
Embden-Meyerhof glycolytic pathway and Gluconeogenesis

Glycolysis (Embden-Meyerhof-Parnas pathway) is the most common sequence of
reactions for the conversion of glucose-6-P into pyruvate in all domains of life.  It
generates ATP, reduced equivalents, and precursor metabolites for a multitude of essential
cellular processes.  During growth on substrates other then hexoses, essential glycolytic
intermediates are synthesized via glyconeogenesis, reversion of EMP.  While Glycolysis
and glyconeogenesis are well-conserved in bacteria and eukaryotes, Archaea have
developed unique variants of these pathways, presented in a separate subsystem.  Striking
examples of  unique features of glycolytic pathways in archaea include: zero or very low
ATP yields; reduction of ferredoxin rather than NADH; many unusual glycolytic enzymes,
including ADP-dependent gluco- and phosphofructo- kinases, non-orthologous PGMs,
FBAs, non-phosphorylating GAP dehydrogenases, etc. Notably, less variation is observed
in glyconeogenic than in glycolytic enzymes.  This may reflect the independent evolution
of catabolic branches in bacteria and archaea diverging from originally glyconeogenic
EMP pathway (refs. 2, 5) .  Since studies of archaeal glycolytic pathways have started only
in early 1990s, a large number of open questions (including “missing” enzymes) remains.
     Out of ten enzymatic steps, which constitute classical EMP seven are reversible and
work in glyconeogenesis as well.  However, glycolytic reactions catalyzed by 6-
phosphofructokinase, pyruvate kinase and some forms of glyceraldehyde 3-phosphate
dehydrogenase are not reversible (shown in red in the following slides).  They are
bypassed during glyconeogenesis via specific glyconeogenic enzymes (shown in blue) or
by utilizing alternative routes of central carbon metabolism. Multiple alternative forms of
enzymes exist in various organisms for nearly every functional role in this central
pathway.  Each variant is cataloged independently: each column in a Subsystem
spreadsheet in SEED contains members of a single protein family assigned with a specific
function.  Alternative forms of enzymes can be grouped into subsets of functional roles
(marked with “*”) by using “ignore alternatives” tool  on a SS page in SEED.
    Comparative analysis of complete genomes in SEED revealed endless variations in the
implementation of this all too familiar pathway in different  organisms; allowed to project
the accumulated knowledge from well studied  organisms to many others; led to
identification of missing genes and other open questions.
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Subsystem:  Embden-Meyerhof and Gluconeogenesis in Archaea



Functional roles and alternative forms of enzymes
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Abbrev          Functional roles

1 GlcK Glucokinase (EC 2.7.1.2)

2 HxK Hexokinase (EC 2.7.1.1)

3 PPgK Polyphosphate glucokinase (EC 2.7.1.63)

4 Pgi Glucose-6-phosphate isomerase (EC 5.3.1.9)

5 Pgi_a2 Glucose-6-phosphate isomerase, archaeal II (EC 5.3.1.9)

6 Pfk1 6-phosphofructokinase (EC 2.7.1.11)

7 Pfk2 6-phosphofructokinase class II (EC 2.7.1.11)

8 PP-PFKa Pyrophosphate--fructose 6-phosphate 1-phosphotransferase, alpha subunit (EC 2.7.1.90)

9 PP-PFKb Pyrophosphate--fructose 6-phosphate 1-phosphotransferase, beta subunit (EC 2.7.1.90)

10 FBP_I Fructose-1,6-bisphosphatase, type I (EC 3.1.3.11)

11 FBP_X Fructose-1,6-bisphosphatase, GlpX type (EC 3.1.3.11)

12 FBP_B Fructose-1,6-bisphosphatase, Bacillus type (EC 3.1.3.11)

13 FBA1 Fructose-bisphosphate aldolase class I (EC 4.1.2.13)

14 FBA2 Fructose-bisphosphate aldolase class II (EC 4.1.2.13)

15 Tpi Triosephosphate isomerase (EC 5.3.1.1)

16 GAPDH NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12)

17 GAPDH(P) NAD(P)-dependent glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.59)

18 GAPDH_P NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.13)

19 G3PNP Non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase (NADP) (EC 1.2.1.9)

20 PgK Phosphoglycerate kinase (EC 2.7.2.3)

21 PgM Phosphoglycerate mutase (EC 5.4.2.1)

22 BiPgM 2,3-bisphosphoglycerate-independent phosphoglycerate mutase (EC 5.4.2.1)

23 EnO Enolase (EC 4.2.1.11)

24 PyK Pyruvate kinase (EC 2.7.1.40)

25 PpS Phosphoenolpyruvate synthase (EC 2.7.9.2)

26 PpD Pyruvate,phosphate dikinase (EC 2.7.9.1)

27 GPDH Glucose-6-phosphate 1-dehydrogenase (EC 1.1.1.49)

28 GS Glycogen synthase (EC 2.4.1.21)

*fba

*gap

*pgm

*pps

*glk

*pgi

*pfk

*fbp

Functional roles essential for both - glycolysis and glyconeogenesis - are in black,
irreversible glycolytic enzymes are in red, glyconeogenic enzymes are in blue.
Functional roles shown in grey are not part of the subsystem per se, but were included to
facilitated analysis of variations in subsystem implementation in different organisms
(functional variants). Alternative forms of enzymes are grouped and marked with “*”.
Alternative forms of enzymes unique for Archaea are highlighted in grey (next slide)

I.  Subsystem:  Embden-Meyerhof and Gluconeogenesis



II. Subsystem:  Embden-Meyerhof and Gluconeogenesis Archaeal

Functional roles and alternative forms of enzymes
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Abbrev          Functional roles

1 GlkD ADP-dependent glucokinase (EC 2.7.1.147)

2 HxK Hexokinase (EC 2.7.1.1)

3 Pgi_a Glucose-6-phosphate isomerase, archaeal (EC 5.3.1.9)

4 Pgi_a2 Glucose-6-phosphate isomerase, archaeal II (EC 5.3.1.9) 

5 Pgi Glucose-6-phosphate isomerase (EC 5.3.1.9)

7 Pfk1 6-phosphofructokinase (EC 2.7.1.11)

8 Pfk2 6-phosphofructokinase class II (EC 2.7.1.11)

6 PfkD ADP-dependent phosphofructokinase (EC 2.7.1.146)

9 PP-PFKa Pyrophosphate--fructose 6-phosphate 1-phosphotransferase, alpha subunit (EC 2.7.1.90)

FBP_I Fructose-1,6-bisphosphatase, type I (EC 3.1.3.11)

FBP_X Fructose-1,6-bisphosphatase, GlpX type (EC 3.1.3.11)

FBP_IV Fructose-1,6-bisphosphatase, type IV, archaeal (EC 3.1.3.11)

FBP_V Fructose-1,6-bisphosphatase, type V, archaeal (EC 3.1.3.11)

13 FBA_A Fructose-bisphosphate aldolase, archaeal class I (EC 4.1.2.13)

14 Tpi Triosephosphate isomerase (EC 5.3.1.1)

17 GAPDH(P) NAD(P)-dependent glyceraldehyde 3-phosphate dehydrogenase archaeal (EC 1.2.1.59)

15 GAPOR Glyceraldehyde-3-phosphate: ferredoxin oxidoreductase (EC 1.2.7.6)

16 G3PNPa Non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase (NAD)

18 PgK Phosphoglycerate kinase (EC 2.7.2.3)

20 PgM Phosphoglycerate mutase (EC 5.4.2.1)

21 BiPgM 2,3-bisphosphoglycerate-independent phosphoglycerate mutase (EC 5.4.2.1)

19 BiPgM_A 2,3-bisphosphoglycerate-independent phosphoglycerate mutase, archaeal type (EC 5.4.2.1)

22 EnO Enolase (EC 4.2.1.11)

23 Pyk Pyruvate kinase (EC 2.7.1.40)

24 PpS Phosphoenolpyruvate synthase (EC 2.7.9.2)

25 PpD Pyruvate,phosphate dikinase (EC 2.7.9.1)

26 GDH Glucose 1-dehydrogenase (EC 1.1.1.47)

*glk

*pgi

*pfk

*gap

*pgm

*pps

*fbp
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Subsystem spreadsheet (fragment).  M ultipositional encoding of functional variants
(appearing in Variant code column) is described in the last slide. Missing genes inferred by the functional
context analysis  are shown by “?”.  Several functional roles (marked with "*") aggregate two or more
alternative enzyme families (as defined in slide 3). The occurrence of a specific form in an organism is
shown  by a role numbers (shown in black font), corresponding to those in slide 3. Cells within the same
row highlighted by a matching color contain genes located in close vicinity of each other (clustering on the
chromosome).

SS: Embden-Meyerhof pathway and Gluconeogenesis in Archaea

?

?

??

?

?
?
?

A number of “missing” genes (marked with a star in the variant code) still remain in archaeal variants of
the EMP in spite the great progress achieved in the last decade in unraveling archaeal central carbon
metabolism.

Missing GlK: Glucokinases are “missing” enzymes in several  saccharolytic archaea, which lack a
potential bypass (glucose 1-dehydrogenase, GDH, canalizing glucose into non-phosphorylating
Entner-Doudoroff), and hence are expected to contain functional Glk, including: Archaeoglobus
fulgidus, Methanococcus maripaludis (variant codes [9*___])

Open questions and comments



Missing FBA: Archaea have their own class I FBA, unrelated to bacterial FBA I on the sequence level,
but with the same Shiff base mechanism.  FBA homologs are missing from the genomes of
Pyrobaculum  aerophilum, Ferroplasma acidarmanus, Thermoplasma acidophilum and
Thermoplasma volcanium, Picrophilus torridus DSM 9790.  In addition, in the following genomes
none of the “aldolase of the DhnA family” homologs, albeit present, were annotated as FBA:
Archaeoglobus fulgidus DSM 4304, Methanopyrus kandleri AV19, Methanothermobacter
thermautotrophicus. These proteins appear to be phospho-2-dehydro-3-deoxyheptonate aldolases,
rather then FBAs - based on (i) the strong clustering with other chorismate biosynthesis genes and
on (ii) the absence of all other known types of phospho-2-dehydro-3-deoxyheptonate aldolase in
these genomes.  They are currently annotated in SEED as “Alternative step 1 of chorismate
biosynthesis”

Missing PFK:  in the majority of these organisms the presence of GDH, catalyzing the first step of
alternative pathways of glucose catabolism indicates that archaeal non-phosphorylating Entner-
Doudoroff is utilized  in place of glycolysis.  This is apparently the case in: Ferroplasma
acidarmanus, Picrophilus torridus, Halobacterium sp. NRC-1, Haloarcula marismortui, Sulfolobus
sp. and Thermoplasma sp.  The absence of both enzymes - Pfk and GDH in an organism is
characteristic of autotrophs Methanopyrus kandleri and Methanothermobacter thermautotrophicus,
unable to utilize hexoses and apparently lacking internal glycogen cycle (accumulating cyclic 2,3-
Diphosphoglycerate instead).  On the other hand, Pfk is expected to be present, but is not found
(“missing” gene) in genomes of Pyrobaculum aerophilum and Archaeoglobus fulgidus (variant codes
[_9*__]).

Methanosarcina mazei

Methanococcoides burtonii

Methanosarcina acetivorans

 Methanopyrus kandleri 

M. thermautotrophicus

Clustering of the putative adolase homologs with enzymes of chorismate biosynthesis in selected
archaeal genomes. Alignment of the chromosomal contigs of respective genomes around the homologs of
the query ORF MK1409 (red arrow, #1).  Homologous genes are shown by arrows with matching colors
and numbers as follows:  (1) Alternative step 1 of chorismate biosynthesis,  (3) 3-dehydroquinate
synthase (EC 4.2.3.4), (4) 3-dehydroquinate dehydratase (EC 4.2.1.10), (5) Shikimate 5-dehydrogenase
(EC 1.1.1.25), (6) Prephenate dehydrogenase (EC 1.3.1.12).  Genes not conserved within the cluster are
colored grey.

?

?



Examples of subsystem variants, open questions, and comments

Functional glyconeogenesis can be asserted, but not the EMP (due to the absence of PGK). The
presence of glucose-6-phosphate 1-dehydrogenase (GPDH, included in this SS) catalyzing the first
step of alternative pathways of glucose catabolism indicates that Entner-Doudoroff and/or Pentose
Phosphate pathways are used in place of glycolysis.  This is apparently the case in all species of
Neisseria, Bordetella, Bifidobacterium, and Pseudomonas where genome sequence data are available,
and other microorganisms

Variant code: 1911

Functional glyconeogenesis can be asserted, but the absence of GPDH in addition to PGK renders an
organism non-glycolytic.  This is likely the case in: all Bordetella species, Campylobacter jejuni,
Acinetobacter sp., Psychrobacter sp., etc.

Variant code: 99110

An extreme, rare case of complete absence of glycolytic and glyconeogenic enzymes.  Intracellular
pathogen with minimal genome relying entirely on the host for energy and anabolic precursors.
Surprising presence of pyruvate, phosphate dikinase (EC 2.7.9.1).

Variant code: -1

Variant code: 1113 

Classic variant of glycolysis and glyconeogenesis, complete set of functional roles in both directions
with several represented  by alternative enzymes.  Notably, two distinct GAPDHs, NAD-dependent
(role #16) and NAD(P)H-dependent (role #17), catalyze glyceraldehyde-3P ←→ 1,3-bisP-glycerate
conversion in the opposite directions.  This is often the case in organisms with functional Calvin
cycle, but has been recently demonstrated (Fillinger et al., 2000) in nonphotosynthetic bacteria, e.g.
Bacillus as well.  In addition, B. anthracis contains non-phosphorylating G3PNP (role # 19) which
catalyses irreversible oxidation of glyceraldehyde-P to glycerate-3P  in the direction of glycolysis (no
ATP is produced).

SS: Embden-Meyerhof pathway and Gluconeogenesis in Eubacteria



In this case, in spite the absence of any known form of  FBP, both -  glycolysis and glyconeogenesis
can be asserted, due to the presence of Pyrophosphate--fructose 6-phosphate 1-phosphotransferase
(role #9, PPi-PFK).  Since PPi-PFK is capable of catalyzing the reverse reaction (Deng et al, 1999), it
can also act in gluconeogenesis.  This is the case in all Chlamydophila, Borrelia, Treponema species
with genome sequences available to date.

Variant code: 9271

Missing FBA

FBA is essential for both, EMP and glyconeogenesis.  It is still a “missing” gene in the genomes of
Geobacter sulfurreducens PCA (finished to one contig) and Geobacter metallireducens (unfinished),
where an otherwise complete set of EMP/glyconeogenetic genes can be asserted. No clear homologs of
any known forms of FBA (including archaeal) can be identified in these genomes.  On the other hand,
Desulfotalea psychrophila, missing all forms of bacterial FBA, contains Fructose-bisphosphate
aldolase, archaeal class I ortholog.

?
FBA_A

Variant code [**9*]:  In a number of organisms gluconeogenesis appears to be incomplete due to the
absence of all known types of FBP: Propionibacterium acnes, Clostridium perfringens, Ureaplasma
parvum, all sequenced species of Streptococcus and Xylella fastidiosa.  This implies either the
presence of a novel non-orthologous  FBP variant in these organisms, or the existence of yet
unknown compensating pathway, or strict dependency on exogenous carbohydrates for essential
anabolic precursors, which is a possible scenario in these pathogenic organisms.
    Gene candidates for the missing functional role:  distant homologs of archaeal Fructose-1,6-
bisphosphatase, type IV, archaeal (EC 3.1.3.11) / Inositol-1- monophosphatase (EC 3.1.3.25) (ref 6)
can be identified in these genomes. Glycolytic pathway appears functional.

Missing FBP?

?
?



Variant codes used in the two Subsystems

    [-1]: the majority of enzymes are absent, no functional EMP or glyconeogenesis can be asserted

First digit in a multipositional variant code reflects the type of sugar kinase catalyzing formation of
glucose-6-P in an organism:
        [1___] = an ATP-dependent hexo- or glucokinase(s) is present
        [3___] = an ADP-dependent glucokinase is present
        [8___] = different types of kinases (ADP - ATP- , or PPi-dependent) can be assertred
        [9___] = no sugar kinase could be identified.

Second digit reflects a type of 6-phosphofructokinase (Pfk) present:
       [_1__] = ATP-dependent Pfk is present (one or several types)
       [_2__] = PPi-dependent Pfk is present. ATP yield of glycolysis is higher in this case.
       [_3__] = an ADP-dependent Pfk is present
       [_8__] = different types of kinases (ADP - ATP- , or PPi-dependent) can be asserted
       [_9__] = no ortholog of known PFKs can be detected in a genome.

Third digit reflects the presence/ absence of some form of Fructose-1,6-bisphosphatase (FBP):
       [__1_] = a clear ortholog of at least one form of FBP is present
       [__8_] = several FBPs of different types are present (redundancy)
       [__9_] = no FBP can be detected in a genome.

Fourth digit reflects a type of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) present:
       [___1] = a single universal GAPD(P)H acts in both directions - in glycolysis and glyconeogenesis
       [___2] = two distinct GAPDHs with different cofactor requirements catalyze glyceraldehyde-3P
<-> 1,3-bisP-glycerate conversion in opposite directions.
       [___3] = as #2, but non-phosphorylating G3PNP catalyses irreversible oxidation of G3P in the
direction of glycolysis.  No ATP is produced in this reaction.
       [___4] = in archaea:  GAPDHs catalyze 1,3-bisP-glycerate  glyceraldehyde-3P conversion in
glyconeogenesis, while GAPOR or/and G3PNPa catalyze irreversible oxidation of glyceraldehyde-P
to glycerate-3P in the direction of glycolysis. No ATP is produced in this reaction.
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