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Abstract. Optimization of molecular design in cellular
metabolism is a necessary condition for guaranteeing a
good structure—function relationship. We have studied
this feature in the design of glycogen by means of the
mathematical model previously presented that describes
glycogen structure and its optimization function [Melén-
dez-Hevia et al. (1993), Biochem J 295: 477-483]. Our
results demonstrate that the structure of cellular glycogen
is in good agreement with these principles. Because the
stored glucose in glycogen must be ready to be used at
any phase of its synthesis or degradation, the full opti-
mization of glycogen structure must also imply the op-
timization of every intermediate stage in its formation.
This case can be viewed as a molecular instance of the
eye problem, a classical paradigm of natural selection
which states that every step in the evolutionary formation
of a functional structure must be functional. The glyco-
gen molecule has a highly optimized structure for its
metabolic function, but the optimization of the full mol-
ecule has meaning and can be understood only by taking
into account the optimization of each intermediate stage
in its formation.
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Introduction

Evolutionary optimization of metabolism is a field that
has been developed in the last 10 years. Chemical design
of several pathways have been analyzed under this ap-
proach, including the pentose phosphate cycle (Melén-
dez-Hevia 1990; Meléndez-Hevia and Isidoro 1985; Me-
léndez-Hevia and Torres 1988; Meléndez-Hevia et al.
1994), Calvin’s cycle in photosynthesis (Meléndez-
Hevia 1990), the Krebs citric acid cycle (Meléndez-
Hevia et al. 1996), and glycolysis (Heinrich et al. 1997;
Meléndez-Hevia et al. 1997a). The optimization of ki-
netic parameters of enzymes has also been demonstrated
(Heinrich and Hoffmann 1991; Heinrich et al. 1987,
1991). Genetic algorythms (Gilman and Ross 1995) and
the quasi-species model (Montero et al. 1996) have also
been demonstrated to be useful as optimization tools to
investigate metabolic design. Another interesting subject
in this field is the investigation of the structure of mol-
ecules involved in metabolism. Here, glycogen is a good
example of a highly organized cellular molecule, where
a close structure—function relationship has been math-
ematically proved (Meléndez-Hevia et al. 1993, 1995).

A schematic picture of glycogen is shown in Figure 1.
It is formed by chains of glucose polymerized by 1 — 4
glycosidic bonds. Each chain has an average length of 13
glucose residues, and each internal chain has two branch-
ing points by 1 — 6 glycosidic bonds generating two new
chains. The molecule has a spherical shape, with the
chains organized in concentric tiers, and the full mol-



Fig. 1. Schematic drawing of the glycogen structure. A schematic
view of the glycogen molecule showing the homogeneous structure and
its spherical shape formed by concentric tiers (marked by numbered
dashed circles). Drawing based on Whelan’s model (Gunja-Smith et al.
1970) and other data from Goldsmith et al. (1982); see also Meléndez-
Hevia et al. (1993). G, glycogenin, primer protein which promotes the
synthesis of the first chain of glycogen from ryr-194. All chains of

ecule of cellular glycogen has 12 tiers. It is generally
accepted that size limit is determined by the density of
the last tier because the enzymes also occupy space, and
when density reaches a certain value they have no room
left to attach to the molecule and continue working. Data
about size of the enzymes that build the molecule (syn-
thase and branching) are not clear (molecular weight of
the synthase monomer is about 85,000, but it is not clear
whether the active form is the monomer, the dimer, or
the tetrameric form; see, e.g., Westphal and Nuttal 1992).
In any case, independently of the quantitative data about
it, such a limit must exist since the crowding in the last
tier grows exponentially as the number of tiers is increas-
ing, and so leaving no room for the activity of the syn-
thesizing enzymes. This fact was first predicted by Mad-
sen and Cori (1958) and afterwards discussed by
Goldsmith et al. (1982) and Meléndez-Hevia et al.
(1993). These two last papers contain some calculations
about the space available for the enzymes: in the 12th tier
glucose occupies 26% of the space; in a hypothetic 13th
tier (which obviously would be physically impossible to
build) the space occupied by glucose would be 62%.

The optimization of glycogen was first studied by
Meléndez-Hevia et al. (1993) by means of mathematical
modelling. That model describes the structural properties
of the glycogen molecule, according to Whelan’s model
(see Gunja-Smith et al. 1970 and Goldsmith et al. 1982)
with three parameters (independent variables), and four
(response) variables, as follows:

Parameters

r = branching degree
¢t = number of tiers;
tnax = Maximal possible number of tiers
g. = number of glucose residues in a chain
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the molecule have the same length (13 glucose residues) and each (B)
chain (in the inner tiers) has two branching points with two new chains.
(A) Chains, drawn in bold, are in the most external tier, they are
nonbranched, and contain the glucose directly available for phosphor-
ylase, which represents 34.6% of the stored glucose, independently
from the number of tiers of the molecule (at any growth state of the
molecule). The picture is very simplified, with only five tiers.

Variables

C, = number of A chains (external chains)

Ca=r"" 4]

G = total number of glucose residues stored in a mol-
ecule of glycogen

-7
Gr=g. 7=, (2)

,
Gpr = number of residues available to phosphorylase
Ger=Cp (8. —4) 3)

Vs = total volume of the molecule (assuming that it is a
sphere).

s 3
VS—3’IT - (0.12 g.+0.35) 4)

It should be noted that the physical constraints concern-
ing phosphorylase mechanism, and volume of the glu-
cose molecule are considered in Equations (3) and (4).
The optimized structure of glycogen was found maxi-
mizing the function

Gy Cy-G
o= )
S

whose physical meaning is to store the maximum pos-
sible amount of glucose directly available to phosphor-
ylase in the most possible compact (highest density) mol-
ecule (Meléndez-Hevia et al. 1995).
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Stating the branching degree as r = 2, Eq. (5) can be
expressed as

gc (gc—4)

=K——
Fom (0.12g¢ +0.35)°

where K is a function of ..
function can be written as

Jop =K (1) - F (g.) (6)

Since t and g, are independent variables, the value of g,
that maximizes f, is independent from the value of t
considered, it being maximum for g. = 13. This value
agrees with the experimental results of chain length ob-
tained by many authors (Table 1). Nevertheless, this de-
scribes the optimization of a function which depends
only on one independent variable: the chain length g..
The structure of glycogen depends, however, on more
parameters—and particularly on the branching degree r.
Thus, the questions now are as follows: (a) Which pa-
rameters are really involved to fully optimize the struc-
ture of the glycogen molecule? (b) By means of which
mechanisms can the cell metabolism control them? (c)
How can natural selection account for them?

In this work, we have tried to give an answer to these
questions. Our results demonstrate that they relate
mainly to physical—rather than chemical—problems of
cellular materials such as density and the procedure to
organize a set of chemical reactions in such a way that
they build a homogeneous and highly efficient material
for energetic metabolism. Our results on the optimization
function demonstrate that the structure of cellular glyco-
gen can only be explained taking into account the use-
fulness of each intermediate stage in its formation; this
easily reminds us of the classic eye problem, and con-
firms once again the sentence of Dobzhansky (1973)
“‘Nothing in Biology makes sense except in the light of
evolution.”

Thus, the optimization

Theorical Approach and Results

Mechanism of Glycogen Synthesis

The mechanism of glycogen growth has been precisely
determined, as it is shown in Figure 2A (see, e.g., Stryer
1995). There is a minimal possible distance between
branches, because the branching enzyme needs certain
room to work; this was empirically determined as 4 glu-
cose residues (Walker and Whelan 1960); thus, a glyco-
gen with r = 2 needs a chain length of g. > 10; a
glycogen with r = 3 needs g. > 15, and so on. Therefore,
cases withr = 2 and g, < 11 or those withr = 3 and g,
< 16, and so on, are not possible. Figure 2B shows a
general view of the process of molecular growth. Gly-
cogen synthase (S) promotes the growth of each chain,
and the branching enzyme (B) makes branching points
on them when the physical constraints allow it. That

picture is, of course, a simplified view, but it can be
considered as statistically representative of how glyco-
gen growth is carried out. The growth of all chains si-
multaneously can be easily explained assuming that gly-
cogen synthase works statistically on all chains. A
statistical activity of the branching enzyme on the sur-
face of the molecule can also be assumed.

The mechanism shown in Figure 2B describes the
general features of the glycogen growth, but the fine
structure of the molecule is determined by the activity of
the two enzymes, as the ratio of activity between them
accounts for the chain length and the branching degree
(r). Thus, it is important to know which parameters the
cell controls to build the glycogen molecule, and how.
Two different possibilities can be considered.

Case A. Activity of the Branching Enzyme Limited

In this case there is a certain ratio of activity between
the two enzymes; then each branch grows by the activity
of synthase, and the branching points are set on it at
regular intervals, according the activity of the branching
enzyme. This mechanism leads us to an optimization
function with two independent variables (g, and r),
which is plotted in Figure 3. There is a curve correspond-
ing to each value of r and the t,,, permitted in each case,
but only some particular zones of each curve have physi-
cal meaning: the zones drawn in dashed lines, at the left
side of the full symbols are not permitted, because their
r values are not possible with those values of g. (for
example, for r = 2, the chain length must be g, = 11).
On the other hand, the maximum possible number of
tiers (t,,,,) depends on the chain length, because a mol-
ecule with longer chains is less dense (see Fig. 4); thus,
the right-side values of each curve do not represent real
values of f,, since for those g. one more tier is allowed,
and a discontinuity (vertical arrows in the Fig. 3) appears
changing to the next curve, with a higher value of t_,,.
tax also depends on the branching degree, because a
high branching degree produces a highly dense molecule
where less tiers are allowed; this effect can also be seen
in Figures 3 and 4.

Case B. Excess of the Branching Enzyme Activity

In this case, the branching enzyme has such an activ-
ity that a new branch always appears as soon as possible.
Then, glycogen synthase promotes the growth of all
branches, and the branching enzyme makes a branching
point when the chain length allows it. This mechanism
produces a glycogen molecule where the branching de-
gree r is always the highest possible value according to
its chain length; thus the glycogen molecule has the
thickest structure (under the physical constraints men-
tioned above of the four glucose residues necessary be-
tween branches), and there is only one independent vari-
able: g, because the chain length determines when the
branching enzyme can work. In this case, the optimiza-
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Table 1.  Chain lengths measured in glucose residues of glycogen from several sources, analysed with different methods.” [See also Calder (1991);

Ryman and Whelan (1971)].

Source

Chain length (g.)

Reference

Mammals
Human liver
Human muscle
Human placenta
Cat liver
Dog liver
Horse diaphragm
Horse muscle
Horse liver
Ox liver
(fetal) Guinea-pig liver
Mouse liver
Mouse muscle
Pig muscle
Pig liver
(fetal) pig liver
Rabbit liver
Rabbit muscle

Rat liver

Rat muscle
Fetal sheep liver
Birds
Hen liver
Fish
Skate
Dogfish
Bass (Micropterus dolamien)
Bullhead (Ameiurus melas)
Carp (Cyprinus carpio)
Crappie (Pomoxis annularis)
Garfish (Lepisosteus osseus)
Haddock (Gadus aeglefinus)
Hake (Merluccius vulgaris)
Northern pike (Esox estor)
Walleyed pike (Stizostedion vitreum)
Mollusca
Helix pomatia
Polychaeta
Arenicola
Platyhelminthes
Moniezi expansa
Nematoda
Ascaris lumbricoides
Yeast
Saccharomyceas cerevisiae
Protozoa
Trichomonas foetus
Tetrahymena pyriformis
Bacteria
Escherichia coli
Bacillus megatherium

15
11-12
11-12
12-14
12
15
12
11
12-13
13
13-14
13
11-16
15-16
11
12-14
13-14

12-13

15

12-13
12
14
12
12
12
12
12
12
12-13
13

11-12

11

12

12-15

12-13

14-15
13

11
10-11

Bathgate and Manners (1966)

Manners (1957); Gunja-Smith et al. (1971)

Blows et al. (1988)

Illingworth et al. (1952); Manners (1957); Gunja-Smith et al. (1971)
Hassid and Chaikoff (1938)

Gunja-Smith et al. (1971)

Bell (1944)

Abdel-Akher and Smith (1951)

Abdel-Akher and Smith (1951)

Iingworth et al. (1952)

Calder (1987); Kjolberg et al. (1963); Calder (1987)

Kjolberg et al. (1963)

Kjolberg et al. (1963)

Greenwood and Manners (1957)

Calder (1987); Bullivant et al. (1983); Gunja-Smith et al. (1971)

Calder (1987); Gunja-Smith et al. (1971); Kjolberg et al. (1963); Man-
ners and Wright (1962)

Calder and Geddes (1986); Manners and Wright (1962); Illingworth et
al. (1952)

Calder and Geddes (1985)

Harrap and Manners (1952); Bell and Manners (1952)

Kjolberg et al. (1963)

Gunja-Smith et al. (1971); Liddle and Manners (1957)
Haworth et al. (1939)
Abdel-Akher and Smith (1951)
Abdel-Akher and Smith (1951)
Abdel-Akher and Smith (1951)
Abdel-Akher and Smith (1951)
Abdel-Akher and Smith (1951)
Haworth et al. (1939)

Haworth et al. (1939)
Abdel-Akher and Smith (1951)
Abdel-Akher and Smith (1951)

Baldwin and Bell (1940)

Liddle and Manners (1957)

Abdel-Akher and Smith (1951)

Gunja-Smith et al. (1971); Bell (1944)
Northcote (1953); Manners and Maung (1955)

Manners and Ryley (1955); Gunja-Smith et al. (1971)
Manners and Ryley (1952)

Boyer and Preiss (1977)
Barry et al. (1953)

“ Lomako et al. (1993) have shown that the molecular weight (MW) of proglycogen and macroglycogen from astrocytes are the same as those from
muscle. Although they do not report chain length data, the identity of the MW suggests that glycogens from both sources have the same structure.
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Fig. 2. Mechanism of glycogen synthesis. (A) Detailed mechanism
of the branching enzyme. Glycogen synthase (S) promotes the growth
of the chains polymerizing glucose units by 1 — 4 bonds, and the
branching enzyme (B) produces the growth of new chains making 1 —
6 bonds between glucoses. The branching enzyme transfers a block of
7 glucose residues including the nonreducing end from a branch; the
new branch point must be at least at the fifth residue from a preexisting
one. (B) Pattern of glycogen synthesis. Glycogen synthase (S) produces
the growth of all branches until one of them has 13 glucose residues;
then the branching enzyme works producing a new branch. Chains
growing are denoted by arrows, and the ends of the full chains are
marked with black points. Synthesis of the complete molecule of gly-
cogen from glycogenin occurs in two stages that produce proglycogen
(glycogen with 7-8 tiers) and macroglycogen (full glycogen with 12
tiers). The enzymes that operate in each phase are different (Lomako et
al. 1993), but their action mechanisms are the same in both cases as is
shown in this picture.

tion function f,, becomes discontinuous, with a new
discontinuity appearing every S residues along the chain,
when a new branch can be built on it. The structure
corresponding to the parameters (r = 2; g. = 13;t =
12) is the absolute maximum (see Fig. 5).

It is not difficult to derive which of these two possi-
bilities works in the cell. All experimental data demon-
strate that the first possibility must be discarded, and that
cell work realizes the second, namely, conditions of ex-
cess of the branching enzyme. Data supporting this con-

clusion are as follows:

1. Activity of both enzymes: The branching enzyme has
much higher activity (about 200-fold) than glycogen
synthase, according with the results reported by
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Fig. 3. Optimization functions if glycogen is synthesized under lim-
ited activity of the branching enzyme. In this case, the optimization
function [f,,, = (Gy * Gpy * C4)/V] has two independent variables (the
chain length g, and the branching degree r); there is a curve for each
value of r and t,,.; only zones of the curves with full symbols have
physical meaning. Zones drawn with dashed lines at the left side are not
permitted, because their r value is not possible with that value of g_ (for
example, for r = 2, the chain length must be g. = 11); also the right
side values of each curve (open symbols) does not represent real values

of f,, since for those g, values, one more tier is allowed; this gives rise

to the discontinuities represented by vertical arrows, toward the func-
tion with one more tier.

Brown and Brown (1966), Camici et al. (1984),
Caudwell and Cohen (1980), Golden et al. (1977),
Krisman (1962), and Larner (1955).

2. Regulation of glycogen synthesis: Glycogen synthesis
seems to be based only on the activity of synthase,
which is regulated by covalent and allosteric mecha-
nisms (see a review in Meléndez-Hevia et al. 1997b),
and no special mechanism to regulate the activity of
the branching enzyme is known to be working in the
process. Also, different physiological conditions such
as the nutritional state induce changes in the activity
of synthase (fasting induces an increase of activity of
synthase of about two- to three-fold; see Hue et al.
1975; Stalmans et al. 1974), and no change of activity
of branching enzyme has been reported in similar
situations. Furthermore, a recent result reported by
Skurat et al. (1996) shows that glycogen synthesis can
be increased by overexpression of synthase, but not


















