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(ABSTRACT)

The glpX gene of Escherichia coli encodes fructose 1,6-bisphosphatase II
(FBPase II), an enzyme that would appear to be redundant with FBPase I, encoded by
fbp. However, glpX mutants have no apparent phenotype, while fbp mutants are unable
to grow on gluconeogenic substrates as sole carbon sources, suggesting that GlpX
function is insufficient for growth of fbp mutants under these conditions. To gain insight
into the physiological functions of the FBPases, regulation of glpX expression was
investigated. It was found that glpX is transcribed as part of a complex glpFKX operon
containing promoters upstream of glpF, glpK and glpX (PglpF, PglpK, PglpX, respectively).
Transcription start sites of PglpX were found at –24 and –41 relative to the ATG
translation initiation site using primer extension analysis. Unlike PglpF, these newly found
promoters were not subject to regulation by GlpR or cAMP-CRP. Cra (Catabolite
Repressor/Activator) positively regulated expression from PglpK and PglpX by increasing
transcription approximately 2 fold. Western analysis using GlpX polyclonal antibodies
revealed that GlpX levels were higher in cultures grown on glycerol compared with

levels in maltose- or glucose-grown cultures (glycerol>maltose>glucose). Various
strains and growth conditions were used to show that GlpX levels are regulated by GlpR,
suggesting that PglpF can give rise to expression of glpX. GlpX protein was present in a
strain containing a polar insertion in glpK, indicating that PglpX can also give rise to
expression of glpX. Strains deficient in FBPase I or CsrA (carbon starvation regulator)
did not reveal any difference in GlpX levels with respect to the wild type. All of these
data indicate that glpX expression is achieved by its own promoter as well as the operon
promoter, PglpF. Finally, the results show that the ∆fbp phenotype is not due to the
absence of GlpX.
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CHAPTER 1

BACKGROUND AND LITERATURE REVIEW

Introduction

The glpX gene is the third gene in the glpFKX operon, which is involved in
glycerol metabolism in Escherichia coli (1). The first two genes of the operon (glpF and
glpK) encode glycerol diffusion facilitator and glycerol kinase and therefore enable
utilization of glycerol (2). The physiological function of the glpX gene is unknown. The
glpX gene product has been shown to have a fructose 1,6-bisphosphatase (FBPase)
activity (3). This enzyme converts fructose 1,6-bisphosphate to fructose-6-phosphate and
inorganic phosphate. The enzymatic activity, kinetic properties and characteristics of the
glpX-encoded FBPase have been identified and the gene has been disrupted. glpX
mutants have no apparent phenotype under the conditions tested (3). The long-term goal
of this project is to provide further information that will aid in answering the question of
the physiological function of GlpX.
E. coli has another previously characterized FBPase encoded by fbp (4). Mutants
deficient in fbp are unable to grow on gluconeogenic substrates even though the cells
should have glpX-encoded FBPase (3). This is an enigma. Results of enzymological
studies suggest that the fbp-encoded enzyme (FBPase I) is much more active and has a
higher catalytic efficiency than GlpX (3), which might help explain the phenotype of
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∆fbp glpX+ strains. It is possible that GlpX provides the cell with additional assistance to
catalyze the FBP->F6P reaction when cells are grown in glycerol. Alternatively, GlpX
may have an entirely different physiological function.
Therefore, a number of approaches were used with the goal of finding the
physiological function of the glpX-encoded enzyme. These studies have enabled us to
gain more information about FBPase enzymes and to understand the regulation and
organization of the glpFKX operon.
Understanding the function and regulation of glpX is of broad biological
importance, because glpX homologues are widely distributed in nature. Both fbp and
glpX homologues are present in many of the sequenced bacterial genomes. Although the
glp system is complex, it provides an important opportunity to study overlapping
metabolic pathways and genetic regulatory mechanisms. Some organisms apparently
possess only the glpX-encoded FBPase. One example is Mycobacterium tuberculosis,
where a glpX homologue plays an important role in pathogenesis (5). Also,
Prochlorococcus marinus SS120 is predicted to contain only a glpX-encoded FBPase and
not other FBPases (6).

Glycerol metabolism and its genetic regulation in E. coli
sn-Glycerol 3-phosphate (glycerol-P, or glp) is a ubiquitous biochemical
compound in nature. The glp utilization systems are present in a wide variety of
organisms (7). Glycerol-P has two metabolic fates in E. coli (Figure 1.1). When present
in excess, it is used as a source of carbon and energy (7). Glycerol-P is also the direct
precursor for membrane phospholipid synthesis (8). Therefore, the cellular level of
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Figure 1.1. Metabolism of glycerol and its precursors in Escherichia coli.
Glycerol or G3P passes through the inner membrane by a carrier (GlpT) or a diffusion
facilitator (GlpF). G3POR is hydrolyzed to form G3P by diesterase (GlpQ). Glycerol is
phosphorylated inside the cell by the action of a kinase (GlpK). FBP and
unphosphorylated IIAGlc are inhibitors of glycerol kinase. G3P can be converted to
DHAP to be used in central carbon metabolism or in PL synthesis.
(G3P, glycerol-3-phosphate; G3POR, glycerophosphodiester; DHAP,
dihydroxyacetonephosphate; FBP, fructose 1,6-bisphosphate; GAP, glyceraldehyde-3phosphate; F6P, fructose 6-phosphate; G6P, glucose 6-phosphate; G1P, glucose 1phosphate; PL, phospholipid; EIIAGlc, Enzyme EIIAGlc; PFK, phosphofructokinase).
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glycerol-P is crucial for optimal growth. In order to maintain this level, the organism
must coordinate the levels of the anabolic and catabolic activities.
The genes whose products catalyze dissimilation of glycerol-P and its precursors
are members of the glp-regulon, which contains five different operons (12 genes) in E.
coli (9) (Figure 1.2). These five operons are glpFKX, glpACB, glpTQ, glpD, and
glpEGR (Figure 1.3). The glpFKX operon (min 89) encodes the glycerol diffusion
facilitator, glycerol kinase, and a fructose 1,6-bisphosphatase (1;10). The glpACB operon
(min 51), encodes the three subunits of the anaerobic glycerol-P dehydrogenase (11),
(12). The glpTQ operon (min 51) is directly adjacent to glpACB and divergently
transcribed, and encodes the glycerol-P carrier and glycerophosphodiesterase. The glpD
gene (min 77) encodes the aerobic glycerol-P dehydrogenase (9;13;14) and is adjacent to
and divergently transcribed from the glpEGR operon. The glpR gene encodes the glp
repressor (9;15), glpE encodes a rhodanese (16), and glpG encodes a rhomboid-like
protein (17). Even though glp operons are located at three different locations on the E.
coli genome, all with the exception of glpEGR are regulated negatively by the GlpR
repressor. Tables 1.1 and 1.2 at the end of this chapter provide detailed information
about the glp regulon in terms of protein products, EC (Enzyme Commission) and COG
(Cluster of Orthologous Groups) classification and genomic orientations.
Glycerol 3-Phosphate metabolism in E. coli can be summarized as follows (Figure
1.1): Glycerol can be taken into the cytoplasm by passive or facilitated diffusion (GlpF).
The glycerol facilitator, GlpF, facilitates the diffusion of glycerol through the
cytoplasmic membrane (10). Glycerol is trapped in the cytoplasm as glycerol-P by the
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Figure 1.2. Location of the glp operons of the regulon on the schematic representation of
the E. coli genome. Arrows indicate the direction of transcription of the operons. The
names of the genes are shown in Table 1.1 .
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activity of glycerol kinase (GlpK) (18). Glycerol kinase (EC 2.7.1.30, Km glycerol: 10
µM) is homotetramer of 56 kDa subunits (19). The glpD-encoded glycerol-P
dehydrogenase (EC 1.1.99.5) is a membrane bound primary dehydrogenase that catalyzes
the oxidation of glycerol-P to DHAP (Dihydroxy acetone phosphate) (14). GlpD is a
homodimer of 58 kDa subunits and has a Km value of 0.8 mM with respect to D,Lglycerol-P. DHAP inhibits the GlpD-catalyzed reaction with a Ki value of 0.5 mM (20).
The phosphodiesterase, GlpQ, hydrolyzes glycerophosphodiesters to glycerol-P
and alcohol (21). The glycerol-P permease, GlpT, transports glycerol-P into the
cytoplasm (22;23). GlpT has a Km value of 12 µM with respect to glycerol-P (22). The
dehydrogenase, GlpD aerobically or GlpACB anaerobically, converts glycerol-P to
dihydroxyacetone phosphate (DHAP) which is then metabolized in the glycolytic
pathway (24). GlpR, the repressor, negatively regulates the expression of the glp operons
by binding to operator sites of dyad symmetry located upstream and within the sequences
of glp genes (24-26). The operator half-site bound by GlpR is WATGTTCGWT (W= A
or T). GlpR is a typical prokaryotic DNA-binding protein containing a helix-turn-helix
DNA-binding motif near its N-terminus. The amino acid sequence within the recognition
helix is PQTIRRDLNE (27).
After glycerol or glycerol-P is converted to DHAP, the pathway of glycolysis or
gluconeonesis takes place. FBPase I, encoded by fbp, is involved in converting FBP
(produced from DHAP and GAP by aldolase) to fructose-6-phosphate (F6P) (28). There
is also another FBPase (FBPase II), which is encoded by glpX of glpFKX operon. F6P is
converted to hexoses needed for cell envelope synthesis or to glycogen for energy storage
by a series of reactions (29;30).
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Glycerophospholipid synthesis
Glycerol-P is also the precursor for glycerophospholipid synthesis (8;31-36). In
the cell, glycerol-P can either be synthesized from glycerol by the action of glpK-encoded
glycerol kinase or from DHAP by the action of gpsA-encoded glycerol-P synthase (37).
For glycerophospholipid synthesis, the plsB-encoded acyltransferase catalyzes the
acylation of glycerol-P (38). Then, plsC-encoded 1-acylglycerol-P acyltransferase
produces phosphatidic acid (PA) (39). PA is the precursor to the three major
phospholipids in E. coli: phosphatidylethanolamine (PE) (75%), phosphatidylglycerol
(PG) (15-20%) and cardiolipin (CL) (5-10%). All of these phospholipids contain the
glycerol-P backbone (40).

Genetic regulation of the glp regulon in E. coli
Three different environmental conditions control the transcription of the glp
operons: 1) the presence of the inducer glycerol-P or its precursors, glycerol and
glycerophosphodiesters; 2) the presence of glucose (catabolite repression); and 3) the
presence of oxygen versus alternate terminal electron acceptors (9). Figure 1.3
summarizes regulation of the glp regulon.
The inducer, glycerol-P, binds to the glpR repressor and changes its conformation
so that its binding affinity for its operators is significantly decreased (27). Removal of
the repressor from the operator sites, which are present in all glp operons, allows the
expression of the glp genes. It has been shown that the glpFKX and the dehydrogenase
operons are the ones that are most tightly controlled by the repressor (25).
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Glucose represses the expression of the glp operons by decreasing cAMP-CRP
levels (41;42). This phenomenon is called "catabolite repression". Catabolite repression
is a very common regulatory mechanism in enteric bacteria. Glucose is the preferred
carbon source for bacteria so that when glucose is available, the bacteria highly repress
the expression of the genes needed for the utilization of some other carbon sources
including glycerol (43;44). Thus, abolishing the expression of such genes has been
referred as “Catabolite Repression”. When glucose is present, it is taken into the cell and
phosphorylated by phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS)
(45). This decreases the level of intracellular cAMP because EIIAGlc~P is depleted.
EIIAGlc~P is an activator of adenylate cyclase. cAMP is required with CRP (cAMP
Receptor Protein) for activating the expression of the genes needed for the metabolism of
non-glucose carbon sources such as glycerol.
The transcription of each glp operon is positively affected by the cAMP-CRP
(cAMP receptor protein) protein complex (25;46). The glpTQ and the glpFKX operons
are most dependent upon cAMP-CRP (9). CRP binds to tandemly repeated sites centered
at -37.5 and -60.5 in the region upstream of glpF (25).
The glpACB/glpD operons are regulated reciprocally in response to O2/-O2 or
anaerobiosis (24;47). The FNR protein activates transcription of some genes including
glpACB in response to anaerobiosis (48). This protein is structurally homologous to CRP
(49). FNR is inactive under aerobic conditions (50). The ArcA/ArcB two component
system represses glpD (-O2) under anaerobic conditions (51).
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The glpX encoded protein
Discovery of the gene and glpX homologues
DNA sequence analysis of the region downstream of glpFK revealed the presence
of a third gene, glpX (1). It was proposed that glpX is part of the glp regulon because the
activities of glpX-lacZ translational fusions were inducible with glycerol or glycerol-P
and were constitutive in a glpR mutant (1). Although there was already one promoter
identified upstream of the glpF gene, an omega interposon insertion within glpK did not
abolish glpX expression (1). This suggested the presence of another promoter for glpX.
Homologues of glpX are found in Shigella flexneri, Klebsiella aerogenes,
Haemophilus influenzae, Bacillus subtilis and other species (BLAST search). Some
organisms apparently possess only a glpX-encoded FBPase such as Mycobacterium
tuberculosis. In E. coli, there is also another glpX homologue, yggF. YggF displays 58%
amino acid sequence identity to GlpX.
The enzymatic activity of glpX: a fructose 1,6-bisphosphatase
The enzymatic function of the glpX-encoded protein has been identified as a
fructose 1,6-bisphosphatase (3). First, it was revealed by a BLAST search that glpX has
39% similarity to one of the Synechocystis sp. fructose 1,6 bisphosphatases. Later, glpX
was cloned, overexpressed, purified and proven to have the suspected enzyme activity
(3). The glpX-encoded enzyme is a homodimer of 40 kDa subunits (3).
The affinity of GlpX for its substrate was dependent on the range of
concentrations of fructose 1,6-bisphosphate used. The Km was estimated as 35 µM with
FBP concentrations <0.2 mM, and as 330 µM with 0.2 to 2.5 mM FBP (3).
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Physiological function of the glpX-encoded protein and generation of the glpXnull mutant
As mentioned before, there is also another known fructose 1,6-bisphosphatase,
encoded by fbp, in E. coli (28). ∆fbp strains of E. coli are unable to grow on glycerol,
glycerol-P, succinate or other gluconeogenic carbon sources (4;52). Since glpX is most
probably inducible with glycerol-P and defined as a fructose 1,6-bisphosphatase, the
question arises as to why glpX+ does not seem to overcome the ∆fbp phenotype. There
are several possible hypotheses to explain this phenotype. The regulation of expression
of glpX may be such that it does not give rise to sufficient GlpX (FBPase II) activity, or
the enzyme has low affinity for its FBP substrate (higher Km), or a combination of these
factors may be possible.
Nevertheless, a glpX null mutant has been constructed and characterized. This
mutant has no evident phenotype when grown in glucose or glycerol minimal media (3).
When glpX is expressed from a hybrid lac/ara promoter in a ColE1 origin
plasmid in an fbp-deficient strain, complementation of the fbp deficiency results (3). This
provides strong evidence that GlpX acts as a fructose 1,6-bisphosphatase in vivo (3).
In another experiment, a ∆fbp strain reverted on minimal glycerol medium
although the growth was very slow (53). The glpX mutation was later introduced into the
revertant strain, which abolished the growth of the revertant on minimal glycerol medium
(53). This result implicates the involvement of GlpX as an FBPase.
The paradoxical finding is that fbp mutants are unable to grow on glycerol, even
though the glpX gene should be expressed. Since overexpressed GlpX protein can
suppress the phenotype of fbp mutants, it appears that the amount of the glpX-encoded
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enzyme is critical. Understanding the regulation of the expression of the glpX gene may
help to explain the paradoxical observations.

Gluconeogenesis in E. coli
Gluconeogenesis is defined as the formation of glucose from noncarbohydrate
precursors, mainly but not limited to lactate, alanine and other amino acids, and glycerol
(2;54) (Figure 1.4). The cell needs gluconeogenesis to synthesize the cell wall precursor
molecules such as UDP-glucose (2). Strains deficient in FBPase (∆fbp) cannot grow on
glycerol or succinate as sole carbon source because of this reason (55).
Gluconeogenesis uses most of the same enzymes of glycolysis, except three
enzymes are different (56). These enzymes are fructose 1,6-bisphosphatase (FBP
→ F6P), phosphoenolpyruvate carboxykinase (ΟΑΑ → PEP) and PEP synthase
(pyruvate → PEP). The enzymes phosphofructokinase (F6P → FBP) and pyruvate
kinase (PEP → pyruvate) are employed during glycolysis for the reversal of carbon flow
(2). (It should be noted that glucose 6-phosphatase (G6P → glucose) is used in animal
cells but not bacteria during gluconeogenesis).
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Figure 1.4. Gluconeogenesis in E. coli.
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maeB (1.1.1.40)
sfcA (1.1.1.38)

pfkA, pfkB for glycolysis and fbp, glpX for gluconeogenesis
The pfkA and pfkB genes encode 6-phosphofructokinases (Pfk) I and II,
respectively. These enzymes phosphorylate fructose 6-phosphate at the expense of ATP
to produce fructose 1,6-bisphosphate, essentially reversing the reaction of FBPase
(57;58). The cell must regulate the activity of the PFK and FPBase to prevent a “futile
cycle”. In fact, this point in the pathway can be considered as a “decision point” to
proceed in the direction of glycolysis or gluconeogenesis. Mutants deficient in pfkA are
impaired (but not blocked) in their growth on sugars such as glucose and mannitol (5961). Growth of a pfkA mutant on these sugars is nearly totally impaired upon mutation of
pfkB (62). PfkA, the major 6-phosphofructokinase, is an allosteric enzyme inhibited by
PEP and activated by nucleoside diphosphates and fructose 6-phosphate (57). PfkB is a
minor Pfk, having about 10% of the total activity. PfkB is inhibited by ATP (58),
whereas PfkA is not (63). When high levels of a PfkB variant (PfkII*), insensitive to
ATP inhibition, are introduced into the cell, growth is impaired on gluconeogenic carbon
sources (60;61;63;64).
In general, glycolysis is activated by ADP or AMP, and inhibited by ATP and
PEP, whereas gluconeogenesis is activated by ATP and PEP, and inhibited by AMP and
ADP (2). The fbp-encoded FBPase is inhibited by AMP (28) (additional
inhibition/activation data for the above enzymes and GlpX are shown in Figure 1.5). It is
possible that GlpX activity may play an important role in preventing the futile cycle and
maintaining appropriate FBP/F6P levels in the cell.
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Figure 1.5. Regulatory signals for FBPases and PFKs: The figure shows the regulation of
the FBPase and PFK enzymes by a number of effectors. – indicates inhibition whereas +
indicates activation. Cra, GlpR and cAMP-CRP are transcriptional regulators, CsrA is a
translational regulator (mRNA decay factor) and others are allosteric effectors.
(FBP, fructose 1,6-bisphosphate; F6P, fructose 6-phosphate; PFK, phosphofructokinase,
CsrA, carbon storage regulator; Cra, catabolite repressor/activator; GlpR, the repressor of
the glp regulon).

15

FruR or Cra (The Catabolite Repressor/Activator)
Cra is a transcriptional regulator controlling the expression of genes involved in
utilization of a number of carbon sources including those of gluconeogenesis (65-67).
This regulator was initially characterized as the repressor of the fructose utilization
operon (68), and hence named FruR. Experiments with fruR strains revealed that this
regulator could effect the expression of other operons as well (68-71). Interestingly,
FruR could act as both a repressor and activator (68;70). So, the name of Cra seemed
more appropriate to use for this protein to point out its function (catabolite
repressor/activator).
The Cra protein belongs to the LacI-GalR family of transcriptional regulators
(72). The effect of Cra on transcription of various operons is determined by two
metabolites, fructose 1-phosphate (at µM levels) and fructose 1,6-bisphosphate (at mM
levels) (67;68). Cra-binding can be displaced by F1P or FBP (67). The binding site for
Cra consists of DNA sequences resembling the palindromic sequence
TGAAAC…GTTCA (67). The first part of the palindrome is found to be more
conserved than the second part (69;73). The nucleotides in the second part may vary
from one operator to another, making the Cra binding site an imperfect palindromic DNA
sequence (69). Cra can affect the transcription of genes negatively or positively (67). If
Cra binds to a site overlapping or downstream of the RNA polymerase binding site, it
represses transcription (67). However, if the Cra binding site precedes the RNA
polymerase binding site, then it may activate transcription (67).
cra mutants, with respect to the wild type, exhibit higher levels of several
glycolytic enzymes (67) (phosphofructokinase, Enzyme I of the PTS, and several
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enzymes II of the PTS) and lower levels of the three key gluconeogenic enzymes (PEP
synthase, PEP carboxykinase, and fructose-1,6-bisphosphatase) (67). cra mutants also
express lower levels of other enzymes including the Krebs cycle enzyme isocitrate
dehydrogenase, and the enzymes of the glyoxylate shunt (isocitrate lyase and malate
synthase), certain terminal electron acceptors such as the cytochrome d complex,
dimethylsulfoxide reductase, and nitrite reductase (67).
Considering the complex regulation exerted by Cra, its effect on the levels of
gluconeogenic enzymes (especially FBPase) and the fact that one of its effectors is FBP,
the effect of Cra on glpX expression should be investigated. If Cra activates the
expression of glpX, it would suggest that GlpX may be involved in gluconeogenesis.
Finally, our laboratory has found that cra mutants are unable to use glycerol as a sole
carbon source (unpublished). The genetic and metabolic basis for this phenotype remains
unknown. The transcriptional regulator Cra may be a link between glycerol utilization
and gluconeogenesis.

CsrA (carbon storage regulator)
CsrA and csrB provide a major control switch between glycolysis and
gluconeogenesis. CsrA is a relatively small protein (61 amino acids) and belongs to the
“Global regulator protein family” (74). CsrA is an RNA-binding protein that binds to
csrB RNA molecule or to numerous other target mRNAs to regulate gene expression
negatively or positively. In principle, binding of CsrA to mRNAs decreases or increases
their stability, thereby exerting its influence on gene expression. Binding of csrB RNA to
CsrA antagonizes the effect (75), hence adding another layer of control (Figure 1.6).
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CsrA regulates gluconeogenesis (76), glycogen biosynthesis (76) and glycogen
catabolism negatively (77), whereas it has a positive effect on glycolysis (76). It was
recently shown that CsrA has a regulatory role in biofilm formation (78) and also plays a
role in flagella-mediated cellular motility (79). Therefore, CsrA is a global regulator
affecting many genes and pathways. It was shown that CsrA negatively regulates the
levels fbp-encoded FBPase activity in crude extracts (76). CsrA facilitates the decay of
specific mRNA transcripts by binding in the area surrounding the ribosome binding site
(80). However, the mechanism by which CsrA acts as a positive regulator remains
unknown.
CsrA has been shown to regulate expression of the following genes: pfkA, tpiA,
eno, pykF (negatively) and pgm, glgA, glgB, glgC, pckA, fbp, pps, (positively) (76).
(pfkA, 6-phosphofructokinase; tpiA, triose phosphate isomerase; eno, enolase; pykF,
pyruvate kinase; pgm, phosphoglucomutase; glgA, glycogen synthase; glgB, glycogen
branching enzyme; glgC, glucose-1-phosphate adenylyltransferase; pckA,
phosphoenolpyruvate carboxykinase ; pps, phosphoenolpyruvate synthase).
csrB is a small RNA molecule that binds to and inhibits the activity of CsrA (8183). The transcription of csrB is positively regulated by a novel two-component system,
BarA and UvrY (75;84). barA encodes the sensor kinase gene, uvrY the response
regulator (75;84). There seems to be a connection between the regulation of CsrA
activity and the two-component system (Figure 1.6). However, the function of the twocomponent system is elusive. The nature or identity of the input signal for the BarAUvrY system is still not known (84).
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Figure 1.6. Model for regulation of the complex of CsrA/csrB via the BarA-UvrY
two component system. BarA sensor kinase is stimulated by an unknown stimulus. This
leads to phosphorylation of the UvrY response regulator. The phosphorylated UvrY
regulator increases the transcription of the csrB gene. Increased levels of the untranslated
csrB RNA sequester free CsrA protein molecules and inhibit the activity of CsrA. CsrA
positively and negatively affect glycolysis and gluconeogenesis at the posttranscriptional
level, respectively. (OM, outer membrane; IM, inner membrane).
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Since CsrA regulates negatively the expression of genes needed for
gluconeogenesis, it would be interesting to find out if and how CsrA regulates glpX gene
expression.

Fructose 1,6-bisphosphatase (FBPase)
As mentioned, fructose 1,6-bisphosphatase (EC 3.1.3.11) (FBPase) is a regulatory
enzyme in gluconeogenesis catalyzing the hydrolysis of fructose 1,6-bisphosphate to
fructose 6-phosphate (85). Because its substrate and products are intermediates in the
glycolytic and gluconeogenic pathways, this enzyme plays a key role in regulating flux
through these pathways and is found in most organisms.
The enzyme is known to be a key enzyme in the pathway of gluconeogenesis in
numerous organisms (86-96). It is also involved in photosynthesis (89). The product of
the reaction catalyzed by FBPase (F6P) is the branchpoint for metabolites leaving the
Calvin cycle (89). The enzyme is regulated in a potential futile cycle of FBP to F6P (94)
(28). FBPase is used in the futile cycle in bumblebee flight muscle for the hydrolysis of
ATP (95;96). In Bacillus subtilis, FBPase is a constitutive enzyme (86). Thus, FBPase is
a very important enzyme in all domains of life for the processes mentioned above.
FBPase activity has been purified from various organisms and studied. Some of
these organisms include Mus musculus (97-100), Saccharomyces cerevisiae (101-104),
(105;106), Schizosaccharomyces pombe (102), Pisum sativum (107;108), E. coli
(28;109), Zea mays (107;108;110), Homo sapiens (87;111-114), B. subtilis (86;115;116),
Synechococcus sp. (PCC 7942 (117); PCC 6803 (118). FBPases are known to require
Mn2+ or Mg2+ for their activity. In general, all are inhibited by AMP. Typical Km values
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for FBPases are 5 to 10 µM (119) (see www.brenda.uni-koeln.de). Three dimensional
structures of several FBPases have been resolved (119).
In E. coli, the major FBPase is encoded by the fbp gene (4). fbp mutants fail to
grow on gluconeogenic substances such as glycerol, succinate, and acetate as sole carbon
sources (4;55). The fbp-encoded FBPase is inhibited by AMP (2). E. coli has another
class of FBPase that is encoded by glpX (3). Also, the yggF gene of E. coli potentially
encodes a third FBPase, since the amino acid sequence of YggF is 58% identical to that
of GlpX. The yggF gene could be cryptic because it is found within a potential operon
(Figure 1.7) that was shown to be cryptic (120). It has been shown that the region
upstream of the cmtB gene does not have any promoter activity. The yggF gene is the
fifth gene in the cmtB-yggF gene cluster (Figure 1.7). The short lengths of the intergenic
spaces for genes that are in close proximity to yggF suggests that yggF is cryptic, too
(120).
yggC
yggD

280bp

b2931 cmtB

15bp 28bp
3bp 70bp overlap No promoter activity
(~300bp)
overlap

Figure 1.7. Genomic context of yggF in E. coli. The yggF and other genes are
shown in red and blue, respectively. The lengths (in number of nucleotides) of intergenic
spaces near yggF are indicated.
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In eukaryotes, the major FBPases are homologues of the fbp-encoded enzyme of
E. coli. To date, five classes of FBPases that differ in their amino acid sequences have
been described. These 5 classes of FBPases will be discussed in detail in Chapter 3,
because a part of this classification has first been proposed in this thesis. Briefly, Class I
enzymes are the homologues of the fbp-encoded enzyme of E. coli (28). Class II contains
GlpX homologues (3) and Class III enzymes are the homologues of FbpIII (YydE) of B.
subtilis (115). Class IV has recently been discovered in a thermophilic microorganism
and has been designated the “True Archaeal FBPase” (121). Class V enzymes seem to be
present in all domains of life and have been shown to have inositol monophosphatase
(IMPase) activity in some organisms (122). Homologues of this type of FBPase can
apparently act as an FBPase or IMPase or both. Therefore, they should be designated
FBPase V members even though they were discovered before members of FBPase class
IV and were proposed to be the “missing FBPase in Archaea”. As mentioned, these five
classes of FBPases do not exhibit high sequence similarity to each other but all have
FBPase activity (3;55;115;117;122-126). More information will be given in the
“Results” and “Discussion” sections.
From the structural point of view, fbp-encoded FBPases (Class I) have been
extensively studied (72;119). In the mammalian enzyme, a lysine residue is involved in
catalysis in the active site of the enzyme (72). In some bacterial sequences, arginine
replaces the lysine residue in the active site (72;119). The consensus pattern for the
active site and its immediate sequence is [AG]-[KR]-[LI]-x(1,2)-[LIV]-[FY]-E-x(2)-P[LIVM]-[GSA] (K/R is the active site residue; (www.genome.ad.jp)).
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Enzymes having an FBPase domain may also have sedoheptulose 1,7bisphosphatase (SBPase) or/and inositol monophosphatase (IMPase) activities (118).
SBPase (EC 3.1.3.37) catalyzes the hydrolysis of sedoheptulose 1,7-bisphosphate to
sedoheptulose 7-phosphate, a step in the Calvin cycle (127). SBPase is found in the plant
chloroplast and in photosynthetic bacteria (93). SBPase is related to FBPase both
functionally and structurally (72). One class II FBPase from Cyanobacteria also possesses
SBPase activity (117).
IMPase; EC 3.1.3.25; (Accession number: PF00316) and inositol polyphosphate
1-phosphatase are enzymes of the inositol signalling pathway (128). Inositol
polyphosphate 1-phosphatase, IMPase, and fructose 1,6-bisphosphatase share a sequence
motif, [D]-[P]-[IL]-[D]-[GS]-[TS] (129;130). The motif has been shown by
crystallographic and mutagenesis studies to bind metal ions and participate in catalysis
(130). The catalytic activity of the enzymes requires metal ions (Mg2+ is preferred). The
enzymes are uncompetitively inhibited by Li+ (130). There are a number of conserved
motifs in the amino acid sequences. Several other proteins such as bacterial SuhB and
CysQ, fungal QaX and GutG, and yeast Hal2 contain similar motifs (130).
It has been shown that fructose-1,6-bisphosphatase and inositol monophosphatase
have a similar secondary structure topology (131-133). Both enzymes share similar
tertiary structures (129). The metal-binding residues are conserved except at one site
(129).
Considerable research has been done on bacterial IMPase (133-138). In a
methanogen, Methanoccocus jannaschii, the MJ0109 protein has both IMPase and
FBPase activities and it was proposed to be the “missing FBPase” in the gluconeogenic
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pathway, which was shown to be present in methanogenic organisms (137). However, it
is possible that the missing FBPase could be another protein which does not resemble the
sequence of MJ0109 as described by Imanaka, T. et. al (121). Based on the fact that an
FBPase can potentially act as an IMPase, the possibility that GlpX has IMPase activity
should be investigated.

Recent discoveries regarding physiological function of GlpX orthologs
Our laboratory has a long-standing interest in determining the organization,
regulation, and function of the glp regulon. Since GlpX is encoded by the glpFKX
operon, we would like to determine its physiological connection to the glp regulon. We
do know that GlpX possesses the enzymatic function of a second fructose
bisphosphatase, which is not present in eukaryotes. As mentioned before, GlpX does not
seem to have functional relevance in E. coli under the conditions tested. Until very
recently, studies regarding GlpX used only E. coli as the model system mainly in our
laboratory. Two important discoveries regarding GlpX function have recently been
published using two other microorganisms as the model systems: One is the GlpX of
Mycobacterium tuberculosis and the other is that of Corynebacterium glutamicum. Both
organisms are predicted to contain only FBPase II (GlpX). This organism also has
FBPase V. However, it is not clear if Class V FBPases really function as such.
First, Sassetti et. al reported that the GlpX homologue (Rv1099c) of
Mycobacterium tuberculosis strain H37Rv, is required for the pathogenesis of the
bacterium (139). Using transposon site hybridization (TraSH) (140), Rv1099c was
identified as one of the genes that had a relatively large impact on the survival during
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infection in a mouse model of tuberculosis. The basis for the impact is yet to be
elucidated. It is suggested that fatty acid utilization and gluconeogenesis is needed for
survival of the bacterium during pathogenesis (139).
Second, glpX mutants of C. glutamicum have been shown to have the expected
phenotype, which the bacteria are unable to grow under gluconeogenic conditions (125).
It was shown that strains deficient in the glpX homologue (Cg10990) were unable to
grow on the carbon sources acetate, citrate, glutamate, or lactate (125). Also, crude
extracts prepared from ∆Cg10990 strains did not have any detectable FBPase (125).
These results prove that GlpX function physiologically as an FBPase. Because GlpX is
essential for growth of C. glutamicum on gluconeogenic substrates, the same may be true
for other bacteria.
Cg10990 is 44% and 65% identical to GlpX of E. coli and to the GlpX homologue
(Rv1099c) of M. tuberculosis, respectively. One of the major differences between
Cg10990 and GlpX is the fact that Cg10990 is tetrameric while GlpX is dimeric. Perhaps
this gives Cg10990 the ability to act as a better FBPase. The Cg10990 enzyme displays
Michaelis-Menten kinetics toward FBP as substrate. The Km for FBP was found to be 14
µM and the Vmax was 5.4 µmol min-1 mg-1, yielding a kcat value of 3.2 s-1. The catalytic
efficiency (kcat/Km) of Cg10990 was hence 236 s-1 mM-1. The enzymatic activity was
inhibited by AMP and PEP (125).
It should be noted that the catalytic efficiency (kcat/Km) of GlpX of E. coli is 57 s-1
mM-1. The kcat and Km for GlpX were 2 s-1 and 35 µM, respectively. Perhaps, these
differences in catalytic properties help explain why GlpX does not confer the ability of E.
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coli to grow on gluconeogenic substrates, whereas Cg10990 does allow growth of C.
glutamicum. The fbp-encoded FBPase of E. coli has a catalytic efficiency of
948 s-1 mM-1. Based on this observation, it is possible that E. coli maintained FBPase I
during evolution, while the efficiency of FBPase II may have decreased.
The amount of FBPase II is also critical when considering its ability to facilitate
efficient gluconeogenesis. It was reported that FBPase II of C. glutamicum is an
“abundant” protein (125).

Statement of hypothesis
Our interest in GlpX started because glpX appeared to be part of the glpFKX
operon of E. coli and therefore was proposed to be a member of the glp regulon (1). A
BLAST search revealed that GlpX has 39% identity to a FBPase of Synechococcus
PCC7942 (117). Keeping in mind that GlpX shows 10% identity to the fbp-encoded
FBPase (28) of E. coli, it is possible that bacteria have another type of FBPase that is
unique in its sequence, and is not present in any sequenced eukaryote genome. For these
reasons, GlpX was studied at the biochemical and genetic levels. The enzyme was
purified and the glpX gene was disrupted (3). Strains deficient in the glpX gene had no
apparent phenotype (3). Although the GlpX enzyme possessed FBPase activity, there
was no good evidence to indicate that GlpX indeed functions as an FBPase in vivo (recall
that ∆fbp glpX+ strains are deficient in gluconeogenesis). Also, assay of the FBPase
activity in extracts prepared from the glpX mutant strain revealed no detectable difference
with respect to the extracts prepared from the wild type.
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Therefore, the regulation of glpX gene expression has been studied to answer
questions regarding the functional relevance of GlpX in E. coli. We wished to determine
whether glpX is indeed a member of the glp regulon. If GlpX is an FBPase, does the
expression of the glpX gene respond to cellular processes such as gluconeogenesis or
glycerol utilization?
First, regulation of glpX gene expression was investigated at the transcriptional
level. Promoters were sought in the glpFKX operon and the role of these promoters on
glpX gene expression was determined. In addition, expression was studied at the protein
level by creating a polyclonal antibody for GlpX. Also, the relevance of the amount of
GlpX enzyme on the flux of FBP -> F6P was investigated during gluconeogenesis.
Our studies explained to some degree the functional relevance of GlpX in E. coli.
In addition, the results helped clarify the complex regulation of the catabolic system
specified by the glp regulon.
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Table 1.1. The Glp proteins of E. coli and their COG and EC designations.
Protein
GlpA: Glycerol 3-phosphate dehydrogenase
(anaerobic) large subunit
GlpBb: sn-Glycerol 3-phosphate
dehydrogenase (anaerobic) subunit;
membrane anchor
GlpCb: sn-Glycerol 3-phosphate
dehydrogenase (anaerobic) small subunit
GlpD: Glycerol 3-phosphate dehydrogenase
(aerobic), membrane-anchored
GlpE: Thiosulfate:cyanide sulfurtransferase
(rhodanase)
GlpF: Aquaglyceroporin; glycerol facilitator
GlpG: Probable intramembrane serine
protease
GlpK: Glycerol kinase
GlpQ: Glycerol 3-phosphate diesterase,
periplasmic
GlpR: Repressor of glp-regulon
GlpT: sn-Glycerol 3-phosphate permease
GlpX: Fructose 1,6-bisphosphatase

EC#

COGa

COG Description

1.1.99.5 COG0578
-

COG0247

Anaerobic glycerol 3-phosphate dehydrogenase
Fe-S oxidoreductases

1.1.99.5 COG3075

Anaerobic glycerol 3-phosphate dehydrogenase

1.1.99.5 COG0578

Aerobic glycerol 3-phosphate dehydrogenase

2.8.1.1

COG0607

-

COG0580

-

COG0705

Rhodanese-related sulfurtransferases

2.7.1.30 COG0554

Glycerol uptake facilitator and related permeases
(Major Intrinsic Protein Family)
Uncharacterized membrane protein (homolog of
Drosophila rhomboid)
Glycerol kinase

3.1.4.46 COG0584

Glycerophosphoryl diester phosphodiesterase

-

COG1349
COG2271

3.1.3.11 COG1494

a

Transcriptional regulators of sugar metabolism
Fructose 1,6-bisphosphatase/sedoheptulose 1,7bisphosphatase and related proteins

COG Groups defined in “The COG database” (141).
The genetic designations first published for the operon are used (142). Therefore GlpC = GlpB, and GlpB = GlpC of the COG
database.

b
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Table 1.2. The glp-regulon of E. coli consists of 12 genes organized in 5 operons, namely glpFKX, glpACB, glpEGR, glpD, glpTQ.
All of these operons are regulated by GlpR repressor.

Operon

glpFKX

glpTQ

glpACB

glpEGR

glpD

Gene &
B
Number
glpF
b3927
glpK
b3926
glpX
b3925
glpT
b2240
glpQ
b2239
glpA
b2241
glpC
b2243
glpB
b2242
glpE
b3425
glpG
b3424
glpR
b3423
glpD
b3426

Left
Position

Right
Position

Orientation Protein
on Genome Length

4114825

4115670

-

281

Aquaglyceroporin; glycerol facilitator

4113294

4114802

-

502

Glycerol kinase

4112149

4113159

-

336

Fructose 1,6-bisphosphatase; induced by glycerol,
not required for growth on glycerol

2349036

2350394

-

452

Glycerol 3-phosphate permease

2347955

2349031

-

358

Glycerol 3-phosphate diesterase, periplasmic

2350667

2352295

+

542

Glycerol 3-phosphate dehydrogenase (anaerobic) large subunit

2353541

2354731

+

396

Glycerol 3-phosphate dehydrogenase (anaerobic) small subunit

2352285

2353544

+

419

Glycerol 3-phosphate dehydrogenase (anaerobic) subunit;
membrane anchor

3559130

3559456

-

108

Thiosulfate:cyanide sulfurtransferase (rhodanase)

3558255

3559085

-

276

Probable intramembrane serine protease; complements the
quorum sensing defect of P. stuartii aarA

3557480

3558238

-

252

Repressor of the glp regulon

3559646

3561151

+

501

Glycerol-3-phosphate dehydrogenase (aerobic),
membrane-anchored
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Gene Description

CHAPTER 2
MATERIALS AND METHODS

MATERIALS AND REAGENTS

Restriction endonucleases, Vent (exo- or exo+) DNA polymerase, T4
polynucleotide kinase, and T4 DNA ligase were purchased from New England Biolabs
(Beverly, MA) and used with the buffer provided by the manufacturer. Shrimp alkaline
phosphatase was bought from Amersham Life Sciences. 5-Bromo-4-chloro-3 indolyl-βgalactopyranoside (X-gal) and isopropyl-β-D-galactopyranoside (IPTG) were obtained
from United States Biochemical (Cleveland, OH). Bacto agar, LB, and casamino acids
were purchased from Difco laboratories (Detroit, MI). Most other chemicals such as
glycerol, maltose, glucose, agarose, calcium chloride, magnesium chloride and alcohol
were bought from Fisher Scientific (Fair Lawn, NJ). Antibiotics, bovine serum albumin,
FBP and ONPG were purchased from Sigma Chemical Company (St. Louis, MO). IMP
and tagatose 1,6-bisphosphate were generous gifts from Dr. Mary Roberts and Dr. J.
Lenegeler, respectively. The source of other materials is indicated in the text where
appropriate.
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MICROBIOLOGICAL TECHNIQUES

Bacterial strains, plasmids and media
E. coli strains and plasmids used in this study are described in Tables 2.1 and 2.2,
respectively. Oligonucleotides used are listed in Table 2.3. Strains were grown in LB
Luria-Bertani) medium (141) or A plus B minimal media (142) containing 2 µg per ml
thiamine and 0.4% glycerol, 0.4% maltose or 0.2% glucose. The media were
supplemented with antibiotics (100 µg/ml ampicillin, 30 µg/ml chloramphenicol, 10
µg/ml tetracycline, 25 µg/ml kanamycin) and 0.2% 5-bromo-4-chloro-3-indolyl-β-Dgalactopyranoside (X-Gal) as needed. Where indicated, minimal media were enriched
with 0.1% casamino acids.
Maintenance of E. coli strains was done by freezing overnight cultures
supplemented with 15% (v/v) glycerol at -70 oC. Antibiotic selection pressure was
maintained where appropriate.
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TABLE 2.1. Strains of E. coli used or constructed in this study

Strains
Relevant genotype
DH5αF’

F'(φ80dlacZ∆M15) endA1 recA1 hsdR17 supE44 thi1 gyrA

Source or
Derivation
(143)

relA1 ∆(lacZYA–argF)U169
BL21(DE3)

F– hsdS gal (λcIts857 ind1 Sam7 nin5 lacUV5–T7gene1)

(144)

DH5αΖ1

DH5α (λatt lacIq tetR SpcR )

(145)

MC4100

F- araD139 ∆(argF-lac)U169 rpsL150 deoC1 relA1 rbsR
ptsF25 flbB5301 fruA25

(146)

TS100

MC4100 glpR2

(147)

GD2

TS100 zih-730::Tn10 φ(glpK-lacZ)hyb λplacMu

(15)

TL73

TS100 recAl

(23)

LJ2725

zai-736::Tn10 ∆(lacZYA-argF)U169 cra::Kanr

(70)

BY31

MC4100 φ(glpT’-lacZ+)

(5)

BY32

MC4100 glpR2 φ(glpT’-lacZ+)

(5)

BY39

BY31 cra::Kanr

P1 (LJ2725)
into BY31

BY40

BY32 cra::Kanr

P1 (LJ2725)
into BY32

BW3414

∆lacU169

(74)

TR1-5BW3414

BW3414 csrA::Kanr

(74)

TR1-5BW3414
(pCSR10)

csrA::Kanr (pCSR10 is pUC::csrA)

(74)
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MG1655

Wild-type isolate (F rph-1 ilvG rfb-50 λ )

(148)

TL504

MG1655 ∆(lacZYA–argF)U169 zah–735::Tn10

(149)

TL524

TL504 Tcs

(150)

AM1

Hfr pfkA2 fhuA22 ompF627 (T2R) fadL701 (T2R) relA1

(59)

pit-10 spoT1 rrnB-2 mcrB1 creC510
DF920

fhuA22 ompF627(T2R) pfkB20::Tn10 fadL701(T2R) relA1

(151)

pit-10 spoT1 rrnB-2 mcrB1 creC510
DF657

HfrC ∆fbp2871 fhuA22 spoT1 pit-10 relA1 λ-

(4)

ompF627(T2R)
JB100

DF657 ∆fbp2871 zjg-920::Tn10

(3)

JB106

DF657 ∆fbp287 zjg-920::Tn10

(3)

JLD2402

TL524 glpX::Spcr ∆fbp2871 zjg-920::Tn10

(3)

JLD2403

TL524 glpX::Spcr fbp+ zjg-920::Tn10

(3)

JLD2404

TL524 glpX+ ∆fbp2871 zjg-920::Tn10

(3)

JLD2405

TL524 glpX+ fbp+ zjg-920::Tn10

(3)

BL21(DE3) zjg920::Tn10 ∆fbp287

(3)

GD31 cra::Kanr

P1(LJ2725)

JB108
BY44

into GD31
GD31

MC4100 φ(glpK-lacZ)hyb λplacMu

(27)

CLT68

MC4100 pyrB482::Kanr

C.L.
Turnbull

R6

F− edd-1 gnd-1 gnt0 pps-1 argH1(∆) iclR15(Const.)

(152)

JLD5101

CLT68 (pyrB482::Kanr) ∆fbp2871 zjg-920::Tn10

P1(JB100)
into CLT68
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JLD5301

R6 ∆fbp2871 pyrB482::Kanr

P1(JLD5101)
into R6

JLD5401

JLD5409 glpX::Spcr

JB108(pJB300b)

glpX cloned into pT7-7

P1(JLD2401)
into
JLD5409
(3)

AM1

Hfr pfkA2 fhuA22 ompF627 (T2R) fadL701 (T2R) relA1

(59)

pit-10 spoT1 rrnB-2 mcrB1 creC510
JLD5901

AM1 glpX::Spcr

BC101

DH5αF’(pSP417)

P1(JLD2401)
into AM1
This study

BC102

DH5αF’(pBC3)

This study

BC103

DH5αF’(pBC1)

This study

BC104

DH5αF’(pBC24)

This study

BC105

DH5αF’(pBC12)

This study

BC106

DH5αF’(pBC122)

This study

BC107

DH5αF’(pBC23)

This study

BC108

DH5αF’(pBC21)

This study

BC109

DH5αF’(pBC22)

This study

BC110

DH5αF’(pDW51)

This study

BC111

DH5αF’(pDW23)

This study

BC112

DH5αF’(pDW28)

This study

BC113

DH5αF’(pDW31)

This study

BC114

DH5αΖ1(pBS KS+)

This study

BC201

TL73(pSH58)(pSP417)

This study
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BC202

TL73 (pSH58)pBC1

This study

BC203

TL73 (pSH58)(pBC24)

This study

BC204

TL73(pACYC184)(pSP417)

This study

BC205

TL73 (pACYC184)(pBC1)

This study

BC206

TL73 (pACYC184)(pBC24)

This study

Sp1.1

ΒW13745 pcnB

(153)

BC301

Sp1.1 cra::Kanr

BC401

Sp1.1(pSP417)

P1 (BY40)
into Sp1.1
This study

BC402

Sp1.1(pBC1)

This study

BC403

Sp1.1(pBC24)

This study

BC404

BC301(pSP417)

This study

BC405

BC301(pBC1)

This study

BC406

BC301(pBC24)

This study

BC777

JB106 fbp+

This study

1

The ∆fbp287 deletion affects not only fbp, but also the flanking genes yjfF, yjfG, ytfT

and ytfS.
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Transduction using bacteriophage P1, transformation of E. coli with
plasmid DNA, construction of lysogens
P1 transductions and construction of lambda lysogens were performed as
described by Silhavy et. al (154).
Transformation of E. coli with plasmid DNA was done as follows. The cells were
made competent using CaCl2 and MgCl2 as described by Sambrook et. al (155). Onehundred microliters of competent cells were mixed with 0.1 pmol of DNA. Following a
30-minute incubation on ice, 2 minutes at 42oC and 1 minute on ice, 1 ml LB was added
and the cells were grown at 37oC for at least 1 hour and plated on LB agar containing the
appropriate antibiotic.

MOLECULAR BIOLOGICAL TECHNIQUES
General techniques
Cloning, PCR, agarose gel electrophoresis, isolation of DNA were done as
described by Sambrook (156-158).

Construction of recombinant plasmids
Standard molecular cloning methods were employed for the construction of
recombinant plasmids (159).
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pBC1, pBC3, pBC12, and pBC122 were created by sub-cloning inserts
(EcoRI/BamHI) of pDW23, pDW51, pDW28 and pDW31 (25) into the promoter probe
vector pSP417 (153), respectively. pBC24 and pBC23 were created as follows. First,
PCR was carried out using the oligonucleotides “upper B”
(GTGGGAATTCGACCATGTGGAAGGCT, restriction endonuclease cleavage site is
underlined) and “lowglpX” (GGTGTCTAGATCGCCGCGTCCTAACCA) to produce a
product of 1296 nucleotides. Following purification of the PCR product, Sau3AI was
used to cleave the product into two. The small fragment was cloned into pSP417 (SmaI/
BamHI) to create pBC23. The large PCR fragment was first cloned into the BamHI site
of pBluescriptKS+. After the orientation of the insert was determined by restriction
mapping, it was excised using EcoRI and XbaI and cloned into the same sites of pSP417
to create pBC24. pBC21 and pBC22 were created by PCR and cloning into pSP417
(EcoRI/XbaI) using the primer pairs “upper B”
(GTGGGAATTCGACCATGTGGAAGGCT) and “bcol5”
(GGTGTCTAGATGCTACTGCGCCACCATCCA), and “bcol4”
(GTGGGAATTCTGGATGGTGGCGCAGTAGCA) and “lowglpX”
(GGTGTCTAGATCGCCGCGTCCTAACCA 3’), respectively. Chromosomal DNA
from strain MG1655 was used as the template for all PCRs.

Purification of RNA and primer extension analysis
Total RNA preparations from exponentially growing cells harboring recombinant
plasmids containing PglpK (pBC1) or PglpX (pBC24) were obtained using Qiagen RNeasy
reagents as described by the manufacturer (Qiagen, Valencia, CA). Primer (5’-
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ACCAATCCTGCGCCGCTATTTTTGTGG- 3’) was end-labeled with [γ-32P] (Perkin
Elmer Life Sciences, Inc. (Boston, MA 02118) as described by the manufacturer
(Promega, Primer Extension System, Madison, WI, USA). Total RNA (5-20 µg) was
pelleted and incubated with 7 µl of [32P]-labeled primer for 10 minutes at 70 οC and then
Thermoscript RNase H- Reverse Transcriptase enzyme (Invitrogen), its buffer and 500
µM of each dNTP were incubated for 50 minutes at 50 οC in a final vol of 10 µl. Then,
loading dye was added and the reaction mixture was denatured at 70 οC for 15 minutes
and cooled to 4 οC. The reaction was loaded and analyzed on a 6% polyacrylamide DNA
sequencing gel. The gel was then exposed to X-ray film, was developed, and the bands
were analyzed. DNA marker was supplied by the manufacturer (Promega) and
sequencing reactions were carried out using 2 pmoles of [32P]-labeled primer (5’GTTTTCCCAGTCACGAC –3’) and 200 fmol of the template single stranded M13mp18
DNA using the technique described by the manufacturer (SequiTherm EXCELTM II,
EPICENTRE Inc, Madison, WI).
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TABLE 2.2. Plasmids used or constructed in this study
Plasmida

Source of Insert
(Reference)

Vector (sites used)
Or description

pSH58

(24)

glpEGR+ in pACYC184

pSP417

(153)

pJB100
pJB300b
pBY112

(3)
(3)
(47)

pBluescript-KS+

Stratagene

lacZ+ promoter probe
vector
glpX+ in pZE14
glpX+ in pT7-7
φ (glpD-lacZ+) in
pSP417
general cloning vector

pMS421

(160)

lacIq SpR

pDW28

(25)

pBS (HindIII-BamHI)

pDW31

(25)

pDW51

(25)

pBC3

pDW51

pBC1

pDW23 (25)
(EcoRI/BamHI)

4380-3914/
(466 nt)
pBS (EcoRV-BamHI)
4142-3914/
(224 nt)
pBS (Sau3A1-BamHI)
5222-5031/
(191 nt)
pSP417 (EcoRI-BamHI) 5222-5031/
(191 nt)
pSP417 /(EcoRI-BamHI) 5173-3914/
(1259 nt)

pBC204

PCRc (Sau3AI)

pBS (BamHI)

pBC24d

pBC204
(EcoRI-XbaI)

pSP417 (EcoRI-XbaI)

pBC12

pDW28
(EcoRI/BamHI)

pSP417 (EcoRI-BamHI)

4380-3914/
(466 nt)

pBC122

pDW31
(EcoRI/BamHI)

pSP417 (EcoRI-BamHI)

4142-3914/
(224 nt)

pBC23

PCRe (Sau3AI)

pSP417 (SmaI-BamHI)

e

pBC21

PCRf (EcoRI-XbaI)

pSP417 (EcoRI-XbaI)

pBC22

PCRg (EcoRI-XbaI)

pSP417 (EcoRI-XbaI)

Genomic
coordinates in
AE000467b

c

(1020 nt)
d

(1020 nt)

39

(296 nt)
3913-3124/
(789 nt)
3099-2617/
(482 nt)

a

The relative positions of the fragments cloned from the glpFKX operon are shown in
Fig. 1.
b

AE000467 is the Accession number for “Escherichia coli K-12 MG1655 section 357 of
400 of the complete genome”, which contains the sequence surrounding the glpFKX
operon.
c

Primers upper B (~3913 nt) and lowglpX (~2617 nt) were used to create a PCR product
of 1296 nt. This product was cleaved with Sau3AI only and an insert of 1020 nt was
cloned into the BamHI site of pBS to create pBC204.

d

The insert of pBC204 was excised using EcoRI-XbaI and cloned into same sites of
pSP417 to create pBC24.
e

The smaller fragment created by digestion in c was cloned into pSP417 (SmaI-BamHI)
to create pBC23 with an insert size of 296 nucleotides.

f

Primers of upperB (~3913 nt) and bcol4 (~3124 nt) were used to create pBC21 with an
insert size of 789 nucleotides.

g

Primers of bcol5 (~3099 nt) and lowglpX ( were used to create pBC22 with an insert
size of 482 nucleotides.
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TABLE 2.3. Oligonucleotides used in this study

Sequencea

Oligonucleotide

bcol4

5’ GTGGGAATTCTGGATGGTGGCGCAGTAGCA 3’

bcol5

5’ GGTGTCTAGATGCTACTGCGCCACCATCCA 3’

lowglpX

5’ GGTGTCTAGATCGCCGCGTCCTAACCA 3’

upper B

5’ GTGGGAATTCGACCATGTGGAAGGCT 3’

a

Underlined letters indicate restriction sites. Primers bcol5 and lowglpX have XbaI sites

whereas primers upperB and bcol4 have EcoRI sites. See Table 2.2 for the positions of
primers in AE000467.
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BIOCHEMICAL TECHNIQUES

SDS-PAGE gel electrophoresis, Bradford assay, preparation of cell-free
extracts
Proteins were usually electrophoresed on 12% SDS-polyacrylamide gels as
described by Laemmli (161). Coomassie brilliant blue stain (Fast Stain, Zoion Co.,
Newton, MA) was used to stain the gels. Protein concentrations were determined by the
method of Bradford (162) using a standard curve with bovine serum albumin ranging
from 0 to 3 µg. Crude extracts were prepared by sonication of the cell pellets prepared
from log phase cultures (5 to 50 ml) in 20 mM Tricene, (pH 7.7), 50 mM KCl, 1 mM
MnCl2 (3). Unbroken cells were pelleted by centrifugation at 16,000 x g for 10 min. The
supernatant fractions were kept at –70oC for further use.

Assay of β-galactosidase
β-galactosidase activity was measured spectrophotometrically by the method
described by Miller (163). Cells were grown to exponential phase at 37 οC in LB
medium (141) or in minimal medium (142). Enzyme activities from SDS/CHCl3permeabilized cells were determined for at least three different cultures in duplicate and
are expressed in Miller units (164). Dilutions (1/50 or 1/100) of overnight cultures were
pelleted and resuspended in an appropriate medium and grown to OD600 of 0.8-1.2. The
assay mixtures contained 0.05-0.5 ml culture in Buffer Z (60 mM Na2HPO4, 40 mM
NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM β-mercaptoethanol) in a final volume of
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1 ml. The cell pellet was lysed with 10 µl SDS (0.1%) and 20 µl chloroform for 10
minutes at 30oC. Reactions were started by the addition of 0.2 ml of ONPG (4 mg/ml in
0.1 M sodium phosphate buffer, pH 7.0) and stopped by the addition of 0.5 ml of 1 M
Na2CO3 following the development of yellow color. The reaction mixture was
centrifuged at 14,000 x g for 2 minutes. ONP (o-nitrophenol) production by βgalactosidase was quantified by measuring the absorbance of the supernatant fraction at
420 nm. The following formula was used to calculate Miller Units:

Units = (1000 x OD420 ) / ( t x v x OD600 ); where t is the time of the reaction and
v is the volume of culture used in the assay, in ml. The OD600 value is the optical
density of the culture. The OD420 value is directly proportional to the amount of
ONP produced.

Purification of GlpX protein
Cell extracts were prepared and GlpX protein was purified as described
previously (3).
Strain JB108(pJB300B) contains the glpX gene in pT7-7 (165). Induction was
achieved by addition of 200 µM IPTG for 2 hours into a 200-ml LB culture beginning at
OD600 of 0.4-0.6 at 37oC. The success of overexpression was checked by
electrophoresing (SDS-PAGE) cell-free extracts. The cell pellet was washed twice with
50 mM NaCl, 50 mM Tris-Cl (pH 7.5), 1 mM EDTA, and then frozen at –70oC. The cell
pellet was resuspended in 2.5 ml 20 mM Tricene, (pH 7.7), 50 mM KCl, 1 mM MgCl2, 1
mM DTT, 0.5 mM EDTA, lysed by sonication, and centrifuged at 140,000 x g for 30
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min. Thirteen microliters of 10% (v/v) polyethylenimine was used to precipitate nucleic
acids and the suspension was centrifuged at 10,000 x g for 20 min. (NH4)2SO4 was used
between 0.2 g ml-1 and 0.4 g ml-1 to precipitate most of the FBPase II activity. The
suspension buffer contained 50 mM Tris-HCl, pH 7.7, 0.2 mM MgCl2, 0.1 mM EDTA.
Anion exchange chromatography (Q HR15 by Waters) was used to further purify the
protein. A gradient of 0.075 M to 0.5 M NaCl in 50 mM Tris-HCl, pH 7.7, 0.2 mM
MgCl2, 0.1 mM EDTA was used and the FBPase II activity was eluted from the column
at ~0.15 M NaCl. Fractions containing the activity were concentrated by precipitation
with 0.5 g/ml (NH4)2SO4. Finally, dialysis was performed against 20 mM Tricene, pH
7.7, 1 mM MgCl2, 0.1 mM DTT, 15% glycerol and the purified enzyme was stored at
–70oC for further use.

GlpX antibody and western analysis
A polyclonal antibody was raised against purified GlpX (Cocalico Biologicals,
Inc., Reamstown, PA).
After electrophoresing cell-free extracts on 12% SDS polyacrylamide gels,
proteins were transferred onto PVDF-plus membrane (Osmonics Inc. Minnetonka, MN)
using a semi-dry electrophoretic transfer cell (BioRad, Hercules, CA) for 20 min at 15 V
and at 0.5 A in a transfer buffer of 48 mM Tris (pH 9.2) containing 39 mM glycine, 20%
(v/v) methanol and 0.0375 % SDS. The blots were dried and then blocked by incubating
overnight in 200 ml TBST buffer (10 mM Tris-HCl (pH 8), 150 mM NaCl and 0.1 %
Tween 20) plus 5 % milk solution at 4 οC. Then, the blots were probed with 50 µl
unpurified GlpX antibody for one hour at room temperature in 50 ml TBST buffer. The
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blots were washed with 50 ml TBST three times for 20 min each. Anti-Rabbit IgG
(whole molecule) alkaline phosphatase conjugate (antibody developed in goat) (SigmaAldrich) was used as the secondary antibody. The blots were incubated with the
secondary antibody for one hour and then washed three times in TBST as explained
above. The blots were washed with 50 ml AP buffer (100 mM Tris-HCl (pH 9.5), 100
mM NaCl and 5 mM MgCl2). To visualize the alkaline phosphatase signals, the blots
were incubated in 50 ml AP buffer containing 0.66 mg/ml NBT (Nitro blue tetrazolium
(Sigma) plus 0.33 mg/ml BCIP (5-bromo-4-chloro-3-indolyl phosphate disodium salt
(USB, Cleveland, Ohio) until the protein bands were visible.

Assay of Fructose 1,6-bisphosphatase activity
The inorganic phosphate quantitation assay was used to assay the FBPase II
activity using the technique as described by Candia et. al (166) with some modifications.
The reaction mixtures (0.5 ml) contained 20 mM Tricene, (pH 7.7), 50 mM KCl, 1 mM
MnCl2, 1.5 mM Fru(1,6)P2. Reactions were started by adding the enzyme source (cell
extract or purified GlpX) at room temperature. Aliquots of 0.05 ml were removed at time
intervals of 0, 5, 10, and15 min into 800 µl of a malachite green solution (3 parts 0.045 %
malachite green oxalate to one part 4.2 % ammonium molybdate in 4 N HCl). The
malachite green solution plus the 50 µl reaction mixture was kept at room temperature for
15 to 30 min following the addition of 100 µl of 34% sodium citrate. Development of
green color indicated the presence of inorganic phosphate. The absorbance at 660 nm
was measured. Using a standard curve involving the use of inorganic phosphate, the
presence of Pi in the reaction mixtures was estimated. One unit of enzyme activity is
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defined as the amount of enzyme catalyzing the formation of 1 µmole product (Pi) in one
minute.

BIOINFORMATIC TOOLS
Various tools were used in the study including BLAST and PSI-BLAST analyses
using NCBI databases (167), DNAStar Lasergene Software (Madison, WI), TIGR
database and numerous web sites predominantly dedicated to E. coli and/or other
bacteria. A list of the databases and web sites used is shown in Table 2.4.
Bioedit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) was used to create
plasmid and restriction digestion maps as well as to align GlpX amino acid sequences.

46

Table 2.4. Relevant bioinformatics links regarding E. coli
Description
E. coli genomics
The E.coli Genome center
at University of Wisconsin
- Madison
National Center for
Biotechnology
Information
The Institute for Genomic
Research
Genome Analysis in
Japan- Escherichia coli
K12
Ecogene
EcoCyc: Encyclopedia of
Escherichia coli K12
Genes and Metabolism
CGSC: E. coli Genetic
Stock Center
The E. coli index
Harvard-Lipper Center for
Computational Genetics
(George Church’s site)
Indigo
KEGG: Kyoto
Encyclopedia of Genes
and Genomes
Regulatory Sites,
Regulator Genes,
Promoters, and Operon
Predictions in the
complete genome
sequence of
Escherichia coli.
RegulonDB
Milton Saier (transport
classification)
BRENDA: a resource
for enzyme data and
metabolic information

Web address and/or Reference
http://coli.berkeley.edu/
http://www.genome.wisc.edu/

http://www.ncbi.nlm.nih.gov

http://www.tigr.org/
http://ecoli.aist-nara.ac.jp/

http://bmb.med.miami.edu/EcoGene/EcoWeb/
http://ecocyc.org/

http://cgsc.biology.yale.edu/
http://ecoli.bham.ac.uk/
http://twod.med.harvard.edu/

http://195.221.65.10:1234/Indigo/
http://www.genome.ad.jp/kegg/

http://tula.cifn.unam.mx/~madisonp/E.coli-predictions.html

http://www.cifn.unam.mx/
Computational_Genomics/regulondb/ (168-170)
http://www.biology.ucsd.edu/~msaier/transport/
http://www.brenda.uni-koeln.de/ (171)
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CHAPTER 3
RESULTS
This project started with an attempt to solve the enigma as to why glpX+ fbp
strains of E. coli are unable to grow with glycerol as the sole carbon source, even though
GlpX has been shown to have a fructose 1,6-bisphosphatase (FBPase) activity. Several
hypotheses have been tested in this study. Our first and simple hypothesis was that the
activity of GlpX in the cell was not enough to overcome the phenotype of ∆fbp strains. A
second hypothesis was that the absence of the fbp-encoded FBPase decreased GlpX
levels. Therefore, to test these hypotheses regarding the physiological function of GlpX,
the regulation of glpX gene expression, and the organization of the glpFKX operon, were
studied.

glpFKX is a complex operon with multiple promoters
The operon promoter upstream of the glpF gene has been characterized (25) but
other possible promoters were sought, because an experiment showed that an omega
interposon insertion within glpK did not abolish glpX expression (1).
The approach used was to clone different regions (as shown in Figure 3.1) of the
glpFKX operon into the promoter probe vector (pSP417) (153) containing lacZ as the
reporter and assay the clones for β-galactosidase activity (Figure 3.1). It was anticipated
that the presence of a promoter on the cloned DNA would result in higher
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EcoRV HindIII

EcoRI
BamHI

1

405

BamHI
EcoRV

KpnI

809

glpF

1213

1617

FspI

2021

glpK

2425

2829

3233

AatII

3637

glpX

β-gal activity:

Plasmid:

LB / LBgly
303 / 250
4680 / 6810
3450 / 3300
4940 / 5050
2420 / 2930
276 / 320
400 / 160

pSP417
pBC3
pBC1
pBC24
pBC12
pBC122
pBC23

Figure 3.1. Identification of promoter regions within glpFKX operon using glplacZ+ transcriptional fusions. The sizes and positions of the inserts of the recombinant
plasmids are indicated by solid lines. Strain DH5αF’ harboring each plasmid was grown
in LB or LB glycerol (LBgly) medium and β-galactosidase specific activity (as expressed
in Miller Units) was determined. The β-galactosidase values are the average of at least
three independent experiments. The standard deviations were less than 15 %.
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β-galactosidase expression. The 191 bp fragment cloned in pBC3 carries the glpF
promoter (PglpF) and directed relatively high β-galactosidase activity (Figure 3.1). PglpF
activity was increased during growth with glycerol. Other possible promoters upstream
of glpK (PglpK) and glpX (PglpX) were also found. The promoter(s) specified by pBC12
(PglpK) has been localized to a 242 bp fragment that spans the intergenic region between
glpF and glpK. A promoter in this region just upstream of glpK had been predicted
previously by computer analysis (GenBank Accession AE000467). A DNA fragment
containing the glpK-glpX intergenic region was also inserted in pSP417. The resulting
plasmid (pBC24) directed expression of β-galactosidase that was not inducible by
glycerol (Figure 3.1). Thus, it appears that a promoter (PglpX) exists that would initiate
glpX-specific transcripts. This promoter was annotated previously in GenBank
(AE000467). The exact position of PglpX has been deduced using the transcription start
site determined by primer extension analysis (see below).
Discovery of new promoters and their verification is important because the
presence of a promoter for glpX might suggest other regulation in addition to that exerted
upon the glpF promoter, and hence provide clues regarding the function of GlpX. To
summarize, the data indicate that glpFKX is a complex operon with multiple promoters
(PglpF, PglpK , and PglpX).

Regulation of PglpK and PglpX by GlpR
First, the effect of the regulon-specific repressor GlpR on PglpK and PglpX was
studied. It has been suggested that the glpFKX and the dehydrogenase operons are those
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most tightly controlled by the repressor (25). DNase I footprinting actually showed that
GlpR respressor binds upstream of glpF as well as in the middle of glpK (25).
In order to study the effect of the repressor and cAMP-CRP on gene expression,
plasmids containing PglpK or PglpX as well as a negative control (no insert) and a positive
control (glpD promoter) were transformed into a strain lacking GlpR and into a strain
carrying glpR+ in multicopy. The strains were grown to log phase in maltose minimal
medium and assayed for β-galactosidase activity. Results obtained (Table 3.1) confirmed
that pBC1 (PglpK) and pBC24 (PglpX) contain promoter regions. However, no difference in

β-galactosidase activity was found when comparing the glpR+ and glpR-negative strains
(Table 3.1). These results indicate that PglpK and PglpX are not regulated by GlpR.
Another approach was used to investigate possible regulation of these promoters
by glp repressor. In this experiment, the glpR+ strains were grown with glycerol or
maltose (Table 3.2). It was anticipated that growth in the presence of glycerol would
result in induction of these promoters, if they are controlled by GlpR. However, no
significant difference in β-galactosidase activities was found for either promoter
following growth under the two conditions. The glpD promoter, which served as positive
control, was induced 6 fold by glycerol. Therefore, PglpK and PglpX are not subject to
regulation by the GlpR repressor.
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TABLE 3.1. Effect of GlpR on PglpX and PglpK

β-galactosidase activity b
Plasmid

Promotera

glpR+

glpR-

pSP417

None

120 ± 3

101 ± 4

pBC1

PglpK

1380 ± 70

1250 ± 85

pBC24

PglpX

1660 ± 90

1700 ± 80

a

The glp promoter carried by each plasmid is indicated.

b

Strains TL73(pSH58) [glpR+] and TL73(pACYC184) containing the indicated plasmids

were grown to log phase in minimal maltose medium supplemented with 0.1% casamino
acids. β-galactosidase activity is expressed in Miller Units. The data presented are the
means ± standard deviations from at least three independently grown cultures.
β-galactosidase assays of each culture were done in duplicate. The experiments were run
parallel to the experiments described in Table 3.2, where PglpD was used as the positive
control. Although not analyzed here, PglpF could have been used as a positive control.
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Regulation of PglpK and PglpX by cAMP-CRP
Glucose represses the expression of glp operons by decreasing cAMP-CRP levels
(“catabolite repression” (41;42)). It is known that the transcription of the glpFKX operon
is positively affected by the cAMP-CRP (cAMP receptor protein) protein complex. CRP
binds to tandemly repeated sites centered at -37.5 and -60.5 upstream of the transcription
initiation site for glpF (25).
In this experiment, plasmids containing PglpK and PglpX were placed in a strain
containing no GlpR and then grown to log phase in maltose or glucose minimal medium.
It was anticipated that growth in the presence of glucose would result in less
β-galactosidase activity from these promoters if they are controlled by cAMP-CRP.
Growth on glucose did not decrease the expression by PglpK or PglpX significantly. The
results showed that there is little or no control of these promoters by cAMP-CRP (Table
3.3).
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TABLE 3.2. Effect of glp induction on PglpX and PglpK

β-galactosidase activity b

Plasmid

Promotera

Maltose

Glycerol

pSP417

None

44 ± 3

46 ± 3

pBC1

PglpK

1380 ± 70

1260 ± 75

pBC24

PglpX

1660 ± 90

1740 ± 120

pBY112

PglpD

1180 ± 140

7130 ± 150

a

The glp promoter carried by each plasmid is indicated.

b

Cultures of TL73(pSH58) [glpR+] containing the indicated plasmids were grown to log

phase in minimal maltose or glycerol medium supplemented with 0.1% casamino acids.
The data presented are the means ± standard deviations from at least three independently
grown cultures. β-galactosidase assays of each culture were done in duplicate. PglpD was
used as the positive control. PglpF was not analyzed for this experiment.
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Table 3.3. Investigation of cAMP-CRP control of PglpX and PglpK

β-galactosidase activityb

Plasmid

Promotera

Maltose

Glucose

pSP417

None

101 ± 4

120 ± 5

pBC1

PglpK

1250 ± 85

1070 ± 105

pBC24

PglpX

1700 ± 80

1480 ± 115

a

The glp promoter carried by each plasmid is indicated

b

Cultures of TL73(pACYC184) [glpR] containing the indicated plasmids were grown to

log phase in minimal maltose or glucose medium supplemented with 0.1% casamino
acids. PglpF is regulated 5.5 fold in these same strains by cAMP-CRP (25). The data
presented are the means ± standard deviations from at least three independently grown
cultures. β-galactosidase assays of each culture were done in duplicate. The experiments
were run parallel to the experiments on Table 3.2, where PglpD was used as the positive
control. PglpF was not analyzed for this experiment.
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Regulation of PglpK and PglpX by Cra
Because GlpX has FBPase activity, the regulation of the promoters by some
known global regulators of gluconeogenesis was tested. Cra (catabolite
repressor/activator) positively regulates transcription of genes involved in
gluconeogenesis (67). Strains lacking Cra are impaired in glycerol (Larson et al.,
unpublished result) and glycerol-P utilization (70). The reason for this phenotype is
unknown. However, earlier work from our lab (B. Yang, unpublished results) showed
the phenotype is not due to lack of expression of the glpFK operon. The same cra::Kanr
mutation had no effect on the expression directed by PglpF and PglpK as assessed by
analysis of the chromosomal glpK-lacZ fusion in strain GD31 (Table 2.1) and a cra::Kanr
derivative of GD31. The β-galactosidase activities for GD31 and GD31 cra::Kanr
(grown with maltose) were 94 ± 2 and 100 ± 2 (Miller units), respectively. Therefore,
Cra does not control PglpF or PglpK significantly.
The PglpK and PglpX –lacZ+ fusions are present in high copy number plasmids
(ColE1 origin of replication). If Cra regulates any of these promoters, it is possible that
the amount of Cra produced by the chromosome would be insufficient to exert fully its
regulatory influence on promoters present in multicopy. Therefore, potential effects of
Cra were studied in a pcnB background (the pcnB mutation reduces the copy number of
ColE1-related plasmids (153)).
cra::Kanr and cra+ strains were created by moving the mutation from a cra strain
(BY40) into strain SP1.1. Then, the plasmids containing PglpK and PglpX were used to
transform BC301 (cra::Kanr) and SP1.1 (cra+). The strains were grown to log phase in
glucose medium and assayed for β-galactosidase activities. The result indicated that the
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absence of Cra resulted in a 2-fold (small change) decrease in the promoter activities
(Table 3.4). The levels of β-galactosidase derived from the vector (pSP417) were not
influenced by Cra. Thus, both PglpK and PglpX seem to be positively regulated by Cra
when cells are grown with minimal glucose medium. It should be noted that the strains
were grown in glucose because glycerol could not be used due to the glycerol-negative
phenotype of cra strains. Therefore, the effect of Cra could be larger under other
physiological conditions.
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Table 3.4. Effect of Cra on PglpX and PglpK

Plasmid

Promotera

β-galactosidase activity

cra::Kanr

cra+

pSP417

None

16 ± 5

26 ± 5

pBC1

PglpK

330 ± 25

660 ± 50

pBC24

PglpX

540 ± 32

920 ± 60

a

The glp promoter carried by each plasmid is indicated.

b

Cultures of SP1.1 (cra+) or BC301 (cra::Kanr) containing the indicated plasmids was

grown to log phase in minimal glucose medium supplemented with 0.1% casamino acids.
The data presented are the means ± standard deviations from at least three independently
grown cultures. PglpF was not analyzed since previous results (B. Yang) showed that Cra
has no effect on its expression.
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Transcription start site of the glpX gene
Primer extension analysis was used for mapping the transcription start site
specified by PglpX. Two +1 sites were identified corresponding to positions 24 nt and 41
nt upstream of the ATG translation start site of glpX (Figure 3.2). The shorter of the two
extension products was more abundant and is likely to be the major +1 site. The position
of the corresponding promoter sequence matched that annotated on the E. coli genome
sequence (Accession number AE000467).
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=1790356&itemID=25&view=gbwit
hparts).
The sequence identified as the promoter for the glpX gene appears to have a
reasonable match to the consensus –10 sequence, but only a weak match to the canonical
–35 sequence (Fig 2). This phenoemeon of having a weak –35 sequence is common for
promoters of the glp regulon (25) as well for other positively controlled promoters, where
the site for binding of a transcription activator overlaps the -35 region.
Analogous studies aimed at identifying the transcription start site specified by
PglpK were also performed. Despite repeated attempts, all experiments failed to identify
any consistent primer extension product(s). It should be pointed out that a promoter at
the extreme 3’ end of glpF has been annotated on the genome sequence (Accession
number AE000467). This promoter could be responsible for the promoter activity of
pBC1 (PglpK).
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M

T G C A

glpX

B

A

cgaataatgtaaatgccgaatgaagcgtttatgccgcatccggtagtcccgaaacgtgcgggggc
glpK stop
REP sequence

140 nt

aaccccgcacacatcaataatccctcccttcccctgtgctacacttcgcgccattccttactgct
-35
+1 -10
+1
+1
tagagtttgctatgagacgagaacttgccatcgaattttcccgcgtcaccgaatcagcg
rbs
start glpX

118 nt

+1

gcgctggctggctacaaatggttaggacgcggcgataaaaacacc
labeled primer

Figure 3.2. Determination of the transcription start sites of the glpX promoter. A: Primer extension analysis was performed using the
primer (5’ ggtgtttttatcgccgcgtcctaaacct 3’) specific for the 5’ end of the glpX gene with total RNA isolated from strain DH5aF’ harboring
pBC24 grown in LB medium. The +1 sites are shown. Size marker and sequencing reactions are shown as M and T,G,C,A, respectively.
The transcription start sites were at 24 nt and 41 nt upstream of the ATG translation initiation site. B: Sequence upstream of the glpX
gene. The +1, -35, -10, ribosome binding site (rbs), ATG start codon and REP sequence are labeled. (REP=repetitive extragenic
palindromic element).
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Western analysis of GlpX levels in E. coli
To gain insight into the function of GlpX, an antibody against GlpX was created
using pure GlpX protein, which was purified as described by Donahue et. al (3). First, it
was not known if the glpX gene is expressed as a protein. Western analysis was used to
test the specificity of the GlpX anti-sera. GlpX antibody detected a protein of appropriate
size in extracts of glpX+ strains that was absent in extracts of glpX::Spcr strains (Figure
3.3). Also, purified GlpX was identified by the antibody (Figure 3.3). Thus, the
antibodies against GlpX can be used for testing several hypotheses regarding regulation
of GlpX protein. In this study, the effects of various growth conditions and potential
regulatory mutations on chromosomally-encoded levels of GlpX were studied.

GlpX levels increase in cells grown with glycerol versus those grown
with glucose
The levels of GlpX in extracts prepared from cells grown on glycerol were higher
than the levels found in maltose- or glucose-grown cells (Glycerol > Maltose > Glucose).
Analysis of western blots by densitometry showed that GlpX levels were elevated ~2.2
fold in glycerol versus glucose-grown cells (Figure 3.3). The observation that glpX
expression responds to the presence of glycerol as the sole carbon source agrees with the
suggestion that glpX is a member of the glp regulon in E. coli. The results also suggest
that the expression of glpX seems to be affected by cAMP-CRP (maltose versus glucose).
Consequently, it is plausible to think that glpX expression is also under the control of
glpF promoter, because analysis of the glpX promoter transcriptional fusions described
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Figure 3.3. Western Analysis of GlpX. The arrows indicate the GlpX bands. A) The
antibody (in antisera) shows specificity toward GlpX protein. The specificity of GlpX
anti-sera was checked by using the extract from glpX::Spcr strain (Lane 1) and purified
GlpX (Lane 2). The size of GlpX was estimated using protein markers (Lane 3; sizes in
kDa are indicated at the right of the figure). B) GlpX levels in cultures grown on glycerol
versus glucose were determined. Higher GlpX levels were present in cells grown with
glycerol (Lane 4) compared with those grown with glucose (Lane 5). No GlpX band was
detected in glpX::SpcR strains grown with glycerol (Lane 6). Intermediate levels of GlpX
were found in cells grown with maltose (see Figure 3.4A, and data not shown). Twenty
micrograms of proteins from cell-free extract was loaded in lanes 4, 5 and 6. GlpX has
an estimated size of 40 kDa, close to the theoretical value of 35,852 Da.
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above indicate PglpX is not regulated by either GlpR or cAMP-CRP. During growth on
maltose, we expected to see lower expression of glpX compared with glycerol since the
glpF promoter should be repressed by the activity of GlpR. Lower levels of GlpX were
consistently found during growth on maltose (Figure 3.4A).

Regulation of GlpX by global regulators of gluconeogenesis
Since GlpX has FBPase activity, it is possible that GlpX plays a role in
gluconeogenesis. One of the ways to test the involvement of GlpX in this pathway is to
study regulation of GlpX levels by the global regulators of gluconeogenesis, Cra and
CsrA. Cra and CsrA positively and negatively regulate expression of the genes involved
in gluconeogenesis, respectively. Western analysis was employed to estimate levels of
GlpX in strains lacking Cra or CsrA compared with their isogenic parental strains.
The effect of CsrA on the expression of GlpX was investigated using the strains,
csrA::Kanr, csrA+ and a strain in which csrA is expressed from a multicopy plasmid (76).
Extracts were prepared from cells grown with glycerol, maltose or glucose and analyzed
by western blotting. The results indicated there is no effect of CsrA on the levels of
GlpX (Figure 3.4 A & B).
The effect of Cra on GlpX levels was investigated as follows: Since cra strains
are glycerol negative, minimal glycerol medium could not be used. Extracts were
prepared from cra::Kanr (BY39) and its parent (BY31). Western analysis indicated
higher levels of GlpX in cra::Kanr strains grown with maltose compared with cra+
(Figure 3.4C). The GlpX levels did not differ when cells were grown with glucose (data
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not shown). Therefore, the effect of Cra on GlpX levels seems to be opposite its effect
on expression of other gluconeogenic genes (67;172).

Regulation of GlpX by GlpR
Western analysis was performed to study the effect of the repressor GlpR on
GlpX levels using a glpR2 strain and the wild type. Although, PglpX is not regulated by
GlpR as shown by analysis of PglpX-lacZ+ transcriptional fusions (Table 3.1), it is possible
that GlpX levels respond to GlpR if PglpF produces glpX transcripts. GlpX levels were
affected by GlpR when cells are grown with maltose (Figure 3.4 C). GlpX levels
increased in the glpR2 strain (strains BY32 and BY40) versus glpR+ strains (strains BY31
and BY39) indicating that GlpR negatively regulates expression of glpX, presumably due
to regulation of PglpF.

GlpX levels in ∆fbp versus wild-type strains
One of our hypotheses was that ∆fbp strains are glycerol-negative because GlpX
is reduced in ∆fbp strains to levels that are unable to overcome the phenotype. Western
analysis showed that the level of GlpX in extracts prepared from a ∆fbp strain is the same
as in the extracts prepared from fbp+ strains (Figure 3.5A). This observation rules out the
possibility that ∆fbp strains of E. coli are glycerol-negative due to lack of expression of
glpX gene, at least when grown in LB-glycerol medium.
Other experiments showed that the GlpX levels do not differ in the extracts of
pfkA or pfkB mutants (Figure 3.5). The presence or absence of phosphofructokinases
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(PfkA or PfkB), which catalyze the reverse of the reaction catalyzed by FBPase, at the
expense of ATP, did not affect the levels of GlpX.
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Figure 3.4. Regulation of GlpX levels by global regulators CsrA or Cra or the
repressor of glp regulon (GlpR). A) Effect of CsrA. Extracts (20 µg) of strains csrA+
(BW3414) (Lane 1 and 4), csrA::Kanr (TR1-5BW3414) (Lanes 2 and 5) and strain TR15BW3414(pCSR10) (Lanes 3 and 6) were analyzed by western analysis. Cells were
grown with maltose (Lanes 1, 2 ,3) or glycerol (Lanes 4, 5, 6). Lanes 7 and 8 were
loaded with purified GlpX. B) Effect of CsrA during growth with glucose. The same
strains described above were anlayzed. Thirty microgram extract was used. C) Effect of
GlpR and Cra during growth with maltose. + and – indicate the presence of absence of
the gene (glpR or cra). Twenty micrograms of extract protein was analyzed in each lane.
Lane 1 was loaded with purified GlpX. The following strains were used for preparation
of exracts: strain BY31 (Lane 2), BY32 (Lane 3), BY39 (Lane 4) and BY40 (lane 5).
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glpX is expressed from PglpX and from PglpF
Boos and coworkers have described a strain (GD31) in which glpK has been
disrupted by insertion of λplacMu. If glpX is expressed solely from the glpF promoter, it
is anticipated that this insertion in glpK should have a polar effect on expression of glpX.
However, western analysis of extracts from this strain revealed normal levels of GlpX
(Figure 3.5B). This result indicates that PglpX can give rise to GlpX.
Results of other transcriptional and western analyses indicate that PglpF can also
affect the expression of the glpX gene. Even though GlpR apparently does not regulate
PglpX and PglpK, western analysis shows higher levels of GlpX in cells grown with glycerol
than with those grown with glucose (Figure 3.3). In addition, GlpX levels increase in
strains lacking GlpR (Figure 3.4). Although the degree of regulation of glpX by
catabolite repression and by GlpR is smaller than that observed for PglpF, the results
suggest that some of the transcripts initiated at PglpF continue on past glpF and into glpK
and glpX.
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Figure 3.5. GlpX levels in various strains. A) The Fbp- phenotype (glycerol-negative) is
not due to the absence of GlpX. Strains TL524 (wild-type), DF920 (pfkB), JLD2402
(fbp), AM1 (pfkA), JLD2404 (glpX) were grown in LB-glycerol, harvested and processed
for western analysis as described in the Materials and Methods. B) Effect of
glpK::λplacMu on expression of glpX. Western analysis detected the GlpX band in strain
GD31 in which expression from PglpF was disrupted by the insertion of λplacMu (Lane
3). All of these strains were grown with minimal maltose. Extracts of strains BY31 and
BY32 (both glpX+) were analyzed in Lane 1 and 2, respectively. The experimental
results shown here were reproducible.
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Determination of cellular levels of GlpX in E. coli
It is possible that the amount of GlpX in cells is not sufficient to overcome the
phenotype of ∆fbp strains. Quantitative western analysis was employed to estimate the
levels of GlpX in wild-type cells grown on minimal glucose medium. Purified GlpX was
used as the standard. Following development of the western blot, the membrane was
scanned and the intensities of the bands were determined using Quantity One 4.2.3
software (BioRad). The amount of GlpX in the extract was calculated by comparing its
intensity with the standard curve (Figure 3.6).
The result indicated that that one cell has about 1.7 X 10-6 ng GlpX (~26,400
molecules) per cell during growth on glucose. This is a reasonable amount of protein per
cell based on values for other enzymes reported in the literature (see Discussion).
The assumptions in estimating the amount of GlpX were that one cell (grown with
glucose) has 156 X 10-15 g total protein (173) and GlpX has 336 amino acids (molecular
weight = 35,852). The amount of GlpX in 14.4 microgram of the extract was determined
to be 157 ng and this number was used to calculate the amount of GlpX per cell as
indicated above.
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Figure 3.6. A) Determination of cellular levels of GlpX in E. coli using quantitative
western analysis. A crude extract from strain BY31 grown on glucose minimal medium
was and loaded in lane 1 (14.4 µg total protein). Purified GlpX was loaded in the other
lanes in the amounts indicated. B) Standard curve. Quantity One program was used to
assign relative intensity numbers (Volume RD*mm2) to the GlpX bands in the lanes
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containing 10 to 300 ng of GlpX. These numbers were plotted against GlpX (ng) to
obtain the standard curve. The intensity of the GlpX band in Lane 1 was found to be ~5,
which extrapolates to 157 ng of GlpX. The value was estimated based on this experiment
only.
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Complementation of Fbp-negative phenotype as a function of GlpX
levels
As mentioned above, ∆fbp strains of E. coli are unable to grow on glycerol as the
sole carbon source. Although GlpX has FBPase activity, the level provided by
chromosomal glpX is apparently insufficient to overcome the phenotype. However, when
the glpX gene is expressed from a lac/ara promoter in a plasmid, ∆fbp strains grow
slowly in minimal glycerol medium (3).
This observation was extended to estimate the flux from FBP to F6P when cells
were grown on glycerol (Figure 3.7 and 3.8). It was hypothesized that increasing levels
of GlpX provided by different levels induction of the lac/ara promoter in the plasmid by
IPTG would give rise to increasing growth rates. In other words, growth rate should be
proportional to the level of GlpX. FBPase activity is needed in ∆fbp strain to synthesize
hexoses required for cell growth. Therefore, a direct correlation between the activity of
FBPase and the growth rate is expected during gluconeogenic conditions. This
correlation was used here to estimate the flux from FBP to F6P when cells were growing
on glycerol. By plotting growth rates versus FBPase activities determined for extracts of
the corresponding cultures, another graph called the flux graph was obtained. This graph
was used to estimate the flux from FBP to F6P during gluconeogenesis. The flux was
calculated as explained below.
The ∆fbp strain (JB106), its wild-type parent (BC777) and a ∆fbp strain in which
glpX is expressed from the lac/ara promoter (JB106 (pJB100)), were used in this study.
All of these strains were cultured in glycerol minimal medium and their growth was
monitored. As expected, the ∆fbp strain did not grow whereas the wild type grew
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Figure 3.7. Effect of increased GlpX amount on growth of ∆fbp strains. Strains used
were BC777 (fbp+ glpX+), JB106 (∆fbp glpX+), and JB106(pJB100) in which glpX is
expressed from the lac/ara promoter. All strains were grown in minimal glycerol
medium. When IPTG concentrations (0 mM to 1 mM) were increased, the growth of
JB106(pJB100) increased. The starter culture was grown in minimal glucose medium
overnight. The IPTG levels utilized for strain ∆fbp glpX+(pJB100) during growth were 0
mM (curve 1), 0.15 mM (2), 0.2 mM (3), 0.25 mM (4), 0.3 mM (5), 0.4 mM (6), 0.5 mM
(7), 0.8 mM (8), and 1 mM (9). No IPTG was used for curve 10, 11 or 12. This
experiment was repeated twice, with essentially the same results.
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rapidly (Figure 3.7). In another experiment, JB106 (pJB100) was grown using different
levels of induction by IPTG as shown in Figure 3.8A. Arabinose was not used for
induction of GlpX, since it would serve as carbon source for the ∆fbp strain.
For this experiment, 50-ml cultures were grown and optical densities at 600 nm
were recorded periodically to generate the growth curves. A 20-ml aliquot of each
culture was taken during the log phase (OD600= ~0.8) and frozen quickly for later
analysis. Frozen cells were sonicated and crude extracts were prepared. The extracts
were assayed for Mn2+-dependent FBPase activity using the Pi release assay (166). The
growth rates (1/doubling time) were plotted against the corresponding FBPase activities.
The growth rates of ∆fbp strains were dependent on FBPase activity (Figure 3.8B). This
relationship was shown by a graph, which was used to evaluate the flux. The growth rate
for the wild type was 0.71 doublings per h. Under these conditions, the flux, extrapolated
from the curve in Figure 3.8B, was ~0.05 µmoles Pi (or FBP)/min/mg extract protein.
The formula for the flux was y = 0.175e39.1x, where y represents doublings per h and x
represents µmoles Pi (or FBP)/min/mg extract protein.
To assess the relevance of the flux number estimated for the wild type, the number
of hexoses contained in one cell was estimated and compared to the number of hexoses
predicted by the flux. First, the capacity of a cell with a flux (FBP -> F6P) of ~0.05
µmoles/min/mg to synthesize hexose was calculated. One cell has an estimated total
protein content of 156 x 10-15 g per cell (2). Using the calculation given below, it is
apparent that one cell has the capacity to make 4.7 x 106 molecules of hexose per min.
Since the wild-type cell in the “flux”
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Figure 3.8. A) Growth rate of ∆fbp strain as a function of GlpX. Strain
JB106(pJB100) was grown on minimal glycerol medium. The cultures represented by
the graphs a, b, and c were induced with 0.1 mM, 0.2 mM and 0.5 mM IPTG,
respectively. B) The semi-in vivo flux from FBP to F6P. Cell-free extracts were
prepared from cells obtained during the log phase of growth. Mn++-dependend FBPase
activities were plotted against the growth rates of the strains (1/doubling time) to obtain
the flux graph.
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experiment divides every 1.4 h (84 min), and one cell could produces 4.7 x 106 molecules
of hexose per min, 3.94 x 108 molecules of hexose could be produced per generation:
(156 x 10-15 g protein cell-1) * (0.05 µmoles Pi min-1 mg-1) * (1000 mg g-1) *
(6.02 x 1023 molecules mole-1) * (10-6 moles µmoles-1) =
4.7 x 106 molecules of hexoses per min per cell
x 84 min (generation) = 3.94 x 108 molecules hexose /cell/generation

Second, the number of hexose molecules present in one cell was estimated. The
bacterium contains hexose equivalents in the structures of macromolecules such as
peptidoglycan, lipopolysaccharide, glycogen, DNA and RNA. There are also free hexose
derivatives in the cytoplasm to consider (sugars, nucleotides and coenzymes). Table 3.5
shows the number of hexoses in these components. The number of hexoses per
macromolecule was multiplied by the number of macromolecules per cell. This was done
for each macromolecule listed in Table 3.5 (i.e. peptidoglycan, lipopolysaccharide,
glycogen, DNA and RNA). The sum of these numbers is an estimate of the total number
of hexose equivalents per cell.
Based on this calculation, ~260 x 106 hexose molecules are needed in order to
produce a bacteria cell. Therefore, the flux for the FBP -> F6P reaction calculated in this
work (400 x 106) is sufficient to produce hexose molecules needed for the components
present in one bacterial cell.
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Table 3.5: Estimation of number of hexose molecules per cell
Component

Molecules
per cella

Number of hexose per
molecule b

1

9.4 x 106

Total number of
hexose molecules
per cell (x 106) c
9.4

1,430,000

70

100

2.1

4.64 x 106 (bp) x 2 x 2.1

19.5

23S rRNA f

18,700

2904 (nt)

54

16S rRNA f

18,700

1542 (nt)

29

5S rRNA f

18,700

120 (nt)

2.2

tRNA f

198,000

72 (nt)

14.2

1,380

varies

~5

RNA (total)

na

na

~105

Glycogen h

4300

5747

~25

i

i

~4

Peptidoglycan d
Lipopolysaccharide
DNA e

mRNA g

ATP, coenzymes,
other nucleotides i
Total j

a

262.9

The values are reported by Neidhardt and Umbarger.

b

It is estimated that one lipopolysaccharide contains 70 hexoses and one peptidoglycan
contains 9.4 x 106 hexoses. It is known that one nucleotide (nt) contains one ribose.
c

Total number of hexose molecules per cell have been calculated.

d

It is estimated that one cell has 7.1 x 10-15 g peptidoglycan (PG (173)). Repeating unit
in PG is 904 g/mol and there are two hexose molecules per repeating unit.
e

f

The genome contains 4.64 x 106 base pairs.

The values for the first two columns are reported by Neidhardt and Umbarger (173).
The length of the RNA species is given in number of nucleotides.
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g

It is assumed the amount of mRNA in E. coli is ~ 5% of the total RNA.

h

Molecular weight of glycogen is assumed to be 1 x 106 (173). The molecular weight of
glucose in the glycogen is 174, which means there are 5747 hexose molecules per
glycogen.

I

It is estimated that the concentration of hexose in ATP, coenzymes, and other
nucleotides is 10 mM. Since a cell contains about 6.7 x 10-13 g of water (6.7 x 10-16 l)
(173), there are about 4 x 106 hexose molecules contributed by these components.
j

Total number of hexoses in the structures of macromolecular structures is shown.
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Bioinformatic analysis of GlpX
With the exciting and impressive developments in genome analysis, it is
becoming possible to find clues regarding the function of a gene. Two basic methods
have been widely used. First, since genes encoding proteins of related function are often
clustered, the genomic context of a gene could be used to obtain clues regarding the
function of a protein (174;175). Second, protein fusions (Rosetta stone) can yield
information if the function of one of the fusion partners of a multidomain protein is
known. (176). Possibly due to molecular evolution, separate proteins interacting or
forming a complex in one organism can be found as a single fused multifunctional
protein in another organism. This hybrid polypeptide is called a Rosetta Stone protein,
because it contains information about two polypeptides (176). These methods have been
applied to investigate a function for GlpX.
GlpX has not been found fused to any other protein. However, the genomic
context for glpX may provide some insightful information. It is interesting that the glpX
gene is not present in any sequenced eukaryotic genome. Some organisms, such as
pathogenic Mycobacterium tuberculosis, have only one kind of FBPase, one that is
encoded by a glpX homologue, Rv1099c (124). Another important pathogen, Bacillus
anthracis, has two homologues of glpX (BA5576 and BH3783) and no FBPase I or III
genes. It is not clear yet why eukaryotes did not retain the glpX-encoded FBPase.
The genomic context of the glpX gene in various organisms provides interesting
information regarding the function of GlpX. For example, in Caulobacter crescentus,
glpX and fbp homologues are adjacent to each other and transcribed in the same direction
(CC1384 and CC1385, respectively), where glpX is the first gene. The intergenic space
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between the glpX and fbp homologues is 28 nucleotides, suggesting that these two genes
may be in the same operon. It is not clear why these two genes are present together in
this organism but may imply that the two gene products function as FBPases, either
together or individually. In Vibrio cholerae, a glpX homologue (VC2688) and pfkA
(VC2689) are adjacent and transcribed towards each other. The pfkA-encoded enzyme
catalyzes the reversal of the FBPase reaction. These two observations suggest that glpX
likely encodes a fructose 1,6-bisphosphatase. Even though a glpX mutant of E. coli did
not possess any apparent phenotype under the conditions studied (3), GlpX of other
bacteria may have a higher activity and its deficiency in these organisms may confer a
phenotype corresponding to loss of FBPase activity. Following our studies on regulation
and phenotypic characterization, we conclude that GlpX does not function
physiologically as an FBPase in E. coli. However, it is not possible to rule out an FBPase
function for GlpX in other bacteria. Based on our findings and published work of others
regarding GlpX orthologues of other organisms, we suggest that GlpX may have two
functions. One is that certain GlpX orthologues function as FBPases, and others may
have another function, perhaps a phosphatase activity toward an unknown sugar
phosphate.

FBPases of bacteria
Based on differences in amino acid sequence, five classes of FBPases can be
distinguished. These FBPases are summarized in Table 3.6. A phylogenetic tree was
also created to show the five classes (Figure 3.9). The five classes of FBPases constitute
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five COGs (Clusters of Orthologous Groups) in the NCBI COG database (177). E. coli
has three genes encoding two kinds of FBPases. The fbp gene encodes the Mg2+dependent gluconeogenic FBPase (FBPase I; COG0158), as shown by phenotypic
studies and characterization of purified protein. The glpX gene encodes a Mn2+dependent FBPase (FBPase II; COG1494) as shown by analysis of its enzymatic activity.
The third gene, yggF, is a homologue of the glpX gene. E. coli is not an exception in
having two glpX homologues. As mentioned before, other organisms such as B.
anthracis have two glpX homologues. The significance of two glpX homologues in
certain bacteria is unknown. A number of attempts were made to overexpress the yggF
gene of E. coli and to assay its activity, but so far, it has not been possible to overexpress
this gene (B. Col, unpublished results). Therefore, it is not known if the YggF protein
has FBPase activity.
The third kind of FBPase (FBPase III, COG3855) was first identified in Bacillus
subtilis. The gene encoding this activity is larger than the genes encoding the other
FBPases. The fbpIII (yydE) mutants of B. subtilis do not have any apparent phenotype.
Fujita et. al reported that the mutant could grow on D-fructose, glycerol, or L-malate as
the sole carbon source (116). This means that strains deficient in yydE can produce
hexoses to be used in synthesizing cell wall precursors under gluconeogenic conditions.
Therefore, B. subtilis must be able to bypass this reaction using an alternate pathway or
perhaps another FBPase (116).
The bypass gene was sought using a strain that has a pleiotropic deletion mutation
in its genome (∆igf) (123). Mutants affected in each property of the pleiotropic mutation
were isolated. One of these mutants was affected only in fructose bisphosphatase, called
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bfd. bfd fbp double mutants are unable to grow on gluconeogenic substrates, glycerol or
L-malate. In later work, this double mutant was used to screen libraries for cloning of the
fbp (yydE) gene (115). It is possible that the GlpX orthologue (YwjI) of this organism is
capable of performing the required gluconeogenic reaction.
FBPase III from B. subtilis was purified to 80% purity (86). Its activity is
irreversibly inactivated in the absence of Mn2+ in vitro. The enzyme is inhibited by AMP,
but this inhibition can be overcome by phosphoenolpyruvate (115). The Km value of
FBPase III is13 µM (Table 3.6 (86;115;123)).
Recently, two more FBPase activities in Archaeal organisms were found (Table
3.6). One (FBPase IV; COG1980) was found in Thermococcus kodakaraensis KOD1
(126) and the other (FBPase V; COG0483) was discovered in Pyrococcus furiosus (122).
These enzymes have been purified and characterized (121;122). Mutants deficient in
FBPase IV in T. kodakaraensis KOD1 showed a negative phenotype during growth on
gluconeogenic substrates and is hence considered to be the true archaeal fructose 1,6bisphosphatase (126).
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Table 3.6. Characteristics of a number of FBPases from the five classes
FBPase
type
& COG

Example and genetic
designation

FBPase Ia
COG0158

fbp of E. coli

FBPase IIb
COG1494
FBPase IIIc
COG3855

glpX of E. coli

FBPase IVd
COG1980
FBPase Ve
COG0483

Tk-fbp of T.
kodakaraensis KOD1
fbpA of P. furiosus
(SuhB orthologs)

Kinetic Properties
Km
(µM)

References

kcat or
Vmax

varies

varies

(4;28;55;90;
92;178)

~35

~57 s-1

(3;125)

13

35 s-1

100

17 s

1

(121;126)

320

12.2
U/mg

(122;137)

yydE of B. subtilis

(86;115;123)
(f)

Description of COGs: COG0158- Fructose1,6-bisphosphatase, COG1494 – GlpX protein
(FBPase II), COG3855 - Uncharacterized protein conserved in bacteria, COG1980 Archaeal fructose 1,6-bisphosphatase (only present in Archaea), COG0483 - Archaeal
fructose1,6-bisphosphatase and related enzymes of the inositol monophosphatase family
a

FBPase I is present in some sequenced Archaeal, Bacterial and Eukaryotic genomes.
Interestingly, it is not present in Actinobacteria or Gram-positive bacteria.
b

FBPase II is not present in eukaryotes. It is predominantly present in eubacteria but
there are 2 known orthologs in Archaea.
c

FBPase III is predominantly predicted by the genomes of Gram-positive bacteria. An
exception is FN0798 of Fusobacaterium nucleatum (1143). FBPase III orthologs are
much bigger (76 kDa) than other FBPases, which are 28 to 38 kDa.
d

FBPase IV has been proposed as the “true Archaeal FBPase” and is only present in
Archaea.
e

Some orthologs of COG0483 have been shown to have FBPase activity. The proteins in
this class also have inositol monophosphatase (IMPase) activity. SuhB of E. coli does
not have FBPase activity but has only IMPase activity (135;136;179;180).

f

Specific activity of the purified enzyme is 26 U/mg (Vmax was not reported).
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GlpX of Haemophilus influenzae

1

GlpX of Escherichia coli

2

GlpX of Caulobacter crescentus

3

Pyrococcus abyssi

4

YktC of Bacillus subtilis

5

SuhB of Escherichia coli

6

FBPase I of Caulobacter crescentus

7

FBPase I of Escherichia coli

8

FBPase I of Haemophilus influenza

9

Ferroplasma acidarmanus

10

Fbp of Thermococcus kodakaraensis 11
Moorella thermoacetica

12

FbpIII of Bacillus subtilis

13

Enterococcus faecium

14

Pediococcus pentosaceus

15

FBPase II
COG1494
FBPase V
COG0483
FBPase I
COG0158
FBPase IV
COG1980
FBPase III
COG3855

0.2

Figure 3.9: Phylogenetic tree of five classes of FBPases. Three sequences from each class were included in the alignment
using “Clustal W” to create the phylogenetic tree using “Mega2” application and BioEdit. The sequences used are: 1gi|48868680|, 2- gi|121423|, 3- gi|16125633|, 4- gi|14520496|, 5- gi|16078531|, 6- gi|1799950|, 7- gi|16125634|, 8- gi|119724|,9gi|48866643|, 10- gi|48852009|, 11- gi|22335735|, 12- gi|49236653|, 13- gi|16081071|, 14- gi|48825830|, 15- gi|48870652.
COGs and FBPase groups are indicated on the right. FBPases of living organisms were previously described in Table 3.6
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Other potential phosphatase activities of GlpX
Some class V FBPases also have IMPase activity (133-138). Therefore, GlpX
was assayed for this activity (Figure 3.10). IMPase activity was assayed using extracts
from a ∆glpX strain and its parent, and extracts in which glpX was overexpressed from
the T7 promoter of a multicopy plasmid. Even though GlpX (overexpressed) had high
FBPase activity, there was no significant difference in IMPase activity when compared
with the wild-type levels (Figure 3.10). It was concluded GlpX does not possess IMPase
activity. The basal level of IMPase activity in the extract likely comes from the SuhB
protein (135;136).
Sedoheptulose 1,7-bisphosphate (SBP) and tagatose 1,6-bisphosphate (TBP) are
other sugar phosphates found in nature. Previous studies revealed that GlpX does not
hydrolyze SBP (53). To test if GlpX hydrolyzes TBP, the extracts described above were
used in assays containing TBP. GlpX did not display any tagatose 1,6-bisphosphatase
activity (Figure 3.10).

Phenotypic studies
It was initially reported that strains lacking GlpX grow well on solid minimal
glycerol medium (3). To determine if the glpX mutation causes a subtle change in growth
rate, growth curves were generated during growth in liquid glycerol, maltose or glucose
minimal medium. Growth rates of glpX, fbp, glpX fbp and wild-type strains (JLD2402,
2403, 2404, and 2405, respectively) were compared. It was shown that glpX does not
confer any change in growth rate. The growth curves were exactly the same for the glpX
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mutant and the wild type under the conditions tested (data not shown). As expected, the
two strains lacking fbp did not grow in minimal glycerol medium.
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Phosphatase activity
(nmoles Pi/min/mg extract)

70
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30
20
10
0
FBP

IMP
no extract

TBP

FBP

IMP
GlpX

TBP

FBP

IMP

FBP

glpX

IMP
wt

substrate and extract type
Figure 3.10. Inositol monophosphatase (IMPase) activity of GlpX. Cell-free extracts
containing GlpX were tested for activity with substrates fructose 1,6-bisphosphate (FBP),
inositol monophosphate (IMP) and tagatose 1,6-bisphosphate (TBP). Protein sources
used were as follows: GlpX, an extract prepared from a strain in which glpX is
overexpressed from the T7 promoter (strain JB108(pJB300b); glpX, an extract of the
glpX mutant strain JLD2402 and wt, an extract of the wild-type strain JLD2405. Cells
were grown on minimal glycerol medium. Mn2+- dependent phosphatase activities were
determined by using the Pi release assay. The error bars were derived from three
independent assays.
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CHAPTER 4

DISCUSSION
The ultimate goal of this project has been to understand the functional role of
GlpX in E. coli. Our specific approach was to study regulation of glpX gene expression.
Also, the discovery of new promoters responsible for the expression of glpX provides
new insight into the transcriptional organization of the glpFKX operon of the glp regulon
of E. coli.
Before the genomic era, the approach of studying biological function and
metabolism came largely from classical genetic and biochemical approaches. First, a
phenotype was discovered following random mutagenesis and then gene(s) and enzyme
activities responsible for these phenotypes were sought. For example, the gene
responsible for FBPase I activity in E. coli was found by such an approach. Bacteria
deficient in FBPase activity (hence, gluconeogenesis) were complemented with an fbpcontaining plasmid and the gene was discovered. The direction was from function
(phenotype) to gene (“gene hunting”).
Then, during the genomic era, thanks to advances in computer technology and
automated DNA sequence techniques, the sequences of many genes have been
determined. One of the biggest challenges ahead of us is to assign function to each and
every gene in the genome of an organism, in a way to complete the “periodic table of
genes” as Dr. Francis Collins (Director, National Human Genome Research Institute)
pointed out. Thus, a new direction is from gene to function (function hunting).
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Our studies with GlpX can be considered a good example reflecting this change.
We knew the gene to start with but not the function.
In finding gene function, I believe the following steps can be taken (not
particularly in order):
1- Determine the catalytic activity of the gene product
2- Determine the phenotype conferred by inactivation or alteration of the gene
3- Identify signals that affect expression of the gene
4- Use bioinformatics approaches (genomic context, rosetta stone, molecular
modeling) to obtain clues regarding function
5- Study the gene function in other organisms

The decision to study regulation of glpX expression was made because the first
two steps had been fulfilled and produced no clear indication of the physiological
function of GlpX. By studying the regulation of glpX gene expression, it has become
possible to better interpret the functional role of GlpX, which leads to a better
understanding of the complex catabolic capacity of the glp regulon in E. coli. The
specific findings are discussed below.

glpX is a member of the glp regulon of E. coli
Our results show that glpX is a member of the glp regulon of E. coli. Specifically,
western analysis showed that GlpX levels are higher during growth on glycerol. It is
interesting that a fructose 1,6-bisphosphatase (COG1494) is a member of the glp regulon.
It may be possible that GlpX provides the cell with additional capacity to catalyze the
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reaction FBP -> F6P when cells are grown on glycerol. However, the fact that the glpX
gene is in a glp operon may be an evolutionary coincidence. Although expression of the
glpX gene responds to glycerol as a sole carbon source in E. coli, this does not classify
glpX as a member of glp regulon in all organisms. The varied genomic contexts of glpX
homologues indicate that the glpX gene is not an obligatory part of a glpFKX operon as is
found in E. coli and other enteric bacteria (Figure 4.1).
The reason that glpX acts as a typical member of the glp regulon is presumably
because expression of glpX is partly under the regulation of PglpF, which is regulated by
GlpR. Our results using transcriptional fusions show that neither PglpX nor PglpK is
regulated by GlpR, suggesting that transcripts originating from PglpF can give rise to
GlpX as well. Therefore, it may be possible that glpX expression would not respond to
glycerol as a typical member of a glp regulon, if its genomic context was separate from
PglpF. To answer this question, the regulation of expression of glpX homologues in
organisms with different genomic contexts needs to be investigated.

Is and how is glpX expressed?
One of the hypotheses for the basis of the ∆fbp phenotype was that glpX could be
a cryptic gene or it is not expressed under conditions when cells are grown on glycerol.
We ruled out this possibility by showing (using western analysis) that GlpX is present in
cell-free extracts derived from various strains grown in the presence of glycerol, glucose
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Figure 4.1. Genomic context of glpX in sequenced genomes (Description of genes is available at www.tigr.org; the figure is
modified).
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or maltose. Our results also indicated that glpX is expressed by more than one promoter
in the glpFKX operon. The fact that a strain (GD31) with a polar insertion in glpK still
produced GlpX demonstrates the activity of PglpX, independent of PglpF and PglpK. It is
possible that when expression from PglpF is low, glpX can still be expressed from PglpX.

Is GlpX involved in gluconeogenesis?
FBPase is one of the enzymes required for gluconeogenesis. Our results suggest
that GlpX does not act as a typical FBPase during gluconeogenesis, since the expression
of glpX was not controlled in a manner analogous to that found for other genes needed for
gluconeogenesis. CsrA (a negative regulator of gluconeogenesis) did not exert any affect
on GlpX levels as shown by western analysis. Also, Cra, which is a positive regulator of
gluconeogenesis, seemed to be a negative regulator for GlpX according to our results
from the western analysis. FBPase I (encoded by fbp) is negatively regulated by CsrA
and positively regulated by Cra (56;76). It appears that these two FBPases are regulated
differently during gluconeogenesis in E. coli.
This observation is supported by the effect of AMP and PEP on GlpX activity.
FBPase I is exquisitely sensitive to inhibition by AMP (28) while GlpX (FBPase II) is
insensitive (3). PEP activates FBPase II while it alleviates AMP inhibition of FBPase I.
So, the two FBPases are clearly regulated differently. The specific role, if any, played by
GlpX in gluconeogenesis remains unknown.
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Regulation of glpFKX by carbon sources and cAMP-CRP
The microarray data reported by Glasner et. al for the glpFKX operon is in
agreement with what we have determined (Table 4.1) (181). Our results indicated that
GlpX levels are 2.2 fold higher in cells grown on minimal glycerol medium than those
grown on glucose. The microarray data showed that glpX mRNA increases about 2 fold
during growth on glycerol versus glucose.
The microarray analysis revealed that the crp mutation has no effect on glpX
mRNA levels (Table 4.1). This finding is also supported by our results. We found that
both PglpK–lacZ+ and PglpX –lacZ+ fusions are not subject to glucose catabolite repression,
suggesting they are not regulated by cAMP-CRP. glpFK transcription follows the
expectation for regulation by glucose/glycerol, and dependence on CRP (25).
Interestingly, transcripts are more abundant in cells grown on acetate or proline,
compared to glycerol (Table 4.1). As seen in Table 4.1, glpK is controlled by glycerol
and CRP, even though we found that PglpK is uncontrolled. This finding suggests that
regulation of glpK gene expression is also regulated by PglpF, which is reported to be a
promoter regulated by glycerol, cAMP-CRP and GlpR (25). Transcripts for glpK and
glpF are much more abundant than those for glpX (Table 4.1). It is possible that the REP
(repetitive extragenic palindromic) sequence between the glpK and glpX stabilizes the
upstream mRNA. In other systems, it is known that REP sequences stabilize the mRNA
of the upstream genes (182). The REP sequence located in the glpK-glpX intergenic
region has not been studied in detail but Sweet et. al reported that this sequence in
Shigella flexneri did not have any effect on transport or growth on glycerol (1). It should
be noted that
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Table 4.1. Microarray data for glpFKX expression under different growth conditions
(181).

condition/gene

glpX

glpK

glpF

glucose

1.4

2.6

5.34

acetate

3.7

25

36.9

glycerol

2.62

16.4

31.1

proline

4.22

29

47.3

crp (b3357)::Tn5
mutant

1.23

0.09

0.5

Numbers indicate the average transcript copy number. Cells were grown on
minimal medium containing the indicated carbon sources. The crp mutant was grown on
glucose minimal medium. Data for all genes are available at
http://www.genome.wisc.edu/functional/microarray.htm
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there are two copies of the REP sequence in S. flexneri whereas there is only one in E.
coli (1). Considering all of the results, it is likely that both PglpF and PglpK play roles in
the regulation of glpK gene expression. In a separate study, Gasset and Saier found that
glpX transcripts are mildly decreased in a crp mutant, whereas glpF and glpK transcripts
are strongly regulated by CRP (183).

Action of GlpX toward other potential substrates such as IMP and TBP
It is possible that GlpX is an enzyme that hydrolyzes another sugar phosphate
more efficiently than FBP. Several phosphate esters have been tested as possible
substrates for GlpX. It was shown in vitro by Donahue et. al (3) that GlpX prefers
fructose 1,6- bisphosphate (taken as 100% activity) as its substrate compared to Dfructose 1-phosphate (21% activity), D-ribulose bisphosphate (15%), D-glucose 1,6bisphosphate (3.1%), D-fructose 6-phosphate (1.2%), D-mannose 6-phosphate (0.46%),
D-glucose 6-phosphate (< 0.2%), D-sorbitol 6-phosphate (<0.2%), and sn-glycerol 3phosphate (<0.2%).
In this project, GlpX was assayed with two other potential substrates, including
inositol monophosphate (IMP) and tagatose 1,6-bisphosphate (TBP). IMP was tested
because it does serve as substrate for some Class V FBPases. The reason for using TBP
was that TBP is an isomer of FBP. Our results showed that GlpX apparently does not use
TBP or IMP as substrates in vitro.
It was shown that GlpX does not have IMPase activity. Although basal levels of
activity were seen in the extracts, there was no higher IMPase activity in the extracts
prepared from cells where glpX was overexpressed. The same extract had high FBPase
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activity but little IMPase activity. Perhaps the source of the IMPase activity in the extract
is the SuhB protein, which has been shown to have IMPase activity (135;136).

GlpX can act as an FBPase
It is clear that GlpX expressed from the chromosomal gene does not provide
sufficient FBPase activity to catalyze the FBP -> F6P reaction at the rate required for
production of the hexose needed for cell growth. There are possibly two reasons for the
inadequacy of glpX-dependent FBPase activity:
1- The number of GlpX molecules in the cell is insufficient.
2- The efficiency of GlpX catalysis is so low that it cannot convert enough FBP to
F6P to allow gluconeogenesis.
Quantitative western analysis has shown that there are about 26,000 GlpX molecules
per cell. When we compare this number with the abundance of other proteins reported in
the literature, it is suggested that this number is intermediate. Regulatory proteins (i.e.
LacI) are present at around 10-100 molecules per cell, biosynthetic enzymes
(phospholipid synthesis) about 1000-2000 (184), abundant enzymes and ribosomal
proteins around 75,000 and major outer membrane (OM) proteins greater than 100,000.
GlpX is relatively abundant relative to biosynthetic enzymes. Therefore, it is not clear
why GlpX alone does not suffice for gluconeogenesis,.
It was shown that strains deficient in fbp required high levels of GlpX (as expressed
from a lac/ara promoter on a multicopy plasmid) to partially overcome the phenotype
conferred by ∆fbp. It would not be possible for the cell to synthesize that much GlpX
from the wild-type chromosomal gene. The amount of the GlpX expressed from the
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lac/ara promoter (pJB100) was so much that it could be seen by analysis of crude
extracts on SDS-polyacrylamide gels with Coomassie blue staining. Thus, it is true that
GlpX expressed from the chromosome does not provide enough activity to carry out
gluconeogenesis, and E. coli is not likely to have enough GlpX under natural conditions.
The second possible reason that GlpX is unable to allow gluconeogenic growth is that
GlpX is inefficient. Comparison of the catalytic properties of GlpX with FBPase I
suggests that fbp-encoded FBPase is a more efficient FBPase relative to GlpX. The
catalytic efficiency (kcat/Km) of GlpX is 57 s-1 mM-1 (3) while fbp-encoded FBPase has a
catalytic efficiency of 948 s-1 mM-1. The difference is about 17 fold. Hence, it makes
sense for this organism to use FBPase I and thus GlpX may have gradually lost efficiency
during evolution. Perhaps this is the reason eukaryotes do not have GlpX. However, it is
probable that there is another reason that only bacteria (and Archaea; two known
orthologues) have GlpX.
The number of FBPase I molecules present in E. coli is not known. If the number of
FBPase I molecules is more than 26,000, the 17-fold difference would be increased,
making the gap even bigger for GlpX to be a preferred FBPase for gluconeogenesis.

Structural evidence that GlpX is an FBPase
Recently, the crystal structure of GlpX (Accession: 1NI9) has been determined
(Sanishvili, R., Brunzelle, J., Savchenko, A., Edwards, A., Joachimiak, A.: 2.0 Å
Structure of Glycerol Metabolism Protein from E. coli, To be Published) (Figure 4.3).
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The structure was solved without the substrate fructose 1,6-bisphosphate or the cofactor
Mn2+, so the position of the active site is unknown.
The Protein Data Bank (PDB) has about 25,000 entries (Yamanishi, M., personal
communication). As the number of defined structures increases, it may be possible to
find a link between the structure and the function of proteins. Below are some such
attempts to provide evidence that GlpX is an FBPase based on its structure.
SCOP (Structural Classification of Proteins) classified 1NI9 in the family “GlpXlike bacterial fructose 1,6-bisphosphatase” This family belongs to the superfamily
“Carbohydrate phosphatase”, which also contains the family “Inositol
monophosphatase/fructose 1,6-bisphosphatase-like enzymes”. Clearly, GlpX has a
structure similar to these phosphatases, whose genes are not homologues of glpX. (SCOP
is available at http://scop.mrc-lmb.cam.ac.uk/scop/index.html)
Numerous researchers have written algorithms that are designed to compare and
classify the 3-dimensional structures of proteins in order to propose a function. One
example is “The Dali server”, which is available at (http://www.ebi.ac.uk/dali). The
atomic coordinates of 1NI9 were submitted and Dali compared them against those in the
Protein Data Bank. The top results included inositol monophosphatase and fructose1,6bisphosphatase (Table 4.2).
Finally, the GlpX structure (1NI9) was compared to the structure of rabbit liver
FBPase (Accession: 1BK4). These two proteins are only 9 % identical to each other in
amino acid sequence (Figure 4.2). Despite low similarity in primary sequence, the 3D
structures of these proteins appear to be highly similar (Figure 4.3). Therefore, the result
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Table 4.2. Proteins with structurally similarity to GlpX as determined by the DALI
server

PDB ID

Z

RMSD

LALI

LSEQ2

%IDE

Description

1ni9

54.4

0.0

291

291

100

protein Glpx

1imb

9.6

3.0

176

272

10

Inositol monophosphatase
complexed with gadolinium

1qgx

9.2

3.0

177

354

16

3',5'-adenosine bisphosphatase (pap
phosphatase)

1jp4

9.0

3.2

172

302

16

3'(2'),5'-bisphosphate nucleotidase

1dk4

8.8

3.2

169

252

10

inositol monophosphatase

1frp

7.4

3.3

167

320

13

Fructose-1,6-bisphosphatase

1inp

7.1

3.6

167

400

20

Inositol polyphosphate 1phosphatase (1-ptase)

PDB ID, protein data bank identification number for the protein. Z-score
indicates strength of structural similarity. The matched structures are sorted by Z-score.
Only matches above a threshold of Z=2 are reported. In this table, the top 7 are shown.
RMSD, positional root mean square deviation of superimposed CA (alpha carbon) atoms,
in Angstroms. LALI, total number of equivalenced residues. LSEQ2, length of the entire
chain of the equivalenced structure. %IDE, percentage of sequence identity over
equivalenced positions. (The protein data bank (PDB) is available at www.rcsb.org/pdb.
PDB IDs can be used to search for information regarding the name of organism and
details of the particular structure. The DALI server is available at www.ebi.ac.uk/dali/)

101

1
1

10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|
FDTDISTMTRFVMEEGRKAGGTGEMTQLLNSLCTAVKAISTAVRKAGIKLDVLSNDLVMN 60
GHMRRELAIEFSRVTESAALAGYKWLGRGDKNTADGAAVNAMRIMLNQVNIDGTIVIGEG 60

1BK4
1NI9

61
61

70
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180
....|....|....|....|....|....|....|....|....|....|....|....|
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200
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220
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240
....|....|....|....|....|....|....|....|....|....|....|....|
181 KKGNIYSLNEGYAKDFDPAVTEYIQKKKFPPDNSSPYGARYVGSMVADVHRTLVYGGIFL 240
181 VRVFAIPDGDVAASILTCMPDSEVDVLYGIGGAPEGVVSAAVIRALDGDMNGRLLARHDV 240

1BK4
1NI9

250
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270
280
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300
....|....|....|....|....|....|....|....|....|....|....|....|
241 YPANKKSPDGKLRLLYECNPMAFIMEKAGGMATTGKEAILDIVPTDIHQRAPVILGSPDD 300
241 KGDNEENRRIGEQELARCKAMGIEAGKVLRLGDMARSDNVIFSATGITKGDLLEGISRKG 300

1BK4
1NI9
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330
....|....|....|....|....|....|....|...
301 VQEFLEIYKKHAVK
314
301 NIATTETLLIRGKSRTIRRIQSIHYLDRKDPEMQVHIL 338

1BK4
1NI9

Figure 4.2. Alignment of 1BK4 (rabbit liver FBPase; Class I FBPase) with 1NI9 (GlpX;
Class II FBPase). FBPase I and II differ greatly in primary sequence. Identical and
similar amino acid residues are shown in red and blue, respectively. There is 9 %
identity.
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GlpX
1ni9

Rabbit FBPase
1bk4

Figure 4.3. Comparison of structures of 1NI9 (GlpX) and rabbit liver FBPase (FBPase I homologue). Alpha helixes (green) and
beta sheets (light brown) are shown. The magnesium binding site is shown on 1BK4. The active site residues are around the
magnesium cation.
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obtained by comparing the crystal structure of GlpX to all protein entries in the Protein
Data Bank (PDB) suggests that GlpX is an FBPase. Future studies can be performed to
find the active site of GlpX based on the similarities in 3D structure.

The transcription start site of glpX
The transcription initiation site (+1) for glpX is located 24 nt upstream of the
translation start site. The -10 and -35 sequences were deduced to be “tacact” and
“tcaata”, respectively.
The consensus sequence for sigma 70-dependent promoters in E. coli is:
-35
-10
+1
TTGaca……..17+/-1 nt……. TAtaaT……….cAt
The -10 sequence is usually within 10 nucleotides of the transcription start site,
which is usually a purine (A). The -35 sequence is within 17 ± 1 nucleotides of the -10
hexamer. Upper case letters shown in the above consensus sequence are the most highly
conserved residues among the sigma 70-dependent promoters in E. coli. Therefore, glpX
has a reasonable -10 sequence “TAcAcT” that matches at 4 out of 6 residues to (TAtaaT),
whereas the -35 sequence for glpX (TacACt) is not as similar to the consensus (TTGaca)
where it matches 3 out of 6.
As mentioned before, the transcriptions start site experimentally determined for
glpX matches the site that was predicted on the annotated genome sequence (Accession:
AE000467).
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GlpX in E. coli versus other organisms
As mentioned, GlpX orthologues are widely present in bacteria but are absent
from eukaryotes (Table 4.3). Five of these orthologues are aligned in Figure 4.4. It is
clear to see that there are several regions of strong similarity including a motif that is the
binding site for the metal ions (Figure 4.4).
Our results showed that chromosomally-encoded GlpX of E. coli does not provide
enough activity to carry out gluconeogenesis. The likely reason is the fact that E. coli has
FBPase I and does not need to use GlpX. However, glpX is expressed as a protein in E.
coli and can overcome the phenotype of ∆fbp if the amount of GlpX is increased in the
cell using engineered promoters and a multicopy plasmid. It is still an enigma at the end
why E. coli would retain GlpX, even though the bacterium has FBPase I.
There are several possibilities. One is that E. coli needs GlpX for another
function. There are several observations suggesting that GlpX may be involved in
making extracellular hexose substances. For example, it was shown that an extracellular
factor produced by glpX+ strains allows the slow growth of ∆fbp strains (53). The
genomic context of glpX in other bacterial genomes suggests that GlpX may be involved
in peptidoglycan synthesis. For example, the B. subtilis glpX orthologue (ywjI) is
adjacent to murZ. This is intriguing, because MurZ orthologs are needed for an early step
in peptidoglycan synthesis (185). It should be noted that MurA (not MurZ) is the
functional protein in B. subtilis (186), although the sequences of the two proteins are very
similar to each other. It was found that MurA (MurAA) was essential for growth (186).
However, murZ (murAB) transcripts were observed (186). The function of MurZ remains
unknown.
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Figure 4.4. Aligmnent of GlpX homologues from five eubacterial organisms. Bioedit was used. The sequences were obtained from the TIGR
database (www.tigr.org). Arrows indicate possible active site residues (Lysine/Arginine). Inositol polyphosphate 1-phosphatase, inositol
monophosphate phosphatase, and fructose 1,6-bisphosphatase share a sequence motif, Asp-Pro-(Ile or Leu)-(Asp or Glu)-(Gly or Ser)-(Thr or
Ser). The motif has been shown by crystallographic and mutagenesis studies to bind metal ions and participate in catalysis. A box is drawn
around this motif.
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It is also important to keep in mind that GlpX may have another function, a function that
is unique to bacteria and not needed in eukaryotes.
A second possibility is more speculative. The reason that E. coli retains GlpX
could be an evolutionary process. The bacterium may be gradually losing the FBPase
function of GlpX. In seeking the functional role of a gene, the use of only one model
system may not be enough. Thus, genetic and biochemical analysis of GlpX in other
bacteria should be performed. We have disrupted the ywjI gene (49.2 % identical to
GlpX) of B. subtilis, an organism that does not have FBPase I but does have FBPase III,
and assessed growth on minimal glycerol medium (data not shown). Strains deficient in
ywjI or in ywjI and fbpIII both exhibited a glycerol-positive phenotype (although the
disruption was not verified). These observations suggest that B. subtilis contains yet
another enzyme or pathway for gluconeogenesis.
The phenotype expected from an FBPase deficiency was found during genetic
studies using C. glutamicum (125). As explained in Chapter 1, strains deficient in
Cgl10990 (44.6% identical to GlpX) were unable to grow on gluconeogenic substrates
such as acetate, citrate, glutamate, and lactate. C. glutamicum does not have FBPase I or
FBPase III. Therefore, it appears that bacteria having only FBPase II are dependent on
that enzyme (GlpX) for gluconeogenesis. We conclude that GlpX of certain bacteria can
indeed function as an FBPase. However, the possibility exists that GlpX has another
function, too. For example, a GlpX orthologue has been suggested to have seduheptulose
1,7-bisphosphatase activity in Bacillus methanolicus. A series of plasmid-coded proteins,
including GlpX, is needed for methanol utilization (and hence gluconeogenesis) by this
organism (187).
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The genomic context of glpX homologues is not limited to glpFKX or murZ.
Numerous possibilities exist in bacteria as shown in Figure 4.1. This information along
with information from newly sequenced genomes should be considered in investigating
additional roles for GlpX.

Five classes of FBPases
Five classes of FBPases were defined in the previous sections. The FBPases
available are classified (Table 4.3) according to organism and class of FBPase. FBPase I,
II and III are present in organisms individually or in pairs (Table 4.4). FBPase IV is
unique to Archaeal organisms. FBPase V is likely to function in vivo as an IMPase. The
phylogenetic tree shown in Figure 3.9 also illustrates the five classes of FBPase.

Conclusion
In this work, I provided new information regarding glpFKX operon organization
and glpX gene expression. Further studies on the functional role of GlpX in E. coli were
performed. I showed that glpX is expressed to its protein (about 26,000 molecules per
cell), which suggests that the bacterium needs this enzyme. However, the results showed
that E. coli does not need the FBPase activity of GlpX under the conditions tested. GlpX
expressed from the chromosome does not make any difference in ∆fbp strains during
growth on glycerol. However, increasing the amount of GlpX in the cell overcame the
phenotype. This suggests the GlpX of other organisms could potentially fulfill the
requirement for an FBPase. Indeed, this has been recently proven to be the case where
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Table 4.3. FBPases in living organisms

LIVING ORGANISMS
Bacteria

COG
Archaea

Bacteria

FBPase COG
0158
I

Hbs

Syn,
Nos

FBPase COG
1494
II

Mac

Syn,
Nos,
Fnu,
Dra
Fnu

FBPase COG
3855
III

FBPase COG
1980
IV

Afu, Mth, Aae
Mja, Mka,
Tac, Tvo,
Pho, Pab,
Pya, Sso,
Ape

FBPase COG
0483
V

Afu, Hbs,
Mac, Mth,
Mja, Mka,
Pho, Pab,
Pya, Sso,
Ape

Aae,
Tma,
Syn,
Nos,
Dra,
Bbu

Actino

Gram
positive

Gamma

Eco, EcZ,
Ecs, Ype,
Sty, Vch,
Pae, Hin,
Pmu
Cgl,
Mtu,
MtC,
Mle

Cac,
Bsu,
Bha

Proteo
bacteria

Nme,
NmA,
Rso,
Hpy,
jHp,
Cje

alpha

Sme,
Bm,
Ccr

Eukar
yota

Sce,
Spo

Bm,
Mlo,
Ccr

Eco, EcZ,
Ecs, Sty,
Vch, Hin,
Pmu

Cac,
Lla,
Sau,
Lin,
Bsu

Cgl,
Mtu,
MtC,
Mle,

Lla,
Spy,
Spn,
Sau,
Lin,
Bsu,
Bha

Eco, Ecs,
Ype, Sty,
Buc, Vch,
Pae, Hin,
Pmu, Xfa

Nme,
NmA,
Rso,
Cje

Atu,
Sme,
Bme,
Mlo,
Ccr,
Rpr,
Rco

Abbreviations from the NCBI site (the COG database) are used to designate the
organisms in the table. Some members of FBPase V have IMPase activity, and they are
classified in a fifth group (Class V). FBPase II and IV are predominantly bacterial and
archaeal FBPase, respectively.
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Sce

Table 4.4. Combinations of FBPases predicted in various organisms
Example of Organism
Spo, Hbs, Hpy, Sme

FBPaseI FBPaseII FBPaseIII

SuhB
homologues.

√
√

?

?

FBPaseV

√

Mycobacterium
tuberculosis, Bacillus
anthracis

Escherichia coli

FBPaseIV

√
√

√

?

√

√
√

Mycoplasma

−

−

Bacillus subtilis

√
√
√
−

True
Archaeal
FBPase

This is
present in
domains of
life from
Archaea to
eukaryotes.

Combinations of the following are present in organisms: “I only”, “I and II”, “I and III”,
“II only” FBPases IV and V are disregarded because FBPase IV is considered unique to
Archeal organisms and FBPase V is present in all the domains and is most probably an
inositol monophosphatase rather than a fructose bisphosphatase. There are some archaeal
organisms such as Hbs (Halobacterium sp. NRC-1) that contain only FBPase I instead of
FBPase IV. Also, some archaeal organisms such as Mac (Methanosarcina acetivorans
C2A) have FBPase II but not FBPase IV. There are no known examples of organisms
that contain the combination of class I and IV FBPases.
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strains of C. glutamicum showed a negative phenotype during the growth on
gluconeogenic substrates (125).
My studies on the glpFKX operon demonstrated new promoters and their control
(or lack of control) by numerous regulators. Also, the transcription initiation site for the
glpX gene was determined. This information provides insight to understanding the
complex regulation of the glp regulon.
A polyclonal antibody against GlpX could potentially be used to answer questions
regarding GlpX homologues in other organisms. Our western results proved that the
glpX gene belongs to the glp regulon and also provided additional information regarding
the effect of several regulators.
In this study, I also introduced a novel way to estimate the flux of a reaction in a
semi-in vivo manner. The approach was to use regulated expression of an isoenzyme that
complements a negative phenotype. If such conditions are met for other pathways, this
same approach could be used to estimate fluxes catalyzed by other enzymes.
Finally, GlpX has turned out to be an important enzyme as shown in M.
tuberculosis (5), where it is involved in pathogenesis, and in C. glutamicum, where it is
required for gluconeogenesis (125). It is likely that studies aimed at understanding the
function and regulation of GlpX in these and other organism will continue.
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