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Letter

The Phylogenetic Extent of Metabolic Enzymes

and Pathways

José Manuel Peregrin-Alvarez, Sophia Tsoka, Christos A. Ouzounis'

Computational Genomics Group, The European Bioinformatics Institute, EMBL Cambridge Outstation,

Cambridge CB10 15D, UK

The evolution of metabolic enzymes and pathways has been a subject of intense study for more than half a
century. Yet, so far, previous studies have focused on a small number of enzyme families or biochemical
pathways. Here, we examine the phylogenetic distribution of the full-known metabolic complement of Escherichia
coli, using sequence comparison against taxa-specific databases. Half of the metabolic enzymes have homologs in
all domains of life, representing families involved in some of the most fundamental cellular processes. We thus
show for the first time and in a comprehensive way that metabolism is conserved at the enzyme level. In
addition, our analysis suggests that despite the sequence conservation and the extensive phylogenetic
distribution of metabolic enzymes, their groupings into biochemical pathways are much more variable than

previously thought.

One of the fundamental tenets in molecular biology was ex-
pressed by Monod, in his famous phrase “What is true for
Escherichia coli is true for the elephant” (Jacob 1988). For a
long time, this statement has inspired generations of molecu-
lar biologists, who have used Bacteria as model organisms to
understand the basic principles of life. The discovery of the
three domains of life (Woese and Fox 1977) testified that
there exist some pronounced differences between organisms,
for example in transcription regulation (Struhl 1999). Para-
doxically, metabolism has always been considered as one of
the most conserved cellular processes (Lehninger 1979), that
remains invariable from Bacteria to Eucarya, but no quantifi-
cation of this view has been provided.

Instead, the phylogenetic extent of metabolism has been
assessed by experimental case studies of individual biochemi-
cal pathways (Crawford 1989) and, more recently, by com-
parative genomics. Entire genome sequences from a wide va-
riety of species offered the possibility of performing metabolic
reconstruction, based on known metabolic pathways and ge-
nome sequence comparison (Karp et al. 1996). Case studies
have suggested that even some of the most central pathways
in biochemistry such as the citric acid cycle (Huynen et al.
1999), glycolysis (Dandekar et al. 1999), and amino acid bio-
synthetic pathways (Forst and Schulten 2001) may vary sig-
nificantly over large phylogenetic distances.

A comprehensive analysis of metabolism has not been
performed until now, possibly due to the scarcity of system-
atically collected information on genome sequences and
metabolic pathways. Metabolic enzyme families are consid-
ered to be highly conserved and have been used to reconstruct
the deep branching patterns of the tree of life (Doolittle et al.
1996). Yet, it remains unclear which enzymes are represented
in all major taxa, what pathways they participate in, and
which ones are most conserved at the sequence level.

We set out to address the phylogenetic extent and con-
servation of enzymes and pathways by using a highly curated,
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reliable source of metabolic information. The EcoCyc data-
base holds information about the full genome and all known
metabolic pathways of Escherichia coli (Karp et al. 2000). Re-
cently, the database has been used to represent computational
predictions of other organisms (Karp 2001).

RESULTS

We have searched the nonredundant protein sequence data-
base, previously partitioned in seven major taxonomic
groups, with all 548 enzymes from the known metabolic
complement of Escherichia coli. Whenever a homolog of each
query enzyme is found in the corresponding taxonomic
group, this is recorded into a binary vector (see Methods).
Conceptually, this approach is similar to a low-resolution ver-
sion of the phylogenetic profile method (Pellegrini et al.
1999). Instead of searching individual species, however, we
focus on major taxonomic groups and we seek enzymes that
“travel together” within or across these groups. No assump-
tions about functional roles or associations are made (Pelle-
grini et al. 1999): We only examine the phylogenetic extent of
the query set, in this case the entire known metabolic comple-
ment of E. coli. The end result is a matrix of 548 genes across
all the taxonomic combinations; in all, 37 (out of 128 pos-
sible) such combinations can be observed. Genes that have
the same distribution pattern (i.e., identical binary vectors) in
each taxonomic category are collected accordingly.

The majority of E. coli enzymes (274 of them, or 50%)
have homologs in all domains of life, Bacteria, Archaea, and
Eucarya, covering six taxonomic combinations (Fig. 1). Fur-
thermore, there are an additional 13 enzymes (2%) which are
universally present in all seven taxa, including the viruses
(Table 1). This universal set represents enzyme families in-
volved in various biochemical processes, including amino
acid, cofactor, and nucleotide biosynthesis (Kyrpides et al.
1999). It is worth noting that the presence of all these en-
zymes in viruses is not fully understood yet (Kaiser et al.
1999). Enzymes present in Bacteria and (1) Eucarya are 57,
covering four taxonomic combinations (10%; e.g., glu-
cosamine-6-phosphate isomerase) or (2) Archaea are 52 (9%)
(e.g., cytochrome D ubiquinol oxidase). It is interesting that
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Elsewhere
81 enzymes, 24 combinations

Bacteria
71 enzymes, 1 combination
Bacteria/Archaea/Eucarya

274 enzymes, 6 combinations

Bacteria/Archaea
52 enzymes, 1 combination

Bacteria/Eucarya

57 enzymes, 4 combinations Bacteria/Archaea/Eucarya/Viruses

13 enzymes, 1 combination

Figure 1 Distribution of the 548 known E. coli metabolic enzymes into 37 taxonomic combinations
(see Methods). The seven taxonomic groups correspond to domains of life in the case of Archaea and
Bacteria or the four major eukaryotic groups (Fungi, Metazoa, Protista, Viridiplantae), while Viruses are
considered as an additional group (see Methods). Universal enzymes are colored in gray (dark gray for
those with viral homologs), those with homologs in Eucarya in blue, with homologs in Archaea in red,
and in Bacteria only in green. Other combinations of the seven taxonomic groups are shown in white
(see Methods).

taxa (e.g., Protista or Fungi) may be
significantly underrepresented in
terms of the amount of available se-
quence data, we have assessed the
gross pattern of taxonomic distri-
butions by combining all four eu-
karyotic taxa (Protista, Fungi,
Plants, Metazoa) into one group. It
is striking that the 71 Bacteria-
specific enzymes are significantly
underrepresented compared to the
control set (with an average of 195
proteins that are Bacteria-specific;
Fig. 2A). The 52 enzymes with ho-
mologs in Archaea but not Eucarya
are slightly underrepresented (with
an average of 63 proteins in the
control sets for this taxonomic
grouping; Fig. 2B). Finally, if we
take enzymes with homologs in Ar-
chaea, Bacteria, all four eukaryotic
taxa, and viruses (170 in total, or
31%), it is evident that this set of
proteins stands out as being over-

71 enzymes are present only in Bacteria (13%; e.g., L-fucose
isomerase), possibly representing unique metabolic capabili-
ties of this taxon. Notably, we have not observed any meta-
bolic enzymes that are species-specific to E. coli. Finally, the
remaining 81 enzymes (15%) have homologs in various taxo-
nomic combinations (24 in total), with very low counts that
are not statistically significant (see below). Overall, 52% of
known metabolic enzymes from E. coli are found to be present
in all three domains, a fact indicating that metabolism is
highly conserved during evolution (Fig. 1).

To assess whether the observed patterns of phylogenetic
distribution for metabolic enzymes are different from any
other proteins, we have performed simulations of this analy-
sis using protein sets of equal size, randomly selected from the
E. coli genome (see Methods). Because some of the eukaryotic

represented in this universal taxonomic pattern compared
with random (Fig. 2C). It is thus evident that randomly se-
lected proteins from a bacterial genome tend to be confined
within the corresponding taxonomic group, while metabolic
enzymes are expected to be present across a much wider phy-
logenetic spectrum (Fig. 2). Enzymes with homologs in other
taxonomic group combinations exhibit similarly strong de-
viations from a random background being either over- or un-
derrepresented in the corresponding combination (Fig. 3).
To examine which enzymes are actually most conserved
at the sequence level, we recorded all pairwise sequence iden-
tity values between the E. coli enzymes and their homologs
from Homo sapiens (Table 2), as an indicative measure of pro-
tein sequence conservation. There are 11 E. coli metabolic
enzymes which have similar lengths (+10%) and have se-

Table 1. The 13 Metabolic Enzymes Which Have Homologs in All Major Taxonomic Partitions, Including Viruses
Accession Description Pathway
P00379 Dihydrofolate reductase (EC 1.5.1.3) FormyITHF biosynthesis, folic acid biosynthesis
P00470 Thymidylate synthase (EC 2.1.1.45) FormyITHF biosynthesis, deoxypyrimidine nucleotide/side metabolism
P00479 Aspartate carbamoyltransferase catalytic chain Pyrimidine biosynthesis
(EC 2.1.3.2)
P00861 Diaminopimelate decarboxylase (EC 4.1.1.20) Lysine and diaminopimelate biosynthesis
P04391 Ornithine carbamoyltransferase chain | (EC 2.1.3.3) Arginine biosythesis Il
P05459 Erythronate-4-phosphate dehydrogenase (EC 1.1.1.-)  Pyridoxal 5’-phosphate biosynthesis
P06960 Ornithine carbamoyltransferase chain F (EC 2.1.3.3) Arginine biosynthesis Il
P08328 D-3-phosphoglycerate dehydrogenase (EC 1.1.1.95) Serine biosynthesis
P17169 Glucosamine-fructose-6-phosphate aminotransferase Dissimilation of N-acetylglucosamine, N-acetylmannosamine and
[isomerizing] (EC 2.6.1.16) N-acetylneuraminic acid, UDP-N-acetylglucosamine biosynthesis
P22939 Geranyltranstransferase (EC 2.5.1.10) Polyisoprenoid biosynthesis
P27830 DTDP-glucose 4,6-dehydratase (EC 4.2.1.46) dTDP-rhamnose biosynthesis, enterobacterial common antigen
biosynthesis
P37759 DTDP-glucose 4,6-dehydratase (EC 4.2.1.46) dTDP-rhamnose biosynthesis, enterobacterial common antigen
biosynthesis
P52643 D-lactate dehydrogenase (EC 1.1.1.28) Fermentation

Column names: database Accession number, database Description line, both from SwissProt (Bairoch and Apweiler 2000) and the correspond-
ing Pathway name, according to EcoCyc (Karp et al. 2000). Note that an enzyme may participate in more than one pathway (Ouzounis and

Karp 2000). Table is sorted by Accession number.
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Figure 2 Frequency distributions of E. coli metabolic enzymes
(green bars) versus 30 control sets of equal size with randomly se-
lected E. coli proteins (blue bars, see Methods) in (A) Bacteria, (B)
Bacteria and Archaea or (C) Bacteria, Archaea and all eukaryotic
groups (including viruses). Counts are shown on the x-axis and the
frequency of the sets on the y-axis. The set of E. coli enzymes are less
likely to be present only in Bacteria than the control sets (4); con-
versely, the set of E. coli enzymes are more likely to be present in all
phylogenetic groups than the control sets (C).
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Figure 3 Statistics of phylogenetic distribution of E. coli enzymes.
The 13 statistically significant taxonomic combinations are shown on
the x-axis (color coding as in Fig. 1; for taxonomic abbreviations see
Methods). Frequency of enzymes belonging to the corresponding
taxonomic combination (left bars, colored), compared to the mean
value of 30 control runs (right bars, hatched), is shown on the left
y-axis. Variance estimates for the mean values are not shown, for
clarity. Black diamonds represent Z-score values (see Methods for
details); scale is shown on the right y-axis.

quence identity =55% to the corresponding human proteins
(Table 2). The most conserved known metabolic enzyme ap-
pears to be guanosine 5' monophosphate oxidoreductase,
with 68% identity shared between the E. coli and H. sapiens
sequences, followed by glyceraldehyde 3-phosphate dehydro-
genase and succinyl-CoA synthetase a chain (Table 2). This is
the first time, to our knowledge, that such a simple compari-
son has been performed.

Finally, we have examined the conservation of pathways
using the detection of enzyme homologs in the correspond-
ing taxonomic partitions. Interestingly, only five of 87 path-
ways (less than 6%) whose enzymes have homologs in all
seven taxa are completely conserved. In fact, these correspond
only to short interconversion reactions defined as pathways
(not shown). If we relax this strict criterion and admit en-
zymes with homologs in all three domains of life, that is, in
any eukaryotic group, 23 pathways with more than four en-
zymes and 70% coverage are detected (Table 3). The three
invariant pathways correspond to biosynthetic pathways for
tryptophan, leucine, and arginine (Table 3). Other pathways
in this list include metabolic reactions for cofactor biosynthe-
sis and central metabolism (Table 3). In general, conserved
pathways appear to be involved in energy metabolism, central
intermediary metabolism, sugar degradation, cofactor biosyn-
thesis, and the processing of amino acids and nucleotides.
This observation lends support to the hypothesis that this set
of processes is one of the most ancient aspects of cellular
physiology, possibly present in the universal ancestor (Woese
1998).

In conclusion, it appears that although metabolic en-
zymes are widely distributed and highly conserved during
evolution, their corresponding participation as groupings in
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pathways might vary significantly.
In that sense, pathways appear to
be more variable than previously

Human thought, and pathway evolution
Accession Description homologs Identity exhibits a primarily “mosaic” pat-
tern (Teichmann et al. 2001; Tsoka

Table 2. The 11 Most Conserved Metabolic Enzymes in E. coli According to Their
Sequence Identity to Homologs in Homo sapiens

P15344 GMP reductase (guanosine 5'-monophosphate Q9P2T1 68% is 2001 ith h lo-
oxidoreductase) AAH08021  68% and Quzounis 2001), with homolo
AAH08281 65% gous enzymes being reused in dif-
P36959 65% ferent cellular roles (Jensen 1976).
P06977 Glyceraldehyde 3-phosphate dehydrogenase A (GAPDH-A)  P04406 66%
P00354 65% DISCUSSION
v
g?:‘SCSU: 2202 We have shown that the known
P07459  Succinyl-coa synthetase alpha chain (SCS-ALPHA) Q9BWBO0 66% metabolic complement of E. coli is
P53597 66% highly conserved, with half of
P11537 Glucose-6-phosphate isomerase (GPI) Q9UHE6 64% the enzymes being present in at
8096375;45 2350 least one species from the three do-
O mains of life, thus considered uni-
P05042 Fumarate hydratase Class Il (fumarase) AAH03108 60% ! . ! u . 1 .u !
P07954 60% versal. With statistical simulations,
P06994  Malate dehydrogenase AAHO1917  58% we have also shown that the uni-
P40926 58% versal enzymes are much more con-
P09148 Galactose-1-phosphate uridylyltransferase P07902 56% served than the ones absent from
Eg;g;i é-aTinOé-kitobl;]terte cosnzyrﬂed/\ ltigaS)e ;31735962090 §§2j° Eucarya. The high coverage of the
nolase (2-phosphoglycerate dehydratase o ~
P10444 Succinate dehydrogenase flavoprotein subunit AAHO01380 55% database. and th‘e presen.ce Of.h(?
P31040 559 mologs in multiple species elimi-
P25526 Succinate-semialdehyde dehydrogenase [NADP+] (SSDH)  P51649 55% nates to a significant extent the
possibility of detecting lateral gene
Selected by two criteria: difference in length =10% and sequence identity =55%. Column names: transfers, also supported by recent,
Accession and Description as in Table 1; “Human homologs” contains the accession numbers for independent analyses (Salzberg et
the corresponding human proteins; Identity is the percent identity from pairwise sequence com- al. 2001; Stanhope et al. 2001).

parison. Note that there may be multiple human homologs for a single E. coli enzyme. Table is

Thus, the observed taxonomic pat-
sorted by sequence identity of the closest homolog. ! P

terns of enzyme distribution are

Table 3. The Most Conserved Metabolic Pathways in E. coli Whose Enzymes Are Universally Present in the Three Domains of Life,
Archaea (A), Bacteria (B) and Eucarya (E)

Pathway name Pathway superclass A-B-E A-B-E-Vr Enzymes Coverage
Tryptophan biosynthesis Individual amino acids 5 0 5 1.00
Leucine biosynthesis Individual amino acids 6 0 6 1.00
Arginine biosynthesis I Individual amino acids 9 2 11 1.00
Valine biosynthesis Individual amino acids 8 0 9 0.89
Nonoxidative branch of the pentose phosphate pathway Energy-metabolism 7 0 8 0.88
Histidine biosynthesis Individual amino acids 7 0 8 0.88
Purine biosynthesis Purines and pyrimidines 12 0 14 0.86
Enterobactin synthesis Cofactor-biosynthesis 5 0 6 0.83
Riboflavin, FMN and FAD biosynthesis Cofactor-biosynthesis 5 0 6 0.83
Threonine biosynthesis Individual amino acids 5 0 6 0.83
FormyITHF biosynthesis Intermediary-metabolism 7 2 11 0.82
Methylglyoxal metabolism Central-metabolism 4 0 5 0.80
Ribose catabolism Carbon-degradation 4 0 5 0.80
Thiamin biosynthesis Cofactor-biosynthesis 8 0 10 0.80
Folic acid biosynthesis Cofactor-biosynthesis 7 1 10 0.80
Gluconeogenesis Central-metabolism 10 0 13 0.77
Isoleucine biosynthesis Individual amino acids 10 0 13 0.77
Glycolysis Energy-metabolism 10 0 13 0.77
Aerobic respiration, electron donors reaction list Energy-metabolism 22 0 29 0.76
Glyoxylate cycle Energy-metabolism 5 0 7 0.71
Glycogen catabolism Carbon-degradation 5 0 7 0.71
Biosynthesis of proto- and siroheme Cofactor-biosynthesis 7 0 10 0.70
TCA cycle, aerobic respiration Energy-metabolism 14 0 20 0.70

Column names: Pathway name and superclass according to EcoCyc (Karp et al. 2000); ABE: number of enzymes in the three phylogenetic
domains; ABEVr: number of enzymes in the three phylogenetic domains plus Viruses (Vr); Enzymes: total number of enzymes in the corre-
sponding pathway; Coverage: ratio of the sum of universal enzymes over total, per pathway. Table is sorted by coverage.
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most likely to reflect genuine divergent relationships, tracing
the origins of metabolic enzymes and pathways back in time.
In particular, the set of universal enzymes may be used for
deep phylogeny studies to assess robustness of phylogenetic
trees (Huelsenbeck et al. 2001), the determination of diver-
gence times (Feng et al. 1997), and hypotheses for lateral gene
transfer (Brown et al. 2001). Finally, we have examined the
conservation of biochemical pathways across species and
have found that the pathways in which the universal en-
zymes participate correspond to reactions metabolizing small
molecules, such as sugars, amino acids, and nucleotides, as
previously suggested (Kyrpides et al. 1999).

The topology and functional diversification of biochemi-
cal pathways is yet to be explored, given that the experimen-
tally determined information available is confined to only a
few model species, such as E. coli, and processes, such as me-
tabolism. It remains to be seen how representative the me-
tabolism of E. coli is and whether our conclusions will hold for
other species, or indeed for other cellular processes. Much
more work is necessary to validate the metabolic reconstruc-
tions currently based on sequence homology (Tsoka and
Ouzounis 2000b).

METHODS

We have extracted the sequences of all enzymes (548 in total)
from EcoCyc (Karp et al. 2000), both the monomeric enzymes
(208 in total) and the components of enzyme complexes (348
in total; some monomeric enzymes can also be found as en-
zyme complex components; Tsoka and Ouzounis 2000a). To
address the generic phylogenetic distribution of enzymes, we
have subsequently divided the nonredundant protein se-
quence database SwAIl (SwissProt+TrEMBL; Bairoch and Ap-
weiler 2000)—(602,333 entries in total) into seven major
taxonomic groups: Archaea (A), Bacteria (B), Fungi (F), Meta-
zoa (M), Protista (P), Viridiplantae (Vp), and Viruses (Vr). The
section of the database containing these groups covers
582,638 sequences or 97% of the total number of entries (the
3% remainder represents vector data, artificial sequences, in-
sertion sequences, transposons, and other unclassified en-
tries). The partitioning was greatly facilitated by SRS (Etzold
and Argos 1993), using the taxonomic records from the SwAll
database (SwissProt+TrEMBL; Bairoch and Apweiler 2000). All
E. coli entries were excluded from this target database.

The E. coli enzymes were subsequently used as queries to
search against the seven taxonomic partitions using BLAST
(Altschul et al. 1997) at an E-value threshold 10, as previ-
ously (Tsoka and Ouzounis 2001), filtered for compositional
bias with CAST (Promponas et al. 2000; score threshold 40).
The detected homologs were used to classify the query en-
zyme dataset into the seven taxonomic groups. For each
query enzyme, we recorded the distribution pattern of all ho-
mologs in a binary vector, representing its taxonomic distri-
bution.

To assess the statistical significance of these measure-
ments, 30 samples of equal size were taken from the E. coli
genome as control sets and were subjected to an identical
analysis—as previously described (Tsoka and Ouzounis
2000a). In total, 16,988 runs (548 queries * 31 runs) were
performed against the nonredundant protein sequence data-
base. Total computation time was approximately 120 h on a
4-CPU Sun E450 with 2GB of RAM. Of the observed (62, out
of 128 possible) combinations of taxonomic partitions, only
16 sets contain more than ten counts either in enzymes or in
the control sets and were further tested for significance. We
have used a 2-tailed t-test, which is robust for skewed non-
normal distributions, at 99% confidence level. Of the 16 sets,
only 13 show a highly significant t-test value and were con-
sidered as meaningful (Figs. 1,3).
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