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Abstract

There are three main routes for the utilization of
fructose by Escherichia coli. One (Route A)
predominates in the growth of wild-type strains. It
involves the functioning of the phospho-
enolpyruvate:glycose phosphotransferase system
(PTS) and a fructose operon, mapping at min. 48.7,
containing genes for a membrane-spanning protein
(fruA), a 1-phosphofructose kinase ( fruK) and a
diphosphoryl transfer protein ( fruB), under negative
regulation by a fruR gene mapping at min. 1.9. A
second route (Route B) also involves the PTS and
membrane-spanning proteins that recognize a variety

of sugars possessing the 3,4,5-D- arabino -hexose
configuration but with primary specificity for mannose
(manXYZ), mannitol ( mtlA) and glucitol ( gutA) and
which, if over-produced, can transport also fructose.

A third route (Route C), functioning in mutants devoid

of Routes A and B, does not involve the PTS: fructose
diffuses into the cell via an isoform (PtsG-F) of the
major glucose permease of the PTS and is then
phosphorylated by ATP and a manno(fructo)kinase
(Mak™*) specified by a normally cryptic 1032 bp ORF
(vajF) of hitherto unknown function (Mak-0), mapping

at min. 8.8 and corresponding to a peptide of 344 amino
acids. Conversion of the Mak-o to the Mak  * phenotype
involves an A24D mutation in a putative regulatory
region.

Introduction

In his tragically curtailed but brilliant scientific career,
Jonathan Reizer was among the first to use genomics to
explore the cryptic treasures of microbial chromosomes.
By doing so, he revealed the existence of many DNA
sequences that, though normally not expressed, might
serve as genes potentially able to open up novel metabolic
routes, which might thus act also as the engines of
evolutionary change.

The utilization of fructose as sole carbon source for
the growth of Escherichia coli beautifully illustrates this
metabolic flexibility: several permeases can admit (or can
be made to admit), albeit with various degrees of readiness,
fructose as well as their normal sugar substrate. Moreover,
the conversion of external fructose to fructose 1,6-bis
phosphate inside the cell - the crossroads of paths for
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cellular biosyntheses and for the generation of energy - is
achieved by a variety of mechanisms. And (and this most
relevantly demonstrates Jonathan’s thesis) when other
normally used metabolic pathways have been closed, a
novel route can be opened up by bringing into play genes
that, up to then, had not appeared to be involved in fructose
utilization. It is with these thoughts in mind that this review
is dedicated in piam memoriam Jonathan Reizer.

There are three main modes of utilization of fructose.
In the first (Route A, Figure 1), fructose is taken up via the
membrane-spanning protein FruA and concomitantly
phosphorylated to 1-phosphofructose, this latter process
being effected by the transfer of a phosphoryl moiety from
phosphoenolpyruvate (PEP) to the hexose, by the
concerted action of two cytoplasmic proteins: Enzyme | of
the phosphoenolpyruvate:phosphotransferase system
(PTS) and a membrane-associated diphosphoryl transfer
protein (DTP). The 1l-phosphofructose thus formed is
further phosphorylated by ATP and 1-phosphofructokinase
(FruK) to the 1,6-bis phosphate ester.

In the second mode of fructose utilization (Route B,
Figure 1), fructose enters the cells via membrane-spanning
proteins that have a general ability to recognize sugars
possessing the 3,4,5-D-arabino -hexose configuration;
these include the permeases for mannose (Man XYZ),
glucitol (SrlA) and mannitol (MtlA). In each of these
instances, fructose has to be supplied in relatively high
concentrations (>2 mM) for it to support growth at 37°C
with doubling times of less than 4 h, and in each case it is
6-fructophosphate and not the 1-phospho ester that is
formed. Moreover, the phosphate is transferred to the
hexose via the general cytoplasmic components of the PTS
and the DTP appears not to be involved.

In the third mode of fructose utilization (Route C, Figure
1), fructose enters the cell by facilitated diffusion, using an
isoform of the glucose transporter PtsG. Since this mode
of entry does not involve the PTS, the free fructose has to
be phosphorylated by ATP and a manno(fructo)kinase
(Mak*) that is normally present in only trace activity (Mak-
0). Growth on fructose by E.coli devoid of the capacity to
use either Route A or Route B thus necessitates the
occurrence of at least two mutational events: the selection
of the isoform PtsG-F, which differs from the form PtsG-I
generally regarded as the “wild type” in having undergone
a V12F mutation and which has thereby acquired the ability
to translocate fructose as well as glucose, and the
conversion of Mak-o to high activity (Mak*). This latter
change brings into play an ORF (yajF) of previously
unknown function.

Route A

There are a number of features that distinguish Route A
from other pathways capable of transforming external
fructose to intacellular fructose 1,6-bis phosphate.

In the first place, the phosphorylated product that
appears in the cell is fructose esterified at the 1-position;
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Figure 1. Routes for the uptake and utilization of fructose. Routes A and B necessitate the action of the PTS; in Route C, fructose enters the cells by faclitated
diffusion via an isoform of the principal Enzyme Il for glucose transport, but without involvement of the PTS.

all other routes form the 6-phosphofructose (Fraenkel,
1968; Ferenci and Kornberg, 1974; Jones-Mortimer and
Kornberg, 1974, 1976).

Secondly, the gene fruA that specifies the membrane-
spanning protein differs markedly both in its size and in
the arrangement of its functional domains from other
membrane-spanning proteins of the PTS (Prior and
Kornberg, 1988). It has been pointed out by Saier et al,
(1985) that the sugar-specific proteins of the PTS consist
of either an Enzyme 1l of approximately 65 kDa, or of an
Enzyme Il / 11l pair with a combined molecular mass of 65
kDa. The calculated molecular mass of Enzyme 1™,
comprising 563 aminoacids, is 57.5 kDa, a value similar to
the 54.0 kDa calculated for Enzyme 1194t (Yamada and Saier,
1987); this latter enzyme has been shown to function in
conjunction with a 13.3 kDa Enzyme 119, The analogous
Enzyme llI™ function is supplied by the DTP protein, of
molecular mass 39.6 kDa and comprising 376 aminoacids
(Reizer et al., 1994), which combines both Enzyme Ill and
HPr-like activities within this one large protein (Geerse et
al., 1989). Moreover, in most enzymes Il, phosphate from
phosphorylated HPr is transferred initially to a histidine
residue and thence to a cysteine linked to the carboxy-
terminal end of the membrane-spanning protein: these are
generally described as the A and B regions respectively of
Enzyme Il (reviewed by Postma et al., 1996). In FruA,
however, the 100 residue B region is duplicated (Charbitt
et al., 1996) and transposed to form the amino-terminal
end of this membrane-spanning protein.

A third unusual feature is that the small histidine-
containing carrier protein HPr, which effects the transfer of
phosphate from phosphorylated Enzyme | of the PTS to a
variety of membrane-spanning or membrane-associated
proteins, is not needed for the phosphorylation of fructose
via Route A: mutants devoid of HPr (designated ptsH) grow

on fructose with doubling times only slightly different from
those of wild-type E.colithough they do not grow on other
PT-sugars (Saier et al., 1970). Prior growth on fructose
allows ptsH - mutants also to utilize other PT-sugars for a
while but this ability is diluted out during subsequent growth,
which then ceases. Clearly, the cellular component that
functions in lieu of HPr is induced by fructose but can act
pleiotropically only if present in adequate cellular
concentration: this cellular component is DTP. As expected
from its dual role as the immediate acceptor of phosphate
from phosphorylated Enzyme | and as the agent for its
transfer to FruA, the C-terminal region of DTP exhibits 35
% sequence identity with the HPr of both Gram-positive
and Gram-negative bacteria.

The fourth unusual feature of Route A is that the fruA
gene that specifies the membrane-spanning protein (Prior
and Kornberg, 1988) and the gene fruB that specifies the
diphosphoryl transfer protein DTP closely associated with
it (Geerse et al., 1986; Reizer et al. 1994a) are located in
one operon but are not contiguous (Rudd, 1998): they are
separated by the gene fruK that acts on the product of the
other two and that specifies a soluble 1-
phosphofructokinase (Ferenci and Kornberg, 1974,
Orchard and Kornberg, 1990). This operon, located at a
region spanning min. 48.7 on the chromosome, is under
negative regulation from a repressor protein FruR (Geerse
et al. 1986, Kornberg and Elvin, 1987) which appears to
have a multitude of functions: it also serves as a general
regulator of gluconeogenesis (Chin et al., 1987; Ramseier
etal., 1993, Vartak et al., 1991). Moreover, and unlike many
other regulatory genes of transport proteins which are often
found in close proximity to the structural genes they
regulate, the fruR gene is located diametrically opposite
the fruoperon, at min. 1.9 on the E.colilinkage map (Leclerc
et al., 1990; Jahreis et al., 1991; Rudd, 1998).



The 1-phosphofructose, formed inside the cell from
PEP and external fructose through the combined action of
the FruA and DPT proteins, is next converted to fructose
1,6-bisphosphate by ATP and a 1-phosphofructokinase.
This enzyme, specified by fruK, exhibits little sequence
similarity to the major 6-phosphofructokinase of E. col,
specified by pfkA, and the 6-phosphofructokinases present
in anumber of pro- and eukaryotic organisms, but does
show some (27%) identity of sequence with the minor 6-
phosphofuctokinase of E.coli specified by pfkB. FruK
comprises 312 aminoacids and has a molecular mass of
33.8 kDa; the paper reporting its sequence (Orchard and
Kornberg, 1990) also recorded parts of the sequences of
the adjacent fruB and fruA genes, which confirmed the
location of fruK between these two.

Route B

A number of permeases of the PTS recognize and
translocate fructose but do so with affinities much lower
than those of the proteins of Route A. These permeases
fall into two groups: those that are formed constitutively
and that therefore normally play some role in the utilization
of fructose for growth, and those that take up fructose to
any significant extent only if the normally inducible transport
protein is overproduced through mutation of some
regulatory component. A prime example of the first class
is the mannose-transport system, specified by the genes
manXYZ which, in E. coli, readily effects the uptake and
phosphorylation also of fructose, glucose, and 2-
deoxyglucose but which requires fructose to be present at
>2mM if that ketohexose is to serve as sole carbon source
for growth at doubling times less than 4 h. (Jones - Mortimer
and Kornberg, 1974). Mutants devoid of ManXYZ activity
grow at rates virtually identical with wild-type organisms
whereas fruA - mutants, in which fructose utilization has to
proceed via the mannose permease (all other possible
routes having been blocked), grow much more slowly and
at rates acutely dependent on the concentration of fructose
in the external environment (Ferenci and Kornberg, 1974).

PT - permeases of the second group, which are
capable of transporting and phosphorylating fructose but
require to be present in extraordinarily large activities, are
those for mannitol (Grisafi et al., 1989; Lolkema et al., 1990)
and for glucitol (Jones - Mortimer and Kornberg, 1976;
Yamada and Saier, 1987). In one mutant of this latter class,
the mutation conferring both constitutivity of glucitol uptake
and the ability to grow on fructose in the absence of the fru
operon and of manXYZwas found to be associated with a
G215T mutation in the regulatory gene sriR (H. L. Kornberg,
A. A. Sproul and B. Thibodeau, unpublished experiments).

In an analogous manner, mutants devoid of the
membrane-spanning proteins PtsG and ManXYZ which
normally effect the PTS-dependent uptake of mannose and
of glucose, do not grow on either sugar, but can mutate to
take up mannose with low efficiency (K, > 5mM); such
mutants were found to be de-repressed for the fru- operon
(Kornberg and Lambourne, 1992). These mutants now
effect the uptake and phosphorylation of mannose via the
over-produced FruA protein but form the 6-phospho ester
of mannose, which is subsequently converted to 6-
phosphofructose and, via ATP and PfkA, to fructose 1,6-
bis phosphate
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Route C

Strains of E.coli and of S. typhimurium devoid of the
cytosolic proteins of the PTS or of functional components
of both Routes A and B have been shown to give rise to
further mutants that can grow - albeit rather poorly - on
fructose (Saier et al., 1971; Aulkemeyer et al., 1991); such
mutants also have elevated levels of manno(fructo)kinase
(Mak*), an enzyme first purified and characterized by
Sebastian and Asensio (1972). This implies that fructose
is taken up by a membrane - spanning protein capable of
effecting the transport of free fructose, that the hexose
appears inside the cells initially in an unphosphorylated
form, and that it is converted only thereafter to the 6-
phospho-ester by ATP and Mak.

Studies on fructose-positive mutants of E. coliin which
the utilization of fructose by Routes A and B was abolished
by deletions in the fru and gut operons as well as by
insertions of a chloramphenicol-resistance transposon into
manXYZ revealed that the uptake of free fructose was
effected by an isoform of PtsG, designated PtsG-F, in which
the G at position 34 in the published nucleotide sequence
(Blattner et al., 1997) has been replaced by T, mutants
that do not contain this V12F isoform take up fructose to
only a negligible extent (Kornberg et al. 2000). It is of
interest that the predominant type of mutant of E.coli
selected from continuous cultures subjected simultaneously
to glucose and oxygen limitation (Manché et al. 1999;
Notley-McRobb and Ferenci, 2000) exhibits the identical
V12F change in PtsG; this mutation appears to result in
rates of glucose transport greater than those observed with
wild-type strains.

Several enzymes that can catalyse the ATP-dependent
phosphorylation of fructose to 6-phosphofructose in E.coli
have been described. One is a fructokinase designated
ScrK which has been characterized by Aulkemeyer et al.,
(1991) and which is plasmid-encoded; it enables sucrose-
negative strains of E.coli to grow upon that disaccharide.
In this process, sucrose is taken up via the PTS and
appears inside the cells as 6-phosphosucrose, which is
subsequently hydrolysed by an invertase-like hydrolase
to 6-phosphoglucose and free fructose; this latter product
is then acted upon by ATP and ScrK. Cloning and
sequencing of the scrK gene carried by the sucrose plasmid
PUR 400 revealed an ORF of 924 bp, equivalent to a
peptide of 307 amino acids with a calculated M, of 33.4
kDa (Aulkemeyer et al., 1991). The synthesis of ScrK is
repressed by fructose, which renders unlikely that it plays
any role in the growth of E.coli on that hexose.

A chromosomally - encoded operon for sucrose
utilization (csc) was discovered by Bockmann et al. (1992)
in an isolate of E.coli able to grow upon sucrose. They
observed that the transfer of the csc - genes to E. coli K-
12 led both to acquisition of sucrose positivity and to the
loss of D - serine deaminase activity, confirming an earlier
report by Alaeddinoglu and Charles (1979) and indicating
the location of csc close to dsdA at min. 51 on the E. coli
linkage map (Berlyn, 1998). Bockmann et al. (1992)
established that the csc - regulon is inducible and is
controlled by a sucrose-specific repressor; the uptake of
sucrose via this route is not dependent upon the PTS but
is mediated by proton - symport. Hydrolysis of the sucrose



358 Kornberg

taken up by an invertase releases free glucose and free

fructose, both of which are then phosphorylated to their 6

- phospho esters. The D - fructokinase activity specified

by the cscK - gene in this operon is co-ordinately induced

by sucrose but not by fructose, which indicates that it also
is unlikely to play any role in the uptake and utilization of
fructose by E. coli K12.

The third fructokinase, Mak, acts equally well on
mannose and, to a lesser degree, on glucose, 2 -
deoxyglucose and glucosamine (Sebastian and Asensio,
1972). It is normally present in only trace amounts in E.
coli and these organisms were consequently designated
“Mak-0" by Aulkemeyer et al. (1991), the Mak-rich mutants
to which they give rise being termed “Mak*”. The
conclusion that this enzyme is indeed the effector of growth
on fructose by mutants of E. coli K12 in which Routes A
and B have been rendered inoperative rests on the
observations (H. L. Kornberg, A. A. Sproul, L. M. T.
Lambourne and J. Jean-Jacques D., to be published) that
(i) strains of E.coli, in which Routes A and B have been

deleted and which carry the PtsG-F isoform grow upon

fructose, albeit poorly (with K, for growth approx. 8

mM and Vpax for generation time approx. 70 min.;

Kornberg et al., 2000), but only if they are also Mak™;
(ii) such strains lose the ability to grow on fructose, and

also lose approx. 90 % of their Mak activity, when DNA

closely linked to (but not identical with) araJd from wild-
type E.coli is introduced either by Hfr-mediated
conjugation or by P1-transduction. Conversely, Mak-

0 strains acquire the ability to grow on fructose after

phage-mediated transduction of this region from Mak*

donors;

(iii) growth of Mak* strains on fructose is abolished by
introduction of the pfkA gene, which shows that it is
indeed the 6-phospho ester that is formed by the
kinase;

(iv) Mak activity is specified by an ORF, designated yajF
on the physical map of E.coli adjacent to araJ and
mapping at min. 8.8 (Rudd, 1998). Introduction of this
region, cloned from a Mak* donor into a multi-copy
plasmid, into Mak-o mutants enables the resultant
organisms to grow upon fructose and raises their Mak
activity by several hundred-fold.

The difference between Mak-o and Mak* appears to
reside in a change of GCC to GAC in codon 24 of the 1032
bp. region specified by the mak - gene, which would result
in a change from alanine (in mak-o) to aspartate (in mak*)
in the deduced 344 aminoacid polypeptide. This difference
is manifested not only in the Mak activity but also in the
heat stabilty of these two forms: at 61 °C, the cloned mak-
o activity decays with a half-life of 6 min. whereas the cloned
mak*loses half of its activity only after 32 min. This indicates
that the mutation from Mak-o to Mak* involves a major
change in the conformation of the enzyme: the nature of
this change remains to be elucidated.

Envoi

There is no reason to assume that the three routes
discussed in this review represent the limits to which E.
coli are constrained in their ability to take up and utilize
fructose. The elucidation of the complete nucleotide

sequence of the E. coligenome (Blattner et al., 1998) has
served also to reveal the existence of numerous ORFs
which are not known to play any metabolic role but which
show a high degree of sequence similarity to genes that
do. The identification of such “paralogues” owes much to
the work of Jonathan Reizer and his co-workers (for
example, see Reizer and Reizer, 1996). In the present
context, it is particularly relevant to draw attention to the
recognition of analogues of FruA, specified by frvA and
frvBat min. 88.1 (Plunkett et al., 1993; Reizer et al., 1994b),
and frwC, frwB and frwD at min. 89.3 (Blattner et al., 1993;
Reizer et al., 1995). Whether these ORFs actually specify,
or can be made to specify, metabolic pathways alternative
to the Routes A, B and C here discussed remains to be
seen. This will require study of strains of E. coli in which
fruA is deleted but in which the PTS is not impaired and
which are also able to utilize any 1-phosphofructose that
may be formed by permeases other than the FruA protein.
In undertaking such studies, we shall be ever conscious
of, and grateful for, the impetus and inspiration provided
by Jonathan’s pioneer work.
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