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The glycolytic enzymes representing a multi-enzyme systcm are usually assumed to be a
group of soluble and unassociated enzymes which at least in rat liver are found in the
cytosol,! the mitochondrially bound hexokinase being an exception. Such anarrangement
leaves the function of the glycolytic pathway open to interference by the fact that a
number of intermediates of this pathway are the same as those of the gluconeogenctic
pathway and of the pentose phosphate cycle. Specific heterotropic and homotropic
ligands have beenidentified as modifying the action of key enzymes of cither the glycolytic
or the gluconcogenetic pathways.?-? However, a certain degree of association in the
cytosol of the enzymes constituting the glycolytic pathway still seems worth considering
for the following reason. In a multi-enzyme system, the ditfusion of an intermediate from
one enzyme to the next in the sequence (trans;t-txmc) is a factor which, in addition to the
reaction rates of the component enzymes, is likely to influence the Lmeuc properties of
the whole system..

Webb* considered this question by suggesting that at steady-state the transit-time
should be less than the molecular activity of the slowest member of a multi-enzyme
system. Assuming a molecular activity of 5000, and a diffusion constant of 5 x 10-¢
cm? sec™! for a small molecular weight compound (MW 500) in an 2aqucous medium, he
‘calculated that the diffusion path would be far in excess of the probable distance of
enzymesin cells. Webb's calculation may be questioned because itis unlikely that enzymes
are reacting in cells at their maximum velocity. This ccruun!) does not apply to hexo-
kinase® (EC 2.7.1.1). Furthermore, the inside of a cell is far from being made of water
and Crick suggested, thercfore, an effective diffusion constant of 8 x 10-7 em? sec™! for
small molecular weight compounds.® Finally, Webb’s calculations do not consider the
probability of collision of a metaholite molecule with an enzyme molecule. The calcula-
tion described below takes these considerations into account.

" The main assumptions in our calculation are as follows. .

(1) The random distribution of the enzyme molccules throughout the cytosol is
regarded as resulting in an evenly spaced cuboid lattice.

(2) Thesubstrate molecule is regarded as.diffusing away from the centre of 2 unit cube
in the lattice, the corners of which are occupicd by the enzyme molecules for which it.

serves as substrate,
(3) The transit-time is derived from the time it takes for the substrate molecule to
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diffuse the distance between the centre and a corner of the unit cubc corrcctcd for the
protability of its collision with an enzyme. ‘molecule.

(4) The probability of forming an active enzyme-substrate comp!cx is assumcd to
‘be equal to the probability of the substrate colliding with the cnzyme. The probabnhty
factor used in the calculations represents, therefore, 3 minimum value.

It is proposed to take phosphofructokinase (PFK, EC 2.7.1.11} as the first example of
a glycolytic enzyme. The data on which the calculations are based are as follows. The'
molecular data of PFK are given in Table I, the DNA content of asingle nucleus (D.C.N.)
is taken as 0-91 pg of DNA-phosphorous (ref. 12), the DNA coatent of liver (D.C.L.)
as 235 pg of DNA-phosphorous per g (ref. 9) and the diameter of a parenchymal liver
cell as 25 p (ref. 13). By assuming that PFK has a homogeneous distribution throughout
the liver the number of enzyme molecules (¥) per cell would be as indicated in Eq n.

S.A. x Avogadro’s Number x D.C.N,

. 4 3
A xixDCL x10° — ~+Px10* M
TABLE I. Molecular data of PFK, ALD and TIM'
' Tricse phosphate
Phosphofructokinase Aldolase Bomerase
(PFK) (ALD) (TIM)
S.AY 1-0(ref. 5) 5-3 (rcf. 9) 625 (ref. 9)
‘MA.$ 47,000 (ref. 11) 3,250 (rcf. 10) 500,000 (refs. 7, 8)
MW.3 360,000 (ref. 11) 159,000 (ref. 10) 43,000 (ref. 8)
Stokes ra'dius§ 65 A 404 254

. S.A. specxﬁc acmnty, pmoks per min per g rat liver.
1+ M.A., molecular activity, umoles substrate per umole cnzymc per min.
3 :.\L\V molecular weight.
- § Stokes. radius, calculated on the assumption that the three enzymes would be globular proteins,

The cell volume of a parenchymal cell would be 8160 p3 if the cell were a sphcrc or .
15 625 p? if a cube. Taking the mean of these two estimations the value of 11,900 y. is
‘obtained. However, the volume of the cytosol is considerably less than the cell volume
and may be assumed to bc only half that volume. Consequently 8-46.molecules of PFK
would be present per p* of cytosol. Therefore the mean distance (L) between enzyme
molecules in a cuboid lattice is given by Eq. (2).

3 1 _
L= [sagr=049r )
The diffusion time (1) is given by Eq. (3) where 4 is a constant and probably 6-5 in

A;r’m ©)

biological systeris;* 7, the radius of the sphere circumscribing a unit cube (\/. x } mean
distance between two enzyme molecules) and D, the diffusion constant is 8-0 x 307

t=
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cm? sec! (ref. 6). Using these values a diffusion time of 1-1 x 103 scc is obtained for
PFK.
The probability of collision may be calculated from Eq. (4).
8 x Cross-sectional area of enzyme molecule @)
~ Surface area of sphcrc circumscribing unit cube

Probability factor =

The value 8 is included as an approxlmanon in regard to the probability of collision of a

metabolite with an enzyme molecule in any one of the 8 directions indicated by the
corners of the cube, By substituting the appropnatc valuesin Eq. (4) a probablllty factor

0f4-67 x 1074 is obtained for PFK and if this is applied to the diffusion time, a value of
2300 msec is estimated for the transit-time. _

Ana!ogous calculations carried out for aldolase (ALD; EC 4.1.2.7) and triose phos-
phate isomerase ("" IM; EC 5.3.1.1) give transit-times of 18 msec and 76 msec respec- -
tively.

The large difference in transit-times obtained for PFK on the one hand and for ALD
and TIM on the other would imply that, at steady-state, the intracellular concentration
of fructose 6-phosphate would have to be approximatcly 30 to 100 times larger than that
of cither fructose 1,6-diphosphate or of the triose phosphates. However, this is not the case
as Wood, Eggleston and Krebs'* reported the concentrations (umoles/g wet weight
rat liver) of fructose 6-phosphate, fructose 1,6-diphosphate and of glyceraldc‘lydc
3-phosphatc p!us dihydroxyacetone Dhosphatc to be 0-06, 0-02 and 0-046 respectively.

“The transit-time would be of less importance if the gl)colync enzymes were closely
associated in multi-cnzyme complexes. If this were so one would expect to have approxi-
mately equal numbers of molecules of all glycolytic enzymes per cell. The number of
enzyme molecules per cell (see Eq. (l)) were calculated to be 5 x 10%, 4 x 10% and
3 x 10% for PFX, ALD and TIM respectively. Thus there would be approximately 1 to
2 molecules of PFE only per 100 molecules 6f ALD or TIM. Even when allowanceis made
for the participation of ALD and TIM in other pathways occurring in the cytosol, the
numerical discrepancy obtained in the above calculation seems too large to justify the.
assumption that the glycolytic enzymes are arranged in a multi-enzyme complex. It is
probably of relevance that de Duve!® scarched for a multi-cnzyme complevz containing
all glycolytic enzymes but was unable to find any evidence for its existence in the cytosol
compartment of rat liver cells, It would seem, therefore, that from theoretical as well as
experimental considerations, the occurrence of an ideal multi-enzyme complex may be
questioned. However, in view of the disagreement between the above calculations and the
experimental data of Wood, Eggleston and Krebs,'4 it is equally unlikely.that the
glycolytic enzymes are ev: cnly distributed throughout the cytosol of the liver cell. Instead,
glycolytic enzymes may be concentrated in one or at most a few regions of the cytosol.
Such an arrangement would reduce the importance of transit-times without ncccssxtaUng
the occurrence of an ideal multi-enzyme complex. A compartmentalization of the
glycolytic enzymes within the cytosol may be broughtabout by attachment of the enzymes
to membranes. In the liver cell, this attachment would have to be rather loose as it is
disrupted during conventional homogenization and preparation of siibcellular fractions.
A firmer attachment of glycolytic enzymes has been reported for the erythrocyte mem-
brane.'¢

The calculations described above for the number of enzyme molecules per cell seem
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to be of the right order of magnitude when related to the rate of net glycolyszs in rat liver.
This rate was recently reported to be less than 0-1 pmoles per g per min in the post-
absorptive state.!” When the DNA values described for Eq. (1) are taken into account
this rate may be expressed as 4 x 10% molecules of glucose utilized per second per cell.
The number of PFK molecules per cell was calculated (see above) as being 5 x 10* and
thus 80 molecules of substrate would be dealt with by PFK per second indicating that
the intracellular reaction velocity of this enzyme would be approximately 1095 of the
theoretical maximal velocity.
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