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Summary

The first step in metabolism of glucose (Glc) is usually
phosphorylation, catalyzed by hexokinase. However, the
Glc-6-P produced can then enter one or more of several
alternative pathways. Selective expression of isozymic
forms of hexokinase, differing in catalytic and regulatory
properties as well as subcellular localization, is likely to be
an important factor in determining the pattern of Glc
metabolism in mammalian tissues/cells. Despite their
overall structural similarity, the Type |, Type Il and Type
Il isozymes differ in important respects. All three
isozymes are inhibited by the product, Glc-6-P, but with
the Type | isozyme, this inhibition is antagonized by R
whereas with the Type Il and Type Il isozymes, P
actually causes additional inhibition. Reciprocal changes
in intracellular levels of Glc-6-P and R are closely
associated with cellular energy status, and it is proposed
that the response of the Type | isozyme to these effectors
adapts it for catabolic function, introducing Glc into
glycolytic metabolism for energy production. In contrast,
the Type Il, and probably the Type Ill, isozymes are
suggested to serve primarily anabolic functions, e.g. to

metabolites traverse the outer mitochondrial membrane.
Several experimental approaches have led to the
conclusion that the Type | isozyme, bound to actively
phosphorylating mitochondria, selectively uses
intramitochondrial ATP as substrate. Such interactions
are thought to facilitate coordination of the introduction
of Glc into glycolysis,via the hexokinase reaction, with the
terminal oxidative stages of Glc metabolism occurring in
the mitochondria, thus ensuring an overall rate of Glc
metabolism commensurate with cellular energy demands
and avoiding excessive production of lactate. The Type Il
isozyme also binds to mitochondria. Whether such
coupling occurs with mitochondrially bound Type I
hexokinase in normal tissues, and how it might be related
to the proposed anabolic role of this isozyme, remain to be
determined. The Type Il isozyme lacks the hydrophobic
N-terminal sequence known to be critical for binding
of the Type | and Type Il isozymes to mitochondria.
Immunolocalization studies have indicated that, in many
cell types, the Type Ill has a perinuclear localization, the
possible metabolic consequences of which remain unclear.

provide Glc-6-P for glycogen synthesis or metabolisniia
the pentose phosphate pathway for lipid synthesis. Type |
hexokinase binds to mitochondria through interaction
with porin, the protein that forms channels through which
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Introduction

Glucose (Glc) is of central metabolic importance in virtuallypotential for metabolism of GMa alternative pathways exists

all organisms, from microbes to humans. Glycolyticin most mammalian cells.

metabolism of Glc is a major pathway for the generation of The initial step in metabolism of Glc through most common
energy (ATP), and glycolytic intermediates also serve apathways is phosphorylation to form glucose-6-phosphate
precursors for biosynthesis of other cellular constituentgGlc-6-P) (Fig.1l), the reaction catalyzed by hexokinase. It is
Metabolism of Glc through the pentose phosphate pathwagvident that indiscriminate metabolism of Glc-6-P through the
generates NADPH and precursors required for a variety ofarious potential pathways would not be in the cell's best
anabolic pathways. Alternatively, Glc may be converted to itinterest. So what regulates the formation of Glc-6-P and its
polymeric forms (glycogen, starch), which are the storagdirection to the metabolic fate that is appropriate for the
forms of this carbohydrate in many organisms. In mammalghysiological status of the cell at the time? Are there any
the relative importance of these and other pathways dependsferences in the way in which mammalian cells generate
on the particular tissue, or cell type within a tissue, but th&lc-6-P intended for glycolytic metabolism compared with
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Tablel. Kinetic and regulatory parameters of isozymes of mammalian hexokinase

Km (mmol -1

Ki (mmoll-1)
Isozyme for Glc for ATP  for Glc-6-P Effect of P
Type | 0.03 0.5 0.02 Low concentrations antagonize inhibition by Glc-6-P; high concentrations inhibit
Type Il 0.3 0.7 0.02 Inhibitory at all concentrations
Type Il 0.00% 1.0 0.1 Inhibitory at all concentrations

Glc, glucose; Glc-6-P, glucose-6-phosphatase.

3A range of values have been reported by various investigators (for a compilation, see Wilson, 1985); the values shown here are
representative.

bSubstrate inhibition is seen at higher Glc concentrations (appromdl [-1).

Glc-6-P destined for metaboliswia the pentose phosphate rise to a gene encoding a 2KIDa hexokinase with both N- and
pathway? How are cells adapted to favor metabolism of GI€-terminal halves having catalytic activity susceptible to
via particular pathways that are related to the role that cepproduct inhibition. The Type Il isozyme has such
plays in the overall metabolism of the organism? While theharacteristics (Ardehali et al., 1996; Tsai and Wilson, 1996),
answers to such questions are far from clear, selectivend on that basis has been suggested to be most closely related
expression of isozymic forms of HK is likely to be an importantto the ancestral 1kDa hexokinase produced by the gene
factor in determining the pattern of Glc metabolism induplication and fusion event. In contrast, it is clear that
mammalian cells/tissues. catalytic function resides solely in the C-terminal half of the
Type | and Type lll isozymes (White and Wilson, 1989; Baijal
and Wilson, 1992; Tsai and Wilson, 1995, 1997). Thus, the
Isozymes of mammalian hexokinase Type | and Type Il isozymes likely resulted from further
Four distinct isozymes of hexokinase were separated by iatuplication of the gene encoding an ancestral KID®
exchange chromatography (Gonzélez et al., 1964) drexokinase, with subsequent mutations leading to functional
electrophoresis (Katzen and Schimke, 1965) of extracts fromiifferentiation of the N-terminal halves to serve noncatalytic
various mammalian tissues. Generally these are referred to @sgulatory) functions.
the Type |, Type II, Type lll and Type IV isozymes, with the If the capability for phosphorylation of Glc were the sole
latter commonly called ‘glucokinase’. Relatively recentraison d'étrefor hexokinase, then it would seem that a single
reviews (Wilson, 1995; Cardenas et al., 1998) includéexokinase would be sufficient. Yet, it is intriguing that
extensive discussion of the mammalian isozymes and, moigozymes of hexokinase exist even in ‘simpler’ organisms such
recently, an excellent review on the Type IV isozyme has beess yeast (Rodriguez et al., 2001). Surely there is more to this
provided by Postic et al. (2001). Since most of our own worlthan simply making Glc-6-P! Thus, it is reasonable to conclude
has dealt with the Type I, Type Il and Type Ill isozymes, theséhat the Types |-V isozymes of hexokinase play distinct roles
will be the primary focus of the present discussion. in Glc metabolism in mammalian tissues. In the case of the Type
The Types I-lll isozymes are 180a molecules thought to 1V isozyme, that role has been rather well defined (Postic et al.,
have evolved by duplication and fusion of a gene encoding @&001). What about the Type |, Type Il and Type lll isozymes?
ancestral 5&Da hexokinase. Thus, these isozymes display As noted previously (Wilson, 1997), one could imagine at
internal sequence repetition, and the N- and C-terminal halvésast three good (and not mutually exclusive) reasons for the
have extensive sequence similarity, both to each other and ¢aistence of isozymes: (1) the isozymes may differ in their
other members of the hexokinase family, which includes theatalytic and/or regulatory properties, suiting them for
50kDa mammalian Type IV isozyme and BDa hexokinases particular metabolic roles; (2) differences in transcriptional
found in other organisms (Bork et al., 1993; Wilson, 1995regulation of the isozymes may permit their selective
Cérdenas et al., 1998). expression in particular tissues, with distinct responses to
Susceptibility to relatively potent inhibition by the product, altered metabolic status, e.g. hormonal effects or chronic
Glc-6-P, is generally considered to be an important regulatorghanges in physiological activity (Hofmann and Pette, 1994);
feature of the mammalian Type I-lll isozymes, and is als@3) differences in subcellular location of the isozymes may
found with 50kDa hexokinases from lower organisms such asesult in compartmentation of Glc metabolism, with
starfish and the parasit®chistosoma mansoirfivhite and ‘channeling’ of Glc-6-P to particular metabolic pathways
Wilson, 1989; Tielens et al.,, 1994). It is thus likely that(Ureta, 1978; Ovadi and Srere, 2000).
sensitivity to inhibition by Glc-6-P evolved prior to the gene Kinetic and regulatory properties of the Types I-lll
duplication and fusion event that gave rise to the KID® isozymes are compared in TalileThe usual caveats apply
mammalian isozymes. Duplication and fusion of a genéo extrapolation of kinetic parameters determineditro to
encoding a 58Da Glc-6-P-sensitive hexokinase should giveconditionsin situand, as will become evident later, this may
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be particularly the case with th€m of the Type | (and Glucose

possibly the Type II) isozyme for ATP. Radojkovic and Urete ATP

(1987) previously noted that the Type Ill isozyme is HeXOkinaselC ADP

distinguished by having the highest apparent affinity for Glc

— but also the lowest apparent affinity for the other substratt Glucose6-phosphate

ATP — as well as being least sensitive to inhibition by the

product, Glc-6-P. The Type Ill isozyme is also unique / \

in showing substrate inhibition at higher Glc levels Storage Pentosephosphate
(>approximately Immoll-1), with this inhibition being (glycogen, starch)  Glycolysis pathway
antagonized by ATP. Based on the results of Radojkovic ar (energy!!) (NADPH, anaolism)

Ureta (1987), and assuming intracellular [ATP] in the
1-3mmolI-1range, one might anticipate that any inhibitory Fig. 1. Phosphorylation, catalyzed _by hexokinase, is the initial step in
effects would be relatively modest at the concentrations (common pathways of Glc metabolism.
Glc likely to exist in most cells. Hence, the physiological
significance of these unique regulatory features of the Typ_
Il isozyme remains unclear. associating the Type Il isozyme with a particular anabolic
In contrast, we believe that the distinct response of thegegathway (or pathways).
isozymes to Pprovides a useful clue to their physiological Promoter regions governing the transcription of the Type |
roles (Wilson, 1985, 1995). Specifically, only the Type I(White etal., 1996; Liu and Wilson, 1997), Type Il (Mathupala
isozyme shows inhibition by Glc-6-P that is antagonized;by Pet al., 1995; Osawa et al., 1996; Heikkinen et al., 2000) and
With the Type Il and Type IIl isozymes; B itself inhibitory ~ Type Il (Sebastian et al., 1999, 2001) isozymes have been
and does not antagonize but rather, adds to any inhibition B§olated and characterized to some extent. It is clear that these
Glc-6-P (Wilson, 1995, and references therein; Tsai and'e distinct in character, and responsive to quite different
Wilson, 1995, 1996, 1997). Increase in cellulaj [Blue to  transcription factors. Thus the existence of multiple genes
increased hydrolysis of high energy phosphate compoundsjicoding the isozymes of hexokinase does offer the flexibility
and decrease in cellular [Glc-6-P] (due to increased fluj expression, in different tissues or in different physiological
through an activated phosphofructokinase reaction) argtates, perceived as a benefit of isozymic forms (Wilson, 1997).
typically seen during periods of increased energy demand and
associated increase in glycolytic metabolism, e.g. in brain ) , i
(Lowry et al., 1964). The resulting increase in thi/[Blc-6- Subcellular location and hexokinase function
P] ratio would increase Type | hexokinase activity, leading to Type | isozyme
the suggestion (Wilson, 1985, 1995) that the Type | isozyme As evident from Figl, hexokinase serves as the gateway
functions primarily in a catabolic role, introducing Glc into through which Glc enters alternative metabolic pathways.
glycolytic metabolism with the primary purpose of generatingNonetheless, it is probably safe to say that hexokinase is most
energy (ATP). The ubiquitous expression of the Type kommonly thought of as a glycolytic enzyme, and glycolytic
isozyme is consistent with this view, given the importance ofmetabolism is generally considered a cytoplasmic process. It
glycolysis in virtually all mammalian tissues. Moreover, thewas thus remarkable that, unlike other glycolytic enzymes,
Type | isozyme is expressed at particularly high levels in braimexokinase activity (now known to be the Type | isozyme) was
a tissue well known for its virtually total reliance on glycolytic found predominantly in ‘particulate fractions’ of brain
metabolism of Glc to sustain a high rate of energy metabolisinomogenates (Crane and Sols, 1953). Subsequent work
(Clarke and Sokoloff, 1998). In contrast, the Type Il isozym&Johnson, 1960; Rose and Warms, 1967; see also Wilson,
is much more limited in its expression, primarily being found1995) demonstrated that the particulate hexokinase was
in insulin-sensitive tissues such as skeletal muscle and adipaagsociated with mitochondria, and more specifically, with the
tissue. We have previously argued (Wilson, 1985, 1995) thatuter mitochondrial membrane (Rose and Warms, 1967; Kropp
the response of the Type Il isozyme to these same ligands, Gend Wilson, 1970). Binding is critically dependent on a
6-P and R would better suit it for an anabolic role, e.g. hydrophobic N-terminal sequence (Polakis and Wilson, 1985)
providing Glc-6-P for resynthesis of glycogen during recoverythat selectively targets the Type | isozyme to mitochondria
of skeletal muscle after contraction. More recent work is als@Gelb et al., 1992; Sui and Wilson, 1997) and is inserted into
consistent with an anabolic role for the Type Il isozyme as &he hydrophobic core of the outer mitochondrial membrane in
source of Glc-6-P for metabolisma the pentose phosphate the course of binding (Xie and Wilson, 1988). Porin (also
pathway, providing NADPH required for lipid synthesis in called ‘VDAC, the acronym for ‘voltage dependent anion
liver (Sebastian et al., 2000) or lactating mammary glanghannel’) forms the channel through which metabolites
(Kaselonis et al., 1999). By this same reasoning, the similaritiraverse the outer mitochondrial membrane, and was identified
in response of the Type Il and Type Ill isozymes to Glc-6-Ras the outer mitochondrial membrane protein that interacts with
and R (Tablel) suggests that the latter isozyme may also havkexokinase (Felgner et al., 1979; Lindén et al., 1982; Fiek et
primarily an anabolic role, but presently there is no basis foal., 1982). Moreover, there is evidence to support the view that
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binding of hexokinase occurs preferentially to porin that is
located in contact sites, regions in which there is intimat 4 030 - o— o
contact between the inner and outer mitochondrial membran: ? 025_'
(Dorbani et al., 1987; Kottke et al., 1988; BeltrandelRio anc e
Wilson, 1992a). E 0.20 4
The classic studies of Johnson (1960) and of Rose ar © ]
Warms (1967) were soon followed by reports of 2 0.15-
; . : ; )
mitochondrially bound hexokinase from other normal tissues @ 1 A
in addition to brain, as well as from various tumor cells TED 0.10
(for references, see Wilson, 1985, 1995). The potentic = ]
physiological significance of this association of a ‘glycolytic’ = 0.054
enzyme with mitochondria, the primary site for oxidative @ 0'
metabolism, has been the subject of much speculation. Fro 0 010 02 030 040 050

early on, and particularly after recognition that the ‘hexokinas
binding protein’ of the outer mitochondrial membrane was
identical to porin, and thus that hexokinase might be positioneFig. 2. Glucose (Glc) phosphorylation to glucose-6-phosphate
near the point at which ATP would exit the mitochondria (an¢(Glc-6-P) by mitochondrially bound hexokinase with exogenous
ADP re-enter the mitochondria), Specu|ation was |arge|)ATP or with ATP generated by oxidative phosphorylation. The rate
focused on the possibility that this proximity might foster©of Glc phosphorylation was determined at equivalent [ATP], either
inimate metabolic interaction between intramitochondria@dded exogenously in the absence of oxidative phosphorylation
oxidative phosphorylation as a source of substrate ATP ar(t_rlangles) or generated by oxidative phosphoryla_ltlon (circles). From
Glc phosphorylation by the mitochondrially bound hexokinaseelther source, the [ATP] was subsaturating, with the rate of Glc

. . . ‘phosphorylation well below that seen when the ATP levels were
This had, in fact, been considered by Rose and Warms (196acutely raised by addition of saturating levels of exogenous ATP

but could not be supported by their experimental resultssquares). Reprinted with permission from BeltrandelRio and Wilson
However, subsequent work by others (again, for references s(1991).

Wilson, 1985, 1995), using mitochondrially bound hexokinast
from various sources, produced evidence in support of the vie
that mitochondrially bound hexokinase had ‘preferential’ orutilized by hexokinase, with the result that [ATP] in the
‘privileged’ access to intramitochondrially generated ATP. extramitochondrial medium continued to increase as oxidative
Work in our laboratory has provided a firm basis for the viewphosphorylation continued. The rate of Glc phosphorylation
that hexokinase bound to actively phosphorylating brairdid not steadily increase in response to continued increase in
mitochondria is indeed tightly coupled to an intramitochondriakxtramitochondrial [ATP], however, despite the fact that the
compartment of substrate ATP, generated by oxidativéatter was comparable to thén for ATP seen with added
phosphorylation. The experimental support for this conclusioextramitochondrial ATP in the absence of oxidative
has been described in a series of publications (BeltrandelRio aptosphorylation, i.e. the hexokinase would not have been
Wilson, 1991, 1992a,b; de Cerqueira Cesar and Wilson, 199%aturated’ with extramitochondrial ATP as substrate (Bjg.
1998, 2002; Hashimoto and Wilson, 2000). A complete reviewr his strongly suggested that it was not extramitochondrial ATP
of this work is not possible within the constraints of the preserthat was being used as substrate.
context, but we will highlight some of the principal findings to  Further support for this was provided by results such as those
illustrate the variety of experimental approaches, all leading tshown in Fig3. Here, Glc phosphorylation was monitored after
the same conclusion, that have been utilized in these studiesinitiation of oxidative phosphorylation by addition of ADP, with
Initial studies (BeltrandelRio and Wilson, 1991, 1992a,b)increasing concentrations of extramitochondrial ATP present
were done using spectrophotometric methods in which ATRom the start. As expected from classical Michaelis—Menten
production by various intramitochondrial processes (oxidativé&inetics, the initial rate of Glc phosphorylation increased with
phosphorylation, adenylate kinase reaction, creatine kinasecreasing extramitochondrial [ATP]. However, with time, a
reaction) and Glc phosphorylation by hexokinase were linkedteady state rate of Glc phosphorylation was attained that was
to NADPH production, monitored at 34@n, by the use of independent of the amount of residual extramitochondrial ATP
appropriate coupling enzymes. The basic idea was that lpresent. These results were interpreted as indicating that,
comparing the rate of Glc phosphorylation with the rate of ATRvhile the mitochondrially bound hexokinase initially used
production from various sources, one might deduce the relativextramitochondrial ATP, initiation of oxidative phosphorylation
importance of various intramitochondrial ATP-generatingled to a switch in substrate preference, with hexokinase
processes as a source of substrate ATP for hexokinase. Abdcoming dependent on an intramitochondrial compartment of
the conclusion was that, when oxidative phosphorylation wa8TP in which [ATP] was determined by the rate of oxidative
occurring, neither adenylate kinase nor creatine kinase waspaosphorylation and independent of the extramitochondrial
significant source of substrate ATP. Moreover, only a fractiofATP].
of the ATP produced by oxidative phosphorylation was Although ATP production began almost immediately after

[ATP] (mmol I
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- Fig. 4. Effect of adding excess unlabeledoR the32PA4C ratio of
Time glucose-6-phosphate (Glc-6-P) formed by mitochondrially bound
hexokinase or nonmitochondrially bound yeast hexokinase.
Oxidative phosphorylation was initiated witf?P present as
substrate for oxidative phosphorylation, afC]Glc as substrate for
hexokinase. At 3nin, excess$$!P was added, reducing the specific
activity of ATP subsequently produced by oxidative
phosphorylation. This resulted in a precipitous decrease in the
32P[LAC ratio of Glc-6-P formed by yeast hexokinase (squares) using
extramitochondrial ATP as substrate, but a much slower decrease in
the 32PA4C ratio of Glc-6-P produced by mitochondrially bound
hexokinase (open circles). Filled circles, total Glc-6-P produced by
mitochondrially bound hexokinase. Reprinted with permission from
de Cerqueira Cesar and Wilson (1995).

Fig.3. Glucose (Glc) phosphorylation by mitochondrially bound
hexokinase, with ATP generated by oxidative phosphorylation in th
presence of increasing concentrations of exogenous ATP. AT
production by oxidative phosphorylation was initiated by addition of
ADP at the indicated time. Glc phosphorylation was coupled tc
NADPH production, monitored by absorbance at 840(A), in the
presence of excess glucose-6-phosphate (Glc-6-P) dehydrogens
The concentrations of exogenous ATP, present at the time of AD
addition, were 1.1, 0.66, 0.22 andmtnoll-1 for curves A-D,
respectively. Note that the steady state attained was independent
the original extramitochondrial [ATP]. Reprinted with permission
from BeltrandelRio and Wilson (1992b).

A double isotopic labeling method was developed as an
initiation of oxidative phosphorylation by addition of ADP, alternative to the spectrophotometric procedures (de Cerqueira
there was a marked lag in initiation of Glc phosphorylation byCesar and Wilson, 1995¥4C-Labeled Glc was used as a
the mitochondrially bound hexokinase (FD) before substrate for hexokinase, aféP supplied as substrate for
attainment of a steady state rate that persisted for an extend&@P synthesis by oxidative phosphorylation. PAeA4C ratio
period. This initial lag period was interpreted as the timén Glc-6-P thus provided a measure of the specific activity of
required to fill an intramitochondrial compartment with ATP substrate ATP used by hexokinase. ##e14C ratio of Glc-
generated by oxidative phosphorylation and from which th&-P produced by mitochondrially bound hexokinase was
mitochondrially bound hexokinase drew its substrate ATPcompared with that produced by yeast hexokinase, which does
Inhibition of electron transport by addition of KCN resultednot bind to mitochondria and thus necessarily utilizes
in apparent release of ATP, presumably from theextramitochondrial ATP as substrate. The kinetics of labeling
intramitochondrial compartment, and the properties of thief the ATP pools used as substrate by mitochondrially bound
‘compartment’”  (kinetics  of  filling, linkage to and yeast hexokinases were strikingly different, again
intramitochondrial ATP production, etc.) were in satisfyingconsistent with the view that the mitochondrially bound
agreement with expectations based on this interpretatiomexokinase was not utilizing extramitochondrial ATP as
(BeltrandelRio and Wilson, 1991, 1992a,b). Unfortunatelysubstrate, but rather, drawing on an intramitochondrial
agreement with expectations is not an infallible guide to trueompartment of ATP furnished by oxidative phosphorylation.
fact, and the ‘apparent release of ATP’ was subsequently fourkebr example (Figd), addition of exces®P;, thereby markedly
to be an artifact (Laterveer et al., 1993), the source of whictiecreasing the specific activity of tfRP-ATP synthesized by
is still not understood and which could not be reproduced inxidative phosphorylation, resulted in a rapid decrease in the
later work (de Cerqueira Cesar and Wilson, 1998). Despite thf8P/A4C ratio of Glc-6-P produced by yeast hexokinase, using
discouraging, and embarrassing, setback, the basic conceptramitochondrial ATP. In contrast, there was a lag and
of coupling mitochondrially bound hexokinase to ansubsequently somewhat slower decrease if%P&*C ratio of
intramitochondrial compartment of ATP was supported byGlc-6-P produced by mitochondrially bound hexokinase. The
other evidence and has withstood subsequent experimentatter observations again were consistent with the view that the
tests. mitochondrial hexokinase was utilizing an intramitochondrial
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Fig.6. Rate of glucose (Glc) phosphorylation by mitochondrially
O O O O O O bound and nonbound hexokinase, with increasing rates of ATP
ATP ATP production from oxidative phosphorylation. The rate of Glc
ATP phosphorylation ) is expressed relative to the maximal rate of
phosphorylation V), the latter determined with saturating levels of

. . . . exogenous ATP in the absence of oxidative phosphorylation. The
Fig.5. Schematic representation of the experimental strategra,[e of Glc-6-P production by nonmitochondrially bound yeast

fort Eomganlrgb utl|cIiZi:]tI0n ki of extramltkc:chogdnal tﬁTP k.by hexokinase (circles) is closely correlated with the rate of ATP
Mmitochondnally bound hexoxinase or nonbound yeast Nexo Inas"production. In contrast, the rate of Glc phosphorylation by

(A) Mitochondrially bound hexokinase (HK) is represented at themitochondrially bound hexokinase (squares) is insensitive to

center of the pan_el, with addltlo_nal mltochon_drla, contal_nlng little O'increasing levels of extramitochondrial ATP produced by non-
no bound hexokinase, shown in more peripheral regions. For tt

. : . hexokinase-bearing mitochondria, consistent with the view that the
latter, rat brain mitochondria that had been depleted of hexokinase | 9

ireat ¢ with al 6-nhosphat hich I ; tmitochondrially bound enzyme is restricted to intramitochondrial
reatment with giucose-b-phosphate, which causes reiease o ATP, produced by the mitochondria to which the enzyme is bound,

mitochondrially bound hexokinase, were used i_n earlier gxper?ment.as substrate. Reprinted with permission from de Cerqueira Cesar and
!_ater experiments, hqwever, used ra_t liver mltochgndrla wt_nch, & pilson (1998).
isolated, do not contain bound hexokinase. Extramitochondrial ATI
is distributed throughout the extramitochondrial space.
(B) Analogous situation, but with an equivalent amount of
nonmitochondrially bound yeast hexokinase (YHK) in place of thdncreased by addition of increasing amounts of liver
mitochondrially bound hexokinase. The basic strategy is tdnitochondria. In fact, this is not what is observed; rather, the
determine the rate of glucose phosphorylation by a fixed amount eate of Glc phosphorylation by the mitochondrially bound
bound or nonbound hexokinase as the rate of extramitochondridlexokinase is not significantly affected by increase in the rate
ATP production is increased by addition of increasing numbers ohf ATP production (Fig6). In contrast, the expected increase
mitochondria  devoid of bound hexokinase. Reprinted within the rate of Glc phosphorylation is seen if the mitochondrial
permission from de Cerqueira Cesar and Wilson (2002). hexokinase is replaced by an equivalent amount of yeast
hexokinase. These results are thus again consistent with the
view that mitochondrially bound hexokinase is using
compartment of ATP that was not freely equilibrated withintramitochondrial ATP, intrinsic to the mitochondria with
extramitochondrial ATP. which the hexokinase is associated but independent of any
Still another experimental approach was based on imcreases in extramitochondrial ATP emanating from the
comparison of the mitochondrially bound hexokinase and theexokinase-free liver mitochondria.
non-bound yeast enzyme (de Cerqueira Cesar and Wilson,Finally, further evidence for the view that mitochondrially
1998, 2002). The underlying logic is illustrated in FgA  bound hexokinase can discriminate between intra- and
fixed amount of brain mitochondria, with bound hexokinasegxtramitochondrial ATP comes from examining inhibition by
is mixed with increasing amounts of rat liver mitochondriathe Glc-6-P analog, 1,5-anhydroglucitol-6-P (1,5-AnG6P).
which contain no bound hexokinase. Both brain and livetn the absence of oxidative phosphorylation and with
mitochondria are actively phosphorylating and thus there is aextramitochondrial ATP as substrate, 1,5-AnG6P is a rather
increasing rate of ATP production in the system as the amoupbtent inhibitor, competitiveersusATP (Fig.7) (Hashimoto
of liver mitochondria is increased. By design, the concentratioand Wilson, 2000). In contrast, with ATP supplied by oxidative
of extramitochondrial ATP is kept subsaturating, Km of  phosphorylation, 1,5-AnG6P is much less effective as an
hexokinase with extramitochondrial ATP as substrate (in thahibitor. Clearly, ATP provided by oxidative phosphorylation
absence of oxidative phosphorylation). If the mitochondriallyis not equivalent to extramitochondrial ATP. Similar results
bound hexokinase is using extramitochondrial ATP a%ave recently been reported using the mitochondrial
substrate, a progressive increase in the rate of Gleexokinase from bovine brain (de Cerqueira and Wilson,
phosphorylation is expected as the rate of ATP production 2002).
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[1,5-AnG6P] (umol I71) Fig. 8. Coordination of glycolytic and oxidative phases of glucose

. _ . . ) (Glc) metabolism. The rate of Glc phosphorylation by

Fig. 7. Inhibition of mitochondrially bound hexoklnase by the mitochondrially bound hexokinase, using intramitochondrially
glucose-6-phosphate analog, 1,5-anhydroglucitol-6-P (1’5'An66pgenerated ATP as substrate, is correlated with the rate of oxidative

with  intramitochondrially generated ~ (open  circles)  or yoephoryiation. This mechanism is  suggested to ensure
extramitochondrial (filled circles) ATP as substrate. Reprinted W'ﬂcoordination of Glc phosphorylation, the initial step in glycolytic

permission from Hashimoto and Wilson (2000). metabolism, with terminal oxidative stages (tricarboxylic acid cycle,
with associated electron transport and oxidative phosphorylation;
In short, the present view is that, in the absence of oxidativbo!d curved arrqws) ogcurring in the mitochondria, avoiding the
phosphorylation, mitochondrial hexokinase can readilyPuildup of potentially toxic lactate.
use extramitochondrial ~ ATP, following classical
Michaelis—Menten  kinetics. During active oxidative
phosphorylation, however, the mitochondrially bound enzyme Type Il isozyme
is coupled to an intramitochondrial pool of ATP, with the rate The Type Il isozyme also includes a hydrophobic N-terminal
of Glc phosphorylation closely correlated with the rate ofsequence capable of targeting the hexokinase to mitochondria
oxidative phosphorylation. It seems difficult to believe that,(Sui and Wilson, 1997). While association of the enzyme with
in normal tissue, mitochondria are ever in a totallythe ‘particulate,’ presumably mitochondrial, fraction in
nonphosphorylating state. Changes in the rate? Yes, of courémmogenates of normal tissues has been reported (for
depending on fluctuations in energy demand. But trulyeferences see Wilson, 1995), substantial amounts are also
nonphosphorylating? Probably only under the most dire — angenerally found in the ‘soluble’ fraction and recent
ultimately lethal — circumstances. It thus follows that, undeimmunolocalization studies (J. E. W., unpublished results)
normal conditions, the rate of Glc phosphorylation is closeljhave clearly indicated the presence of nhon-mitochondrial Type
coordinated with terminal oxidative stages of Glc metabolisnil hexokinase in certain cell types in brain. The extent to which
occurring in the mitochondria, with associated production ofmitochondrially bound Type Il hexokinase might be coupled
ATP by oxidative phosphorylation. As previously notedto oxidative phosphorylation has not been, to our knowledge,
(BeltrandelRio and Wilson, 1992a), such coordination mayexamined with mitochondria isolated from normal tissues. This
ensure introduction of Glc into glycolytic metabolism at a ratdsozyme is also expressed at high levels in many tumors
commensurate with terminal oxidative stages, avoidingShinohara et al., 1994) but, in view of the aberrant Glc
production of neurotoxic lactate (Marie and Bralet, 1991)metabolism associated with tumors, it seems arguable whether
while ensuring net flux through the cytoplasmic andthe function of Type Il hexokinase in tumors can be equated
mitochondrial portions of the pathway at a rate adequate wwith that in normal tissues. However, experiments with
meet energy demands (F&). mitochondrially bound Type Il hexokinase from AS-30D
It is not known how this remarkable change in substratbepatoma cells did indicate ‘preferred access’ to
specificity  (intramitochondrial versus extramitochondrial intramitochondrially generated ATP (Arora and Pedersen,
ATP) is induced by oxidative phosphorylation, but it is clear1988). While the study of Arora and Pedersen (1988)
that the conformation of the mitochondrially bound enzyme islemonstrates the potential for such coupling, extrapolation of
affected by mitochondrial membrane potential as well as othéhese results to the function of Type Il hexokinase in normal
factors related to mitochondrial function, indicating intimatetissues may be inappropriate. It would definitely be of interest
interaction between the inner (across which the membrarte pursue similar studies with Type Il hexokinase bound to
potential exists) and outer (to which hexokinase is boundnitochondria from normal tissues.
membranes of this organelle (Hashimoto and Wilson, 2000).
Conformational changes affecting regions of the molecule Type Ill isozyme
involved in binding of substrate ATP had previously been The Type Il isozyme lacks the hydrophobic N-terminal
postulated (de Cerquiera and Wilson, 1998) to be responsibdequence critical for targeting to mitochondria. Early reports
for changes in substrate specificity. generally indicated that this isozyme was found in the ‘soluble’
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fraction of tissue homogenates, presumably indicating ae Cerqueira Cesar, M. and Wilson, J. E(2002). Functional characteristics
cytoplasmic location, and recent immunolocalization studies ©f hexokinase bound to the Type A and Type B sites of bovine brain

L . . . mitochondria Arch. Biochem. Biophy897, 106-112.
have indicated that Type Il hexokinase does exist 'rborbani, L., Jancsik, V., Lindén, M., Leterrier, J. F., Nelson, B. D. and

cytoplasmic regions of cerebellar Purkinje neurons (J. E. W., Rendon, A. (1987). Subfractionation of the outer membrane of rat brain
unpublished results). However, immunolocalization studies mitochondria: evidence for the existence of a domain containing the porin-

. . hexokinase compleXArch. Biochem. Biophy252, 188-196.
have also demonstrated that, at least in many tissues, the Tm?gner P. L. Mepsser J. L. and Wilsonp 3/ E(21979). Purification of a

Il isozyme is associated with the nuclear periphery (Preller hexokinase-binding protein from the outer mitochondrial membgaiol.

and Wilson, 1992). The Type lll isozyme lacks an obvious Chem.254 4946-4949. _ _ o
I ical | t ti d the struct | f tFlek, C., Benz, R., Roos, N. and Brdiczka, [§1982). Evidence for identity
classical nuclear targeting sequence, an € structural featurgepyeen the hexokinase-binding protein and the mitochondrial porin in the

that determines the perinuclear location has not been definedouter membrane of rat liver mitochondiochim. Biophys. Act&88 429-
Also undefined are the possible metabolic implications of such 440

beellul | ti Gi th th I tablish &elb, B. D., Adams, V., Jones, S. N., Griffin, L. D., MacGregor, G. R. and
a subcellufar locaton. Iven € ratner well establishe McCabe, E. R. B.(1992). Targeting of hexokinase 1 to liver and hepatoma

metabolic importance of the binding of Type | (and possibly mitochondriaProc. Natl. Acad. Sci. US89, 202-206.
Type II) hexokinase to mitochondria, it would seem reasonablgonzalez, C., Ureta, T., Sanchez, R. and Niemeyer, kL964). Multiple
L . . molecular forms of ATP:hexose 6-phosphotransferase from rat liver.
to expect that asso.cw.\tlon of Type I!I hgxoklnase with the giochem. Biophys. Res. Comm6, 347-352.
nucleus may have similar metabolic significance. Hashimoto, M. and Wilson, J. E.(2000). Membrane potential-dependent
conformational changes in mitochondrially bound hexokinase of brain.
. Arch. Biochem. Biophy884, 163-173.
Work in our laboratory has been supported by NIH Granteikkinen, s., Supploa, S., Malkki, M. and Deeb, S(2000). Mouse
NS 09910. hexokinase Il gene: structure, cDNA, promoter analysis, and expression
pattern.Mamm. Genomé&1, 91-96.
Hofmann, S. and Pette, D(1994). Low-frequency stimulation of rat fast-
twitch muscle enhances the expression of hexokinase Il and both the
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