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Introduction

INTRODUCTION

Metabolism is the process of integrated enzyme-catalysed chemical
reactions that contribute to the maintenance of the cells in which they
occur [2, 3]. In animals, like us, metabolic reactions account for the
degradation of food to provide not only energy, but also chemical
intermediates for synthesis of molecules necessary for growth and
reproduction [3, 4]. Similarly, every cell of every organism either
produces or gathers from its surroundings small molecules and
combines these chemical building blocks to form larger molecules. At
the same time, cells contain enzymes for decomposing all of the
molecules that have been made. Thus, we have a complex network of
metabolic reactions for synthesis and breakdown of substances
required for self-renewal of cells and tissues, reactions that serve the
ultimate purpose of enabling a cell or multicellular organism to
reproduce itself [4].

The set of metabolic reactions that participate in the synthesis or
degradation of a certain substance is usually referred to as a metabolic
pathway [3]. A pathway of particular metabolic importance is the
glycolytic one, which accounts for the conversion of glucose into
pyruvate through the sequence of enzymically catalysed reactions
shown in Figure 1 [4, 5].
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Figure 1. This overview of metabolism highlights the glycolytic pathway, which
accounts for the conversion of glucose into pyruvate.

Glycolysis (from the Greek glykys, meaning “sweet”, and Iysis,
meaning “splitting”) occurs in all living cells [5]. It may provide cells
and organisms with energy under both aerobic and anaerobic
conditions. Furthermore, glycolytic intermediates participate in
additional pathways of central metabolic importance, such as those
leading to the synthesis of lipids and, in photosynthesising organisms,
to carbon dioxide fixation and carbohydrate production [6]. In aerobic
organisms, the glycolytic product pyruvate is converted into acetyl-
CoA, a central metabolite that may enter the citric acid cycle and
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hence becomes linked to a variety of biosynthetic processes (Figure 2)
[3, 6].
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Oxidized
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(NAD*, FAD)

Figure 2. This overview highlights some of the metabolic pathways that glycolytic
intermediates participate in.

A common feature of virtually all metabolic pathways is that they
involve sequences of enzymically catalysed reactions [3]. The product
of one enzyme reaction is the substrate for one or several subsequent
reactions and must therefore be transferred from the producing
enzyme to the consuming one. The mechanism by which this
metabolite transfer takes place is a main determinant of the kinetic
characteristics and control properties of the sequential metabolic
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enzyme reactions [6]. Establishing what mechanism of metabolite
transfer is applicable in specific cases, or in general, is therefore a
matter of outstanding importance for our understanding of the
behaviour and regulation of metabolic pathways.

The present thesis is concerned with this problem.
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BACKGROUND

Metabolite transfer mechanisms

There are two fundamentally different ways by which a metabolite can
be transferred between enzymes in metabolic pathways [7]. If the two
sequential enzymes cannot form a complex with each other, the
metabolite (M) must first be released from the producing enzyme (E;)
to the reaction medium and then be transported to the consuming
enzyme (E,) via the reaction medium by free diffusion (Figure 3).

E1 E2
E,-M .% M .¥_> E,-M

Figure 3. Reaction scheme for a free-diffusion mechanism.

Metabolite transfer between consecutive enzymes in metabolic
pathways has traditionally been assumed to proceed by such a free-
diffusion mechanism [8-10].

If the two sequential enzymes are capable of forming a complex with
each other, however, an alternative metabolite transfer mechanism
could be operative. The metabolite might then be directly transferred
from the producing enzyme to the consuming one without prior
release to solution (Figure 4).

E, E,

N

E,-M =—= E,-M-E, === E,-M

Figure 4. Reaction scheme for a direct transfer mechanism.

The term ‘channelling’ has been coined to refer to such a mechanism
of direct metabolite transfer [11, 12].
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Proponents of the channelling idea have drawn attention to several
potential advantages of a direct metabolite transfer. Ovadi [11]
summarised the main benefits of channelling as follows:

e [t prevents or impedes loss of intermediates by diffusion

e It decreases the transit time required for an intermediate to
reach the active site of the next enzyme

e It reduces the transient time for the system to reach the new
steady state

e [t protects chemically labile intermediates

e [t circumvents unfavourable equilibrium

o It segregates the intermediates of competing chemical and
enzymic reactions

In addition to the above six points, channelling has been considered
advantageous since it may lower the bulk concentration of
intermediates [11-14]. This would solve the solubility problem arising
from the coexistence of an enormous number of small molecules [11,
12, 14].

Enzyme-enzyme complexes

Non-dissociable complexes

A direct transfer of metabolites requires that the producing and
consuming enzymes are able to form a complex with each other in
solution. For instance, sequential enzymes in metabolic pathways have
been found to form static non-dissociable bi- or multienzyme
complexes that can be readily isolated and show no tendency to
dissociate in solution [12, 15-18].

A classical example of a stable multienzyme complex is the
mammalian fatty acid synthase that catalysis the synthesis of saturated
fatty acids from malonyl-CoA [19-23]. In this multienzyme complex,
the intermediately formed metabolites remain covalently bound to the
complex throughout the pathway reactions [9, 24].
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An example of a stable bi-enzyme complex is the tryptophan synthase
B2 complex from Salmonella typhimurium [10, 25-28]. The four
subunits have a spatial organisation forming a 25 A long hydrophobic
tunnel [29]. This tunnel is suggested to facilitate the diffusion of
indole from its site of production to the site of tryptophan synthesis,
and to prevent its escape to the solvent during catalysis.

Dissociable complexes

The enzymes catalysing reactions of most central metabolic pathways
(e.g. glycolysis) do not form any stable multienzyme complexes, but
have since long been considered to be free and ‘soluble’ [9, 30].
During the last few decades, evidence has been presented to show that
consecutive glycolytic enzymes may form weak dissociable
complexes if the enzyme concentrations are high enough [2, 12, 31].
These weak complexes might be of biological significance, because
glycolytic enzymes in some tissues are present at very high
concentrations [32-36], even higher than those of the substrates that
the enzymes act upon [11, 37-40]. This has led to the idea that weak
dissociable bi-enzyme complexes, formed transiently during
metabolic reactions, might play an essential role as mediators of a
direct metabolite transfer between soluble enzymes in central
metabolic pathways [2, 9, 11, 12, 41, 42]. The term ‘dynamic
channelling’ has been introduced to distinguish such a mechanism of
direct metabolite transfer from that (static channelling) occurring in
stable bi- or multienzyme complexes [9, 11].

Evidence for channelling in systems involving
glycolytic enzymes

Observations that consecutive enzymes may form a bi-enzyme
complex [43-53] demonstrate that metabolite transfer by dynamic
channelling is a mechanistic possibility, but do not imply that the
actual transfer of metabolites is channelled; it might well occur by free
diffusion also in a bi-enzyme complex [54-57]. Discrimination
between the two alternative mechanisms for metabolite transfer can be
made only by methods that provide information on the metabolite
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transfer process. This has led several research groups to carry out
kinetic studies of the coupled reactions catalysed by pairs of
consecutive ‘soluble’ enzymes in metabolic pathways [51, 58, 59]. For
a start, such studies were directed mainly towards systems involving
enzymes of the glycolytic pathway [30, 54, 60-62].

Thus, Ovadi and Keleti in 1978 presented kinetic results leading them
to conclude that D-glyceraldehyde 3-phosphate is directly transferred
from aldolase to glyceraldehyde-3-phosphate dehydrogenase without
prior release to solution [45]. Orosz and Ovadi [63] later obtained
additional kinetic evidence that they claimed supported such a transfer
mechanism.

Weber and Bernhard drew attention to the kinetic differences between
the two mechanistic alternatives shown in Figure 3 and Figure 4 [64].
In a kinetic study of the coupled reaction catalysed by glyceraldehyde-
3-phosphate dehydrogenase and phosphoglycerate kinase, they
claimed to have found conclusive evidence that the metabolite 1,3-
bisphosphoglycerate is directly transferred between the two enzymes
in an enzyme-substrate-enzyme complex.

Bernhard and co-workers [32, 38, 65] later presented kinetic evidence
leading to the conclusion that there is a channelled transfer of NADH
from glyceraldehyde-3-phosphate dehydrogenase to glycerol-3-
phosphate dehydrogenase and L-lactate dehydrogenase. In further
studies, they found that NADH channelling occurs between
dehydrogenases in general, provided that the enzymes show distinct
stereospecificities (A- vs. B-side specificity) towards NADH [38, 66-
68].

Kinetic evidence claimed to be indicative of a direct transfer of
metabolites has been presented also for the coupled reaction involving
aldolase and glycerol-3-phosphate dehydrogenase [69].
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The channelling controversy

There seems to be a consensus that metabolite channelling may occur
in systems involving non-dissociable bi- or multienzyme complexes
[17]. The idea has been strongly questioned, however, that metabolite
channelling is of significance also in systems involving dissociable
complexes of glycolytic and other ‘soluble’ enzymes [51]. In
particular, the kinetic evidence put forward to support such proposals
has received strong criticism.

For example, Kvassman and Pettersson [70] found that the kinetic
behaviour of the aldolase/glyceraldehyde-3-phosphate dehydrogenase
system can be fully explained in terms of a free-diffusion mechanism
when adequate consideration is taken to the hydration that D-
glyceraldehyde 3-phosphate undergoes in aqueous solution.

Kvassman and Pettersson [71, 72] also disputed the conclusion of
Weber and Bernhard [64] that there is a direct transfer of 1,3-
bisphosphoglycerate from glyceraldehyde-3-phosphate dehydrogenase
to phosphoglycerate kinase. Transient-state kinetic data reported by
Kvassman and Pettersson [71, 72] provided evidence that the
exchange of 1,3-bisphosphoglycerate between the two enzymes is
consistent with a free-diffusion mechanism, and the experimentally
based arguments leading Bernhard and co-workers [64] to conclude
otherwise were shown to be untenable.

The proposal of Bernhard and co-workers [64] that there is a
channelled transfer of NADH between glycerol-3-phosphate
dehydrogenase and L-lactate dehydrogenase was challenged by Chock
and Gutfreund [73], who presented transient-state Kkinetic data
consistent with a free-diffusion mechanism of NADH transfer.
Bernhard and co-workers in a rebuttal to the latter work [74] reiterated
their conclusion that the transfer of NADH is channelled.

Controversial reports on the mechanism of metabolite transfer
accumulated also with regard to other enzymic systems and metabolic
pathways [59, 75-85]. The channelling controversy became one of the
major issues in the enzymological field during the 1980’s, affecting
also the scientific debate in adjacent fields such as those dealing with
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control analysis and metabolic regulation [17, 51, 86-93]. The
outstanding scientific interest of this issue was recognised by Cornish-
Bowden, who as an editor of Journal of Theoretical Biology took the
valuable initiative of devoting an entire volume (volume 152, 1991) of
this journal to the channelling controversy in the form of a target
review (written by Ovadi [11]) with commentaries from researchers in
the field.

Ovadi in her review summarised the available evidence regarding
channelling in various systems. Table 1 represents an extract from her
review.

Table 1. A summary of the available evidence regarding channelling according to
Ovadi [11].

Enzymes involved Mechanism References
Aldolase/Glyceraldehyde-3-phosphate Leaky channel  pro: [45, 63]
dehydrogenase contra: [710]
Phosphoglycerate kinase/Glyceraldehyde-3- Direct transfer  pro: [37, 65, 94]
phosphate dehydrogenase contra: [71, 95]
Aldolase/Glycerol-3-phosphate Direct transfer  pro: [37, 96]
dehydrogenase contra: [13]
Glyceraldehyde-3-phosphate Direct transfer  pro: [38, 97]
dehydrogenase/Alcohol dehydrogenase

Glyceraldehyde-3-phosphate Direct transfer  pro: [38]

dehydrogenase/L-lactate dehydrogenase
Glycerol-3-phosphate dehydrogenase/L- Direct transfer  pro: [37, 74, 98]
lactate dehydrogenase contra: [73]

Proximity effects

The term ‘channelling’ was originally introduced to denote metabolite
exchange by the direct mechanism in Figure 4, where the metabolite is
transferred without prior release to the reaction medium (a perfect
channel). Some authors have preferred to use the term in a wider sense
to denote any situation where a metabolite is transferred from one
enzyme to another without prior equilibration with the reaction
medium [11, 18, 23, 42, 99]. It has been argued that if the producing
and consuming enzymes are located in close proximity to each other
(e.g. through formation of a bi-enzyme complex or by binding to a

10
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cellular structure), surface diffusion may occur or local concentrations
gradients may be set up which enhance the rate of transfer of the
metabolite [10, 12, 51, 99-106].

Fusion proteins

Several authors have argued that metabolite channelling is likely to
occur due to ‘proximity effects’ once two sequential enzymes are
brought close together, e.g. through the dynamic or static formation of
a bi-enzyme complex [9, 11, 12, 51, 101, 107, 108]. Such complex
formation can be anticipated to decrease the distance between the
metabolite-producing enzyme and metabolite-consuming enzymic
sites, and this has been stated to offer catalytic advantages in the form
of enhanced steady state and/or transient reaction rates [12, 51, 101,
109, 110].

The significance of proximity effects has been experimentally tested
by Kkinetic studies of sequential enzymes that have been covalently
fused to each other by chemical modification or genetic engineering
[105, 111-116]. The transient lag time for product formation was
found to be shorter for the fusion proteins than for free enzymes. This
was taken to indicate that there is a channelled transfer of metabolites
in the fusion proteins.

Elcock and McCammon [117, 118] found that a positive electrostatic
surface exists between the two enzymic sites of malate dehydrogenase
and citrate synthase, and that the inclusion of electrostatic interactions
in the Brownian dynamics simulations increased the transfer
efficiency. This lead them to propose that electrostatic surface
diffusion accounts for a highly efficient channelling of oxaloacetate in
the fusion protein.

11
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PRESENT INVESTIGATION

This thesis deals with the hypothesis concerning metabolite
channelling in systems that may form dynamic bi-enzyme complexes
in vitro. It summarises the following papers, I-IV.

Paper |

Srivastava and Bernhard examined the transfer of NADH among
metabolically central dehydrogenases with the so-called enzyme
buffering method [65-67]. This method is based on the use of high
concentrations of a buffering dehydrogenase (E;) to decrease the
concentration of free NADH available for the enzymic steady-state
action of a second dehydrogenase (E,) present in catalytic amounts
(Figure 5). The expected decrease in concentration of NADH (and
consequent inhibition of the catalytic dehydrogenase) caused by the
buffering dehydrogenase was calculated using experimental estimates
of the equilibrium constant for its complex formation with NADH.

E,

NADH ¥> E,- NADH — catalytic product

P —
E, wt
E, - NADH

Figure 5. Reaction scheme showing the enzyme buffering method.

By this approach, Srivastava and Bernhard found that the inhibition
caused by the buffering enzyme was consistent with its coenzyme
binding capacity when the two dehydrogenases exhibited the same (A-
side or B-side) chiral coenzyme specificity. With pairs of
dehydrogenases of distinct chiral specificity, however, the inhibition
caused by the buffering enzyme was found to be less than expected
from its estimated coenzyme binding capacity. This was taken to

12
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indicate that the complex of NADH with the buffering enzyme might
substitute for free NADH in the reaction catalysed by the second
dehydrogenase, such that there is a direct (channelled) transfer of
NADH from one enzyme to the other.

The proposal that NADH is directly transferred between
dehydrogenases of distinct chiral coenzyme specificity initiated a
vivid debate. Chock and Gutfreund [73] challenged the proposal in a
report leading them to conclude that the transfer of NADH between
glycerol-3-phosphate dehydrogenase (B-side specific) and L-lactate
dehydrogenase (A-side specific) occurs by free-diffusion. In a rebuttal
to that report, Bernhard and co-workers [74] maintained that the
transfer of NADH is channelled, but Gutfreund and co-workers
responded to the rebuttal by performing a transient-state kinetic study
providing additional evidence for a free-diffusion mechanism of
NADH transfer between glycerol-3-phosphate dehydrogenase and L-
lactate dehydrogenase [7, 119].

The criticism raised by Chock and Gutfreund [73] was supported by
Martinez Arias and Pettersson [120], who found that the transfer of
NADH between glyceraldehyde-3-phosphate dehydrogenase (B-side
specific) and alcohol dehydrogenase (A-side specific) is consistent
with a free-diffusion mechanism with no detectable contributions from
a channelled NADH transfer. However, reports from other research
groups also appeared [10, 39, 41, 121-123], that gave support to the
steady-state kinetic observations made by Bernhard and co-workers.

We therefore decided to carry out some crucial steady-state and
transient-state kinetic experiments aiming at testing if there is any
general difference in the mechanism of NADH transfer between
dehydrogenases depending on the chiral coenzyme specificity of the

€nzymes.

In a first series of transient-state kinetic experiments, we examined the
transfer of NADH from alcohol dehydrogenase (A-side specific) to
other dehydrogenases (A-side as well as B-side specific), chosen
among those investigated in the enzyme buffering experiments
reported by Srivastava and Bernhard [66]. Alcohol dehydrogenase
was chosen as the donor enzyme because of the slow rate of
dissociation of its binary complex with NADH (kog = 5 s [120]). A

13
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rate-limiting contribution from this slow step should be easy to detect
and to distinguish from the high rates (150 — 250 s™) proposed by
Srivastava and Bernhard to govern direct NADH transfer between
dehydrogenases with opposite stereospecificity [65]. The results in
Paper I establish that NADH transfer from alcohol dehydrogenase to
all the acceptor enzymes listed in Table 2 indeed is rate-limited by a
process with a first-order rate constant of about 5 s

Table 2. Limiting values of first-order rate constants for the transfer of NADH from
alcohol dehydrogenase to other dehydrogenases.

Acceptor enzyme (E,) Specificity Concentration Rate constant
[uM] [s71
Glycerol-3-phosphate dehydrogenase B-side 50 5D
Glyceraldehyde-3-phosphate B-side
dehydrogenase
Rabbit muscle 140 7 (£2)
Halibut muscle [120] 75 51
L-lactate dehydrogenase A-side 47 6 (£2)
Malate dehydrogenase A-side 180 10 (£2)

This provides clear evidence that, irrespective of the stereospecificity
of the acceptor enzyme, NADH dissociation from the donor enzyme
represents an obligatory step in the process of coenzyme transfer, i.e.
that NADH is transferred by the free-diffusion mechanism in Figure 6.

E,

5¢1 E
ADH-NADH <=—= NADH E, - NADH

+
ADH

Figure 6. The transfer of NADH from alcohol dehydrogenase (ADH) to other
dehydrogenases (E,) is rate limited by NADH dissociation from alcohol
dehydrogenase.

In a second series of steady-state kinetic experiments, the enzyme
buffering method was used to examine the effect of glyceraldehyde-3-
phosphate dehydrogenase (B-side specific) on the activity of glycerol-
3-phosphate dehydrogenase (B-side specific). As previously found for
an A-side specific acceptor enzyme [67, 120], the inhibitory effect of
the buffering enzyme was lower than expected according to

14
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calculations based on the NADH dissociation constant of K4 = 1.8 uM
reported by Srivastava and Bernhard [67]. The discrepancy that the
latter authors attributed to NADH channelling is present irrespective
of the stereospecificity of the catalytic enzyme, but derives from the
use of an inadequate K4 value that refers to NADH binding to the
monomeric form of the buffering enzyme. At the enzyme
concentrations used in the buffering experiments, glyceraldehyde-3-
phosphate dehydrogenase is predominantly tetrameric, however, with
a NADH dissociation constant of the order of 10 uM [120], which is
in satisfactory agreement with the K4 value reported by Ovadi [61].
Basing the calculations on the latter K4 value, the inhibition caused by
D-glyceraldehyde 3-phosphate was found to correspond well to that
expected from the NADH binding capacity of the enzyme.

The results in Paper I therefore led us to conclude that NADH transfer
among the examined dehydrogenases occurs by the free-diffusion
mechanism in Figure 6 irrespective of the stereospecificity of the

enzymes.

Paper i

Gutfreund and Chock already in 1991 concluded that proposals of
substrate channelling had failed tests in systems involving glycolytic
enzymes [124]. Ovadi, however, maintained as late as 1997 that
channelling occurs among glycolytic enzymes [2], giving reference to
two specific cases involving aldolase as one of the enzymic
components. One of these cases concerns the transfer of
dihydroxyacetone-phosphate from aldolase to glycerol-3-phosphate
dehydrogenase (Figure 7), proposed to be channelled on the basis of
kinetic data indicating that the transient rate of dihydroxyacetone-
phosphate reduction is lower with the free substrate than with
substrate produced through the action of aldolase on B-D-fructose 1,6-
bisphosphate [96].

15
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NADH NAD*

Dihydroxyacetone-phosphateg

aldolase glycerol-
3-phosphate
+ dehydrogenase

B-D-Fructose 1,6-bisphosphate Glycerol 3-phosphate

Glyceraldehyde 3-phosphate

Figure 7. Reaction scheme for conversion of P-D-fructose 1,6-bisphosphate to
glycerol 3-phosphate.

The second case concerns the transfer of D-glyceraldehyde 3-
phosphate  from  aldolase to  glyceraldehyde-3-phosphate
dehydrogenase (Figure 8), which was claimed to be channelled on the
basis of similar kinetic observations and the results of isotope dilution
experiments [63].

NAD*  NADH

D-Glyceraldehyde 3-phosphateL2 1,3-Bisphosphoglycerate
aldolase glyceraldehyde-

3-phosphate
+ dehydrogenase

B-D-Fructose 1,6-bisphosphate

Dihydroxyacetone-phosphate

Figure 8. Reaction scheme for conversion of fructose 1,6-bisphosphate to 1,3-
bisphosphoglycerate.

The reaction systems in Figure 7 and Figure 8 have one important
mechanistic characteristic in common: the intermediate produced by
aldolase (dihydroxyacetone-phosphate and D-glyceraldehyde 3-
phosphate, respectively) undergoes reversible non-enzymatic
hydration in aqueous solution to yield a geminal diol that does not act
as a substrate for the subsequent dehydrogenase reaction [125, 126].
Pettersson and co-workers [70, 127] drew attention to the kinetic
consequences of this non-enzymic hydration step with regard to the
coupled aldolase/glyceraldehyde-3-phosphate dehydrogenase reaction,
showing that the transient rate behaviour of the reaction actually is
fully consistent with a free-diffusion mechanism of D-glyceraldehyde
3-phosphate transfer.

The investigation in Paper II was initiated to examine the
consequences of the non-enzymic substrate hydration step with regard
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to the wunchallenged proposal of a channelled transfer of
dihydroxyacetone-phosphate in the reaction system in Figure 7, just as
to the unchallenged isotope dilution data taken to be indicative of a
channelled transfer of glyceraldehyde-3-phosphate in the reaction
system in Figure 8. In the former case, kinetic measurements were
performed to obtain estimates of the rate constants for hydration and
dehydration of dihydroxyacetone-phosphate. Using these rate constant
estimates, the rate behaviour expected for dihydroxyacetone-
phosphate transfer by free-diffusion was calculated and found to agree
with that observed experimentally. As concerns the reaction shown in
Figure 8, relationships were derived to include consideration of the
hydration step for calculation of the isotope effect expected for D-
glyceraldehyde 3-phosphate transfer by free-diffusion. The isotope
effect thus calculated for the experiment reported by Ovadi [63]
agreed excellently with that observed experimentally (Table 3).

Table 3. Isotope dilution factors determined by different methods.

Calculated by using  Determined experimentally Calculated for a free-

our estimates of rate by Ovadi [63]. diffusion mechanism using
constants. Ovadi’s [63] values.
0.75 0.75 0.76

The results in Paper 11, therefore, led us to conclude that experimental
data so far reported for reactions in Figure 7 and Figure 8§ are fully
consistent with a free-diffusion mechanism of metabolite transfer.
Jointly with the results in Paper I, they make it justified to fully
support the statement of Gutfreund and Chock [124] that no tenable
evidence is available for metabolite channelling in systems involving
glycolytic enzymes.

Paper lll

Malate dehydrogenase and citrate (si)-synthase catalyse consecutive
reactions of the citric acid cycle (Figure 9). A fusion protein of the
yeast form of these two enzymes was biosynthesised by Biillow and
co-workers [115] and examined kinetically to test if there are any
proximity effects in the transfer of oxaloacetate from malate
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dehydrogenase to citrate synthase. They found the transient lag time
for product formation in the coupled reaction catalysed by the two
enzymes to be shorter for the fusion protein than for the free enzymes.
This was taken to be indicative of a channelled transfer of
oxaloacetate in the fusion protein. The interpretation was supported by
the observation that inhibition of the coupled reaction by aspartate
transaminase (which competes with citrate (si)-synthase for
oxaloacetate) was less with the fusion protein than with the free

enzymes.

NAD* NADH Ac-CoA CoA
Malate Li Oxaloacetate L-i Citrate
malate citrate (si)-
dehydrogenase synthase

Figure 9. Reaction scheme for conversion of malate to citrate.

Similar results were later obtained by Srere ef. al. with a fusion
protein of the porcine form of the enzymes [128]. Brownian dynamics
simulations performed with a hypothetical model of the fusion protein
led Elcock and McCammon [118] to propose that the channelling of
oxaloacetate is due to -electrostatic surface diffusion guiding
oxaloacetate from one enzymic site to the other. Theoretical
calculations based on this idea [117] were found to fit well to the
channelling efficiencies indicated by the kinetic results of Biilow and
co-workers.

Unfortunately, the kinetic approach chosen by Biilow and co-workers
is open to serious criticism in one fundamental respect: kinetic
parameter values for malate dehydrogenase and citrate (si)-synthase
activities of the fusion protein differ somewhat from those of the free
enzymes. The free enzymes, therefore, cannot be unambiguously used
as models for prediction of the expected free-diffusion behaviour of
the fusion protein. Hence, it is uncertain to what extent the observed
differences in rate behaviour of the fusion protein and the free
enzymes actually are attributable to deviations from a free-diffusion
behaviour of the fusion protein.
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The investigation in Paper III was undertaken to eliminate this
uncertainty and was performed in collaboration with Biilow and a
member of his research group. We decided to use a new and more
direct approach where all predictions on the expected free-diffusion
behaviour of the fusion protein were based upon the kinetic properties
of the fusion protein itself. Kinetic parameter values were determined
for the citrate (si)-synthase and malate dehydrogenase activities of the
fusion protein, as well as for the inhibitory effect of oxaloacetate on
the latter activity. Using these parameter values, progress curves
calculated for the coupled free-diffusion reaction in Figure 9 were
found to account (within experimental precision) for those observed
experimentally in studies of the coupled reaction catalysed by the
fusion protein (Figure 10). The inhibitory effect of aspartate
transaminase on the coupled reaction was similarly shown to agree
with that expected for the free-diffusion mechanism in Figure 9.

015 |
0.1

0.05

Absorbance

0 . . .
0 60 120 180
Time (s)

Figure 10. Time-course for the fusion-protein-catalysed coupled reaction. The
experimental trace is represented by a plain curve, and the dashed curve indicates
the absorbance changes expected for a free diffusion mechanism.

The results in Paper III thus led us to conclude that the rate behaviour
of the fusion protein is fully consistent with a free-diffusion
mechanism and fails to provide evidence for any significant
channelling of oxaloacetate.
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Paper IV

The significance of proximity effects in the transfer of metabolites
between enzymes has been Kkinetically probed with several fusion
proteins, invariably by the approach of using the behaviour of the free
enzymes as a model for the expected free-diffusion behaviour of the
fusion protein. Since the usefulness of that approach is rendered
questionable by the results in Paper III, we decided to re-examine yet
another fusion protein reported to exhibit kinetic properties indicative
of metabolite channelling.

The fusion protein chosen was that between [-galactosidase and
galactose 1-dehydrogenase, which catalyses a coupled reaction
converting lactose into galactonolactone with intermediate formation
of D-galactose (Figure 11). Examining the kinetics of enzymic
catalysis of this coupled reaction, Ljungcrantz et. al. [114] found that
the transient lag times for product formation were shorter with the
fusion proteins than with an adequately composed mixture of the free
enzymes. This was taken to be indicative of a channelled transfer of
galactose, and the system appears to be of particular interest because
the proposed channelling was reported to manifest itself also in
increased steady-state rates of product formation.

Our examination of the coupled reaction catalysed by the fusion
protein of B-galactosidase and galactose 1-dehydrogenase was based
on the same approach as in Paper III.

In a first series of experiments, kinetic parameter values were
determined for the [-galactosidase and galactose 1-dehydrogenase
activities of the fusion protein itself. Consideration was taken to the
complication that D-galactose is present in two isomeric forms (o and
B), only one of which (the B-form) is produced and consumed by the
fusion protein. Rate constants for the interconversion of the o~ and [3-
forms of D-galactose were determined by standard polarimetric
methods, and the corresponding reaction step was included in the
reaction scheme considered (Figure 11).
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Glucose NAD+* NADH

Lactose ‘i B-D-Galactose &i Galactonolactone

B-galactosidase galactose
1-dehydrogenase

a-D-Galactose

Figure 11. Reaction scheme for conversion of lactose to galactonolactone.

In a second series of experiments, progress curves for product
formation in the coupled reaction catalysed by the fusion protein were
examined and compared to those calculated theoretically for the
reaction scheme in Figure 11, with the assumption that transfer of D-
galactose occurs by free-diffusion. As illustrated by the results in
Figure 12, we found that the experimentally observed time-course of
product formation can be most satisfactorily accounted for in terms of
a free-diffusion mechanism of D-galactose transfer. Our results lend
no support to the proposal that there is a channelled transfer of D-
galactose in the coupled reaction catalysed by the fusion protein.

0.08L
0.06 L
0.04 L

0.02L

Absorbance

-0.02

0 200 400 600
Time (s)
Figure 12. Time-course of the coupled reaction catalysed by the fusion protein. The

experimental trace is represented by a plain curve, and the dashed curve indicates
the absorbance changes expected for a free diffusion mechanism.
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This was the second time the application of strict kinetic tests failed to
confirm claims for detection of a channelled transfer of metabolites in
coupled reactions catalysed by fusion proteins. Since such claims
invariably have been based on the approach of using the free enzymes
as a model for expected free-diffusion rate behaviour of the fusion
proteins, we issued a warning that the inferences drawn on basis of the
latter approach cannot be trusted.

More important, the results in Paper III and IV provide clear evidence
that bringing two consecutive enzymes together in a fusion protein (or
consequently, in a bi-enzyme complex through adjacent attachment to
cell structures) does not lead to any significant kinetic advantages
attributable to proximity effects. Such effects, if existing, are
obviously too small to be detected at the level of precision of standard
kinetic measurements. This conclusion is consistent with the results of
Brownian dynamics simulation studies [118, 129].
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CONCLUSIONS

As was mentioned in the Background, the biological significance of
so-called dynamic metabolite channelling has been a matter of great
dispute, particularly concerning systems involving glycolytic enzymes
[2, 9, 11, 41]. The results in Paper I and II lead us to fully support the
conclusion of Gutfreund and Chock [124] that no tenable evidence is
available for metabolite channelling in systems involving glycolytic
enzymes. The results in Paper III and IV provide clear evidence that
channelling due to proximity effects either is absent or of negligible
quantitative significance.

Proponents of the channelling idea have emphasized the kinetic
advantages claimed to characterise channelling by direct metabolite
transfer [11]. As pointed out by Kvassman and Pettersson [72] and
supported by subsequent theoretical analyses [41, 130], such
advantages might be associated with static channelling, but not likely
with dynamic channelling. Metabolite transfer by the free-diffusion
mechanism shown in Figure 3 occurs through a diffusional transport
of the metabolite alone from the producing enzyme to the consuming
enzyme. Metabolite transfer by the dynamic channelling mechanism
shown in Figure 4 occurs through a diffusional transport of the
complex of the metabolite with the producing enzyme to the
consuming enzyme. There is no reason to believe that the diffusional
transport of a macromolecular complex should proceed at a higher rate
than the diffusional transport of a low-molecular-weight metabolite.
On the contrary, the available evidence would seem to establish that
diffusional processes involving macromolecules are strongly
disfavoured in the crowded milieu of a cell cytosol [9, 55, 131, 132].

Biocatalysts such as enzymes have primarily evolved in response to a
selective pressure in the direction of increased metabolic reaction
fluxes. The absence of kinetic advantages of metabolite transfer by a
mechanism of dynamic channelling therefore may be a main reason
why no such mechanistic cases have been detected during several
decades of extensive search for them in biological systems.
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POPULARVETENSKAPLIG
SAMMANFATTNING PA SVENSKA

I var kropp star dmnesomsittningen for nedbrytning av mat till
kemiska &dmnen som &r nddvindiga for var energiforsérjning,
kroppsuppbyggnad och fortplantning. Varje cell i varje organism
tillverkar eller tar upp sma molekyler, som de sedan sitter ihop till
stora molekyler. Samtidigt som detta sker s bryter cellerna ner
molekyler som har blivit tillverkade. Ur detta far vi ett komplicerat
nitverk av metaboliska reaktioner for framstéllning eller nedbrytning
av &mnen som behdvs for fornyelse av celler och organ. Reaktionerna
som har hand om den viktiga uppgiften att fa celler eller multicelluléra
organismer att reproducera sig sjélva. De metaboliska reaktioner som
medverkar i syntes eller nedbrytning av specifika &mnen kallas
vanligtvis en metabolisk vég.

En central metabolisk vég dr den glykolytiska, som omvandlar glukos
till pyruvat genom en serie av enzymkatalyserade reaktioner.
Glykolysen sker i alla levande celler. Den forser cellen och
organismen med energi bade under anaeroba (= utan syre) och aeroba
(= med syre) forhallanden. Glykolytiska mellanprodukter deltar i en
méngd andra metaboliska vigar som har stor betydelse for
dmnesomséttningen, bland annat bildande av fett samt i grona véxter
koldioxid och kolhydrater. I aeroba organismer omvandlas den
glykolytiska produkten pyruvat till acetyl-CoA, en viktig metabolit
som gar in i citronsyracykeln och dérifran ldnkas vidare till en mingd
olika biosyntetiska processer.

Gemensamt for alla metaboliska végar 4r att de innehaller sekvenser
av enzymkatalyserade reaktioner. Produkten fran ett enzym ar substrat
till en eller flera pa varandra f6ljande reaktioner. Déarfor maste denna
produkt Overforas fran det producerande enzymet till det
konsumerande. Mekanismen bakom en sadan metabolitf6rflyttning ar
av avgorande betydelse for hur metaboliska vigar beter sig och
regleras.
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Det finns tva visentligt olika sitt som en metabolit kan Overforas
mellan enzymer i metaboliska vigar. Om enzymen inte kan bilda
komplex med varandra, maste metaboliten forst frigoras fran det
producerande enzymet och sedan forflyttas till det konsumerande
enzymet via reaktionslosningen genom fri diffusion. Om de tva
sekventiella enzymen &r kapabla att bilda komplex med varandra sa
finns det en alternativ metabolitoverféringsmekanism som kan vara
gangbar. Metaboliten kan da 6verforas direkt mellan det producerande
enzymet och det konsumerande, utan att metaboliten frigors ut i
reaktionslosningen. Termen kanalisering har myntats for att referera
till en sadan direkt metabolitoverforing. Att faststélla vilken av dessa
tva Overforingsmekanismer som (generellt eller i enskilda fall)
foreckommer &4r av stor betydelse for var forstaelse av enzymers
samverkan och metaboliska processers beteende och reglering.

Denna avhandling sammanfattar fyra stycken studier som handlar om
hypotesen att metaboliter kan kanaliseras i system som kan bilda
bienzymkomplex.

Vi har utfort nagra avgérande kinetiska experiment f6r att utréna om
det finns nagon skillnad i overféringsmekanismen av NADH mellan
dehydrogenaser beroende av den kirala ko-enzym specificiteten hos
enzymen. Vidare undersokte vi den pastadda kanaliseringen av
dihydroxyacetonfosfat mellan aldolas och glycerol-3-
fosfatdehydrogenas och dven de isotoputspiddningsdata som pastas
svara mot en kanaliserad 6verforing av glyceraldehyd-3-fosfat mellan
aldolas  och  glyceraldehyd-3-fosfatdehydrogenas. I vara
undersokningar av de kopplade reaktionerna katalyserade av
fusionsproteinen malatdehydrogenase och citratsyntas samt [3-
galaktosidas och galaktosdehydrogenas anvidnde vi en ny teoretisk
modell som bygger pa den forvintade fria diffusionsmekanismens
uppférande pa fusionsproteinet da alla kinetiska egenskaper baseras pa
fusionsproteinet sjalvt.

Vara resultat ledde till slutsatsen att det inte finns nagra hallbara bevis
for metabolit kanalisering i system som innehaller glykolytiska
enzym. Vi fann ocksd att kanalisering genom sa kallade
nédrhetseffekter ar av forsumbar betydelse.
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