fig. 4A and 4B. It is 
interesting to note that at the same protein concentra- 
tion. the weight percent of dimer is significantly 
higher for dephosphorylated than for phosphorylated 
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0 05 IO 15 20 
PFK concentration in mg/ml 

Fig. 4. (A). (B) Mass distributions of phosphorylated and dephos- 
phorylated PFK, respectively, among polymeric species in 10 mM 
citrate-TEMA buffer as a function of the total protein concentra- 
tion. 0, Monomer; 0, dimer; A, tetramer; A, octomer. 

PFK. These results imply that the dephosphorylated 
form of PFK would be more susceptible to inhibition 
by citrate since the dimer is inactive. 

Having analyzed the sedimentation data for the 
modes of association and equilibrium constants, it is 
useful to have a means of correlating the conclusions 
derived from this study with data reported in the 
literature. This might be accomplished by comparing 
the Schlieren or derivative sedimentation profiles. 
Gilbert and Gilbert [27] have proposed an elegant 
approach for comparing the theoretical sedimentation 
patterns with experimental velocity profiles. Subse- 
quently, Frigon and Timasheff [28] have demon- 
strated the analytical power of such an approach in 
their study of calf brain tubulin self-association. In 
an effort to provide verification of the sedimentation 
results, sedimentation velocity profiles were calcu- 
lated by using a program adopted from the method 
developed by Cox [29-331. 

Based on the mode of association and equilibrium 
constants, the simulation program can calculate and 
describe the relationship between the weight-average 
sedimentation coefficient and the protein concentra- 
tion. A similar dependence can also be calculated for 
diffusion. The values of the diffusion coefficients of 
the ith associating species were estimated from the 
Svedberg equation, using the Si” values reported 
previously [26] and Z of 0.730 [15]. Having gener- 
ated the concentration dependences of 3 and D 

(weight-average diffusion coefficient), the numerical 
procedure of Cox [32,33] was applied to generate a 
protein concentration gradient in a hypothetical com- 
partmentalized sector-shaped centrifuge cell. The re- 
sults are displayed as a profile of concentration 
gradient as a function of radial distance from the 
center of rotation. A typical set of profiles is shown 
in Fig. 5 as a function of two protein concentrations. 
Bimodal sedimentation profiles are observed in con- 
trast to the trimodal patterns reported in the litera- 
ture. 

The activating effect of F-actin on the PFK activ- 
ity may conceivably be due to an enhanced self-as- 
sociation of PFK subunits. In order to define the role 
of F-actin, experiments were conducted to monitor 
PFK subunit interaction in the presence of F-actin. 
Sedimentation velocity studies on the self-associa- 
tion of PFK in the presence of F-actin are difficult to 
interpret. However, the two systems, i.e. actin and 
PFK, are linked by virtue of thermodynamic re- 
ciprocity in the intermolecular interaction as shown 
in the following scheme. 

K, K2 
E, * E, t A, F? nA 

t& K, 

64 

where E, and E, are monomeric and tetrameric 
forms of PFK, A and A,, are monomeric and poly- 

1 

60 6.5 r in cm 

Fig. 5. Simulated sedimentation velocity profiles of phosphory- 
lated PFK as a function of the protein concentration in TEMA 
buffer using the following parameters: K, = 4.6 X lo5 (ml 
mg-I)‘, Ks = 1.1 X 10” (ml mg-I)‘, K,, = 7.8~ 10” (ml 
mg-’ )15. (Speed, 52000 rev min-’ ; sedimentation time, 1663.5 
s.) The total protein concentrations are. (solid line) 500 kg ml-’ 
and (dotted line) 750 )*g ml-‘, 
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meric forms of actin, and K, are the various equilib- 
rium constants characterizing these linked equilibria. 
Hence, the self-assembly of F-actin was monitored in 
the presence and absence of phosphorylated PFK. 
The results of turbidity measurements show that in 
the absence of PFK, self-assembly of F-actin occurs 
with a critical concentration of 0.78 mg m-‘, as 
shown in Fig. 6. The critical concentration corre- 
sponds to an apparent equilibrium constant KFp, of 
5.5 X lo4 1 mol-’ and an apparent standard free 
energy change for the addition of a subunit to F-actin 
of AG& = - 6.1 Kcal mol- ‘. In a similar experi- 
ment in the presence of 0.2 mg ml-’ phosphorylated 
PFK, the F-actin self-assembly reaction is character- 
ized by a critical concentration of 0.36 mg ml-’ as 
shown in Fig. 6. This critical concentration corre- 
sponds to Kipp of 1.20 X lo5 1 mol-’ and AG.&, of 
- 6.6 Kcal mol-i. These results indicate that the 
ability of actin to self-assemble into F-actin is en- 
hanced by the presence of 0.2 mg ml ’ of phospho- 
rylated PFK to the extent of - 0.5 Kcal mol- ’ of 
actin. Due to the principle of thermodynamic re- 
ciprocity (see Ref. [34]), and assuming that te- 
trameric PFK binds more favorably to F-actin, i.e. 
insignificant interaction between monomeric actin 
and PFK of any state and of monomeric PFK with 
F-actin, the self-assembly of PFK must be enhanced 
to the same extent since 

AG;*) + AG& = AG&, + AG;,,, = AC;, (2) 

where AGr)A) and AG& are the free energy changes 
of the subunit assembly for actin and PFK, respec- 
tively, AG&,, and AG&) are the free energy changes 

75. 
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Fig. 6. Effect of actin concentration on the turbidity at 10°C. The 
solvent was 65 p,M glycylglycine, 15 mM MgCl,, 10 mM KCl. 1 
mM EDTA, and 1 mM DTT at pH 7.0. The turbidity values are 
those observed in the plateau regions. 0, No PFK; 0, 0.2 mg 
ml-’ of PFK. 

of actin and PFK assembly in the presence of PFK 
and actin, respectively, and AGis designates the 
coupling free energy change in the formation of the 
PFK-F-actin complex from PFK and actin. In the 
context of this study, AG& assumes a negative 
value, indicating that actin should exhibit a recipro- 
cal effect in enhancing the self-association of PFK. 
Hence, it may be concluded that F-actin enhances the 
self-association of PFK, although this may not be the 
only effect that F-actin can exert on PFK. A conse- 
quence of enhanced self-association is a change in 
steady-state kinetic parameters as a function of the 
protein concentration. Such is indeed the case as 
reported by Luther and Lee [8]. 

4. Discussion 

The results from this study demonstrated quantita- 
tively that phosphorylation of rabbit muscle PFK can 
affect the propensity of PFK subunit self-assembly 
under some particular experimental conditions, e.g. 
phosphorylated PFK exhibits a fivefold lower K, 
value in GKMED buffer than in any of the other 
buffer systems studied in this laboratory. On the 
other hand, dephosphorylated PFK seems to be less 
sensitive to the same set of experimental changes, 
since the K, value is not changed more than three- 
fold. Metabolites, particularly citrate, exert a differ- 
ential effect on the propensity of these two forms of 
PFK to aggregate. Having demonstrated the effect of 
post-translational modification on the solution behav- 
ior of PFK, it would be useful to establish a correla- 
tion between the site of phosphorylation and subunit 
contacts. At present there is no information on the 
three-dimensional structure of rabbit muscle PFK, 
although Poorman et al. [35] have proposed a model 
of folding and subunit contacts based on the amino 
acid sequence of the rabbit muscle enzyme and the 
crystallographic information available for the bacte- 
rial enzyme. The proposed model indicates that the 
carboxyl terminus of each subunit is located at the 
external, away from the interface of subunits in the 
tetrameric state. Since the major known phosphoryla- 
tion site has been reported to be a serine residue 
located at the sixth residue from the carboxyl termi- 
nus of the polypeptide, then it is conceivable that the 
phosphorylation site is exposed and removed from 
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the intersubunit interface. If that proved to be so, 
then phosphorylation apparently exerts long-range 
influence on the structure of muscle PFK, leading to 
a change in the energetics involved in intersubunit 
contacts. 

The mode of association remains the same regard- 
less of the state of phosphorylation. Under these 
experimental conditions, it could be best described as 
a system undergoing rapid dynamic equilibration 
with a stoichiometry of M, + M, + M, =+ M,,. 
Having established the differential sensitivity of the 
phosphorylated and dephosphorylated forms of PFK 
toward the experimental conditions, it is useful to 
examine these observations with respect to the litera- 
ture. Many groups of workers have examined the 
sedimentation behavior of highly and poorly phos- 
phorylated fractions of PFK [21,36,37]. The experi- 
mental conditions employed by these studies are 
different; hence, it is difficult to establish any quanti- 
tative correlation among them. However, a common 
conclusion of these studies is that the sedimentation 
profile is a function of the state of phosphorylation. 
At present, there are reports of apparently conflicting 
results [21,36,37]. Using PFK fractions of highly and 
poorly phosphorylated forms, Hussey et al. [36] con- 
ducted sedimentation studies, and the results showed 
that the highly phosphorylated fraction apparently 
has a lower tendency for aggregation showing only 
sedimentation components of 13s and 1 SS, whereas 
the lowly phosphorylated fraction contains a 30s 
component. These results imply that the dephospho- 
rylated form of PFK may have a higher tendency to 
aggregate. In the meantime, Uyeda et al. [37] re- 
ported that, depending on the solvent compositions, 
the highly and lowly phosphorylated fractions of 
PFK may actually exhibit opposite tendencies to 
aggregate, i.e. the highly phosphorylated fractions 
may exhibit a higher content of aggregates in one 
case but less in the other. Foe and Kemp [22] 
reported no differences between the sedimentation 
behavior of the phosphorylated and dephosphory- 
lated forms of PFK. These reported differences may 
be the consequence of studying a heterogenous popu- 
lation of PFK with different affinities for aggrega- 
tion, or these results reflect the basic behavior of 
PFK in response to the differences in solvent compo- 
sitions employed in these studies, or a combination 
of both factors. In an effort to determine, at a 

qualitative level, whether results obtained from this 
study could serve as a basis for the literature obser- 
vation, a further simulation was conducted. A tri- 
modal sedimentation profile can be generated with a 
stoichiometry of M, + M, + M, + M ,6 with 
K, = 1 X lo4 (ml mgg’)3, K, = 1 X 10’ (ml 

mg -I>‘, and K,, = 6 X 10” (ml mgg1)15, as shown 
in Fig. 7A. Increasing values of K can yield a 
sedimentation profile that is still trimodal but with 
significant change in the position and height of 
peaks, as shown in Fig. 7A. It is conceivable that by 
altering the magnitudes of these equilibrium con- 
stants, a set of equilibrium constants may generate 
sedimentation profiles that resemble those reported 
in the literature. Hence, the changes in areas under 
each peak are reflections of the changes in equilib- 
rium constants depending on the phosphorylation 
state of the enzyme and the sensitivity of these 
multiple equilibria on specific solution conditions. 
Furthermore, the reported sedimentation profiles are 
results from studies using heterogenous PFK samples 
of phosphorylated and dephosphorylated forms. 
Hence, these profiles are most likely to be compos- 
ites. An attempt was made to generate a composite 
profile for a 1: 1 mixture of a PFK sample, as shown 
in Fig. 7A. The composite profile resembles the 
trimodal sedimentation patterns reported in the litera- 
ture which show a series of inseparable peaks of 
increasing peak height and sedimentation coefficient 
(e.g. Fig. 3B in Ref. [36]). These same authors have 
also reported a sedimentation profile that shows three 
peaks, with the middle one exhibiting the greatest 
peak height. A composite profile that resembles the 
literature pattern can be generated, as shown in Fig. 
7B. Therefore, a significant contribution of this study 
is to show that the apparently contradictory reported 
sedimentation behavior of PFK can be explained by 
a single mode for PFK assembly. These different 
sedimentation profiles are possibly the net results of 
differential responses of PFK of different phosphory- 
lated states to the experimental conditions. 

Similar conclusions can be derived from studies 
of the effects of metabolites in the subunit assembly 
of PFK. Based on the results from this study, one 
may predict that PFK will be equally activated by 
F6-P, regardless of the state of phosphorylation, 
while the dephosphorylated form would be more 
affected by citrate. These predicted results are differ- 
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Fig. 7. Simulated sedimentation velocity profiles of PFK. (A) 
(~~~)Kq=1X104(mlmg-‘)‘, Ks=1XlOs(mlmg-‘)‘and 
K,, = 6~ IO’* (ml mg-’ )15; (---) K, = 5X 10” (ml mg-’ )j, 
K,=1X109 (ml mg-‘)’ and K,,=6~10’~ (ml rng-‘)I’; 
( ), composite of a 1:l mixture. (Protein concentration, 
1.0 mg ml-‘; rotor speed, 52000 rev min-’ ; simulation time, 961 
s.) Insert: a tracing of Fig. 3B of Hussey et al. [36]. (B) (. .) 
K, =5X lo4 (ml mg-I)“, K, = 1 X lo9 (ml rng-‘)’ and K,, = 6 
X lOI (ml mg-‘Y’; (---) K, =5X 10” (ml mg-‘J’, Ks = 1 X 
lo9 (ml mg-‘1’ and K,, =6x lOI (ml rng-‘J’s; ( ), 
composite of a 1: 1 mixture. The protein concentration. rotor speed 
and simulation time were the same as in (A). Insert: a tracing of 
Fig. 3C of Hussy et al. [36]. 

em from the literature results, in which no consistent 
pattern can be derived. Kemp and co-workers [22,38] 
reported that the dephosphorylated form of PFK 
exhibits hyperbolic kinetic behavior and is less inhib- 
ited by citrate, while the phosphorylated form ex- 
hibits sigmoidal kinetic behavior. Uyeda et al. [37] 
reported that there is no significant difference in the 
kinetic behavior between the two forms, although 
they show a significant difference in their sensitivity 
towards inhibitors. In the meantime, Hussy et al., 
[36] showed that there is no significant difference in 
the allosteric behavior between the highly and lowly 
phosphorylated fractions of PFK. Since this study 
has shown that the propensity of subunit assembly 
can be affected differently by solvent conditions and 
the phosphorylation state of the enzyme, it is not 
surprising that there is no consistent conclusion on 
the kinetic behavior of PFK. All these studies were 
conducted under different solvent conditions and it is 
conceivable that these apparently contradictory re- 
sults are simply the consequences of differential 
perturbation of various equilibria that are linked in 
an intricate fashion to control the activity of PFK. 

In summary, this study provides a plausible ratio- 
nale to account for the apparently different observa- 
tions reported in the literature. These results re-em- 
phasize the fact that allosteric systems are controlled 
by networks of intricate linked reactions. In the PFK 
system. the intricate network includes at least the 
binding affinities of ligands to the various oligomeric 
forms. The minimum number of ligands include two 
substrates, one inhibitor and one activator. Further- 
more, there may be additional site-site interactions 
between these sites. An understanding of the ground 
rules which govern this allosteric system requires a 
systematic dissection of these linked reactions. 
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