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Abstract. The information provided by completely se- The first studies were performed in the late 50s and early
quenced genomes can yield insights into the multi-leveb0s by Popper (1957, 1963) and Lipmann (1965). These
organization of organisms and their evolution. At the studies were followed by others seeking to understand
lowest level of molecular organization individual en- the origin of life and the evolution of the biosphere:
zymes are formed, often through assembly of multipleseminal contributions by Haldane (1928), Miller (1953),
polypeptides. At a higher level, sets of enzymes groupOparin (1924), and Orgel (1968) discussing the (prebi-
into metabolic networks. Much has been learned aboubtic) chemical environment suitable for a biotic evolu-
the relationship of species from phylogenetic trees comtion are noteworthy in this context. Based on these dis-
paring individual enzymes. In this article we extend con-cussions, hypotheses on the origin and evolution of
ventional phylogenetic analysis of individual enzymes inmetabolism were formulated (Hartman 1975), and ques-
different organisms to the organisms’ metabolic net-tions regarding the emergence of the first cyclic meta-
works. For this purpose we suggest a method that combolic network$ were addressed, e.g., of the citric acid
bines sequence information with information about thecycle (Wahterstiaser 1990).

underlying reaction networks. A distance between path- The data available from complete genomes permits an
ways is defined as incorporating distances between sulanalysis of higher-level functional components, such as
strates and distances between corresponding enzymesaetabolic networks, as has been demonstrated by Over-
The new analysis is applied to electron-transfer andbeek et al. (1997). There is a need, however, for methods
amino acid biosynthesis networks yielding a more com-to compare higher-level functional components between,
prehensive understanding of similarities and differencesand within, organisms. The availability of complete ge-

between organisms. nomes from phylogenetically diverse representatives of
all three known domains (archaea, bacteria, and eukary-
Key words: Metabolic networks — Phylogeny — otes) will create new possibilities for analysis methods.
Electron transfer — Aminoacid biosynthesis — Micro-  In this article we extend the conventional sequence
bial genomes comparison and phylogenetic analysis of individual en-

zymes to metabolic networks. First, a database suitable
for this task is outlined. Second, a method for calculating
distances between metabolic networks based on se-
The metabolism of living systems and the evolution ofquence information of the involved biomolecules is pre-
metabolism have been investigated for several decadesented. The suggested method is similar to methods used
in existing packages for performing sequence alignment
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and for analyzing phylogenies (Thompson et al. 1994 esponding network. Metabolic pathways are considered as reaction

Felsenstein 1996, Huson 1998). Employing our methodgraphs (networks) with specific graph-topological information, such as

. . . .~ connectivity. For each functional role of the pathway, all genes in the
a phylogenetic analysis of the reversible ferredoxin genomes that code for this functional role are used. The sequences

NADPH reductase pathwéys performed. The analysis corresponding to the functional roles are combined into a set of se-
is extended to seven other pathways involving ferrequences. For each set of sequences a multiple sequence alignment is
doxin. In a second examp|e, terminal oxidase complexegerformed using ClustalW v1.74 (Thompson et al. 1994) together with
are analyzed and the results are compared to conclusioH%e BLOSUMG62 similarity matrix. Alignment parameters are set to

. . default values. Comparisons of pathways with different topologies are
reached earlier by Musser and Chan (1998). The thlrdpjerformed by introducing gap penalffefor each missing functional

example is an investigation of the tryptophan biosynthe+gje and by considering adjacency matrices to address the graph topol-
sis pathway, which connects with the serine salvagegy. Clustalw provides distance matrices for aligned sequences which
pathway and the pathway of serine biosynthesis_ are then used for calculations of the pathway distances. Phylogenetic
relationships are deduced through phylogenetic graph reconstruction
programs such aSPLITSTREEZHuson 1998) or thé®HYLIP soft-
. ware suite (Felsenstein 1996) employing the Fitch—Margoliash method
Materials and Methods (Fitch and Margoliash 1967).
The simplest type of metabolic pathway involves a substrate pro-
The analysis of metabolic networks based on the sequence informatioessed by an enzyme. The distaddeetween such pathways is defined
of enzymes and substrates requires access to suitable databases. Hwough distances between sequences of the same functional role, i.e.,
cently such databases, which provide the combined information ofsubstrate S and enzyme E. The corresponding distances, obtained by
sequences and pathways, have been established. One example of me@ustalW multiple sequence alignments, are denoted8yandAE.
bolic databases is the WIT-system (What Is There) (Overbeek et alCofactors, such as ferredoxins, are referred to in this contribution as
2000). The WIT-system provides information on gene and operon or-substrates. The active agents of ferredoxins are Fe-S clusters that are
ganization, as well as information about metabolic networks for com-oxidized or reduced by oxidoreductases; the scaffold that keeps Fe-S
pletely or partially sequenced genomes. Using WIT, researchers arelusters in place is provided by the tertiary structure of the ferredoxins.
able to perform a so-called metabolic reconstruction of microbial ge-In contrast to ferredoxins and other coenzymes coded in the genome,
nomes (Overbeek et al. 1997). Independently, Tatusov et al. (19963mall organic molecules that are involved in metabolic pathways are
deduced the metabolism and evolutionHbfinfluenzagrom a whole- not considered as functional roles. These substrates are present in all
genome comparison wita. coli. organisms and, thus, a respective distance of NADHEircoli and
The WIT-database allows searches of unannotated proteins in eadNADH in M. jannaschii,for instance, vanishes.
of the sequenced genomes. The strength of the WIT-system lies in the In the following we define an overall distance which encompasses
interactive annotation of unannotated proteins and assertion of pattdistances between enzymes as well as distances between substrates
ways. This system has been employed in our study to obtain sequenasghen the latter are proteins. Proteins arise in the form of substrates in
information as well as information on the organization of metabolic the ferredoxin-NADPH reductase pathway, in the ferredoxin utilizing
networks. All annotations for functional genes within the studied path-pathways, and in the terminal oxidase supercluster; ferredoxins and
ways included in the WIT-system were compared to annotated seRieske-proteins. For the analysis of tryptophan/serine biosynthesis,
quences in the common sequence databases and were reannotate@fiy distances between enzymes are considered since the substrates do
necessary. not involve proteins, i.e., are not genetically coded. A distahdse-
Currently, 53 genomes of microbial origin and one of a multicel- tween pathways is in general defined by
lular organism C. eleganyare accessible via the WIT-system. Of these
genomes, 42 are today completely sequenced, the remaining genomes

are subject of ongoing sequencing projects. All the genomes of Orgar\hherecbi = 1 for orthologs, andb, = f for paralogsj = S,E:for f we
isms that are used throughout the paper are characterized in Table Thoose positive values specified further below.

_ Both the WIT-system and this paper use a classification of organ- 40109 are genes in different species that evolved from a com-
isms into three primary domains in agreement with Woese (1982,,,, ancestral gene by specification, paralogs are genes related by
1998a). We note that Mayr (1998) strongly disagrees with this classi,yjication within a genome (Fitch 1970). Orthologs retain the same
fication and suggests a return to a classification into prokaryotes anq’unction in the course of evolution, whereas paralogs evolve new func-

eukaryotes as introduced by Chatton (1937). tions, even if related to the original one (Tatusov et al. 1997). The
distinction between orthologs and paralogs per functional role is made
to account for the fact that paralogs are more likely than orthologs to
have diverged in function.

The programGapped BLASTAIltschul et al. 1997) is used to find
Aligning sequences to each other and measuring distances, using, f(lomologous sequences. We define a proteiflom organisms as
example, BLOSUM (Henikoff and Henikoff 1992) and PAM (Dayhoff potential ortholog of a sequengefrom organism@ if (i) x andy are
et al. 1978) similarity matrices in multiple sequence alignment algo-similar with an E-value, the expected fraction of false positives, smaller
rithms, is a common approach to compare individual enzymes. Eithethan 10%, and if (i) there is no other sequenced closer tox, and
by direct usage of molecular sequence data with parsimony or maxithere is no other sequencesghcloser toy. An assessment of orthologs
mum likelihood methods, or a two step approach via (i) multiple se-and paralogs can only be done for completed genomes. In the case of
quence alignment and calculation of a corresponding distance matrixyenomes that are still involved in ongoing sequence projects, not all
and (ii) visualization of the distance data as graphs, a phylogenetigenes necessary for the classification between orthologs and paralogs
graph is constructed. In this paper these methods are extended to defimgight have been sequenced yet; nevertheless, the distinction between
distances between metabolic pathways. For this purpose, we combinerthologs and paralogs are performed and the results are analyzed in
sequence information of involved genes with information of the cor- this paper. In case of = 1 (Eq. 1) ortholog and paralog pathway

A = OAS+ DAE @)

Distances Between Metabolic Pathways

2 For a definition see Appendix 3See next section
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Table 1. Genomes included in analysis

Code  Organism B Size[kBP #ORFS ¢ Reference’s

2178.40 2493
1669.70 1631

Klenlet al. 1997
Kawarabayast al. 1999

AG Archaeoglobus fulgidus
AP Aeropyrum pernix

TH Methanobacterium thermoaut. 1751.38 1866 Smitket al. 1997

PH Pyrococcus horikoshii 1738.51 1825 Kawarabayast al. 1998

PF Pyrococcus furiosus 1581.49 1932 http://www.ornl.gov/hgmis/publicat/99santa/157.html
MJ Methanococcus jannaschii 1739.93 1811 Bulet al. 1996

AA Aquifex aeolicus 1590.78 1774 Deckest al. 1998

DR Deinococcus radiodurans 3261.20 3771 Whitet al. 1999

EC Escherichia coli 4639.22 4289 Blattneet al. 1997

YP Yersinia pestis 4501.71 4296 http://lwww.sanger.ac.uk/Projects/Y_pestis/
HI Haemophilus influenzae 1830.14 1846 Fleischmaret al. 1995

PA Pseudomonas aeruginosa 6286.26 5642 http://www.pseudomonas.com/

NG Neisseria gonorrhoea 2063.17 1853 ftp://ftp.genome.ou.edu/pub/gono

2183.23 1838
2079.41 1989

Parkhilket al. 2000a
http://capsulapedia.uchicago.edu/

NM Neisseria meningitidis, 22491
RC Rhodobacter capsulatus, SB1003

RP Rickettsia prowazekii 1101.98 849 Anderssoet al. 1998
HP Helicobacter pylori 1667.88 1547 Tomiet al. 1997
CJ Campylobacter jejuni 1644.03 2106 Parkhikt al. 2000b

3573.47 3226
1230.23 993

Kaneket al. 1996
Kalmamet al. 1999

CY Synechocystis sp.
CQ Chlamydia pneumoniae, CWL029

WWOWWWWWWWEWOWOWWOOWE®E®E>>>>> >
O X X X X X X X X0 XO0O0XO0OXXXXO0 X XX X

CT Chlamydia trachomatis, serovar D 1057.45 867 Stepheret al. 1998

BB Borrelia burgdorferi 1519.86 1666 Fraset al. 1997

TP Treponema pallidum 1138.82 1031 Frasest al. 1998

CA Clostridium acetobutylicum 4030.73 3967 http://lwww.genomecorp.com/genesequences/clostridium/
clospage.html

ML Mycobacterium leprae B 2420.76 1568 o} http://lwww.sanger.ac.uk/Projects/M_leprae/

MT Mycobacterium tuberculosis B 4411.53 3924 X Colet al. 1998

MG Mycoplasma genitalium B 580.07 532 X Frasest al. 1995

MP Mycoplasma pneumoniae B 816.39 674 X Himmelreiclet al. 1996

PN Streptococcus pneumoniae B 2104.82 1844 o http://www.tigr.org/cgi-bin/BlastSearch/blast.
cgi?organism=s_pneumoniae

ST Streptococcus pyogenes B 1799.24 1599 0 http://www.genome.ou.edu/strep.html

EF Enterococcus faecalis B 3209.12 2967 o} http://www.tigr.org/cgi-bin/BlastSearch/blast.
cgi?organism=e_faecalis

BS Bacillus subtilis B 4214.81 4093 X Kunsgt al. 1997

SC Saccharomyces cerevisiae E 12057.28 6125 X Goffeaet al. 1997

CE Caenorhabditis elegans E 165227.99 16332 X The€. elegansSequencing Consortium, 1998

2Domain: A. .. archaea, B. . bacteria, E . . eukarya

b For ongoing sequence projects subject to change

¢ ORF: open reading frame

9 Ongoing sequence projects are marked by o; completely sequenced genomes are marked by x
€ Either citation or URLs of sequencing institution

representations (PRsare treated in the same way; fox 1 (f > 1) the wheref > 0. The chosen forms for Eq. (1) and Eq. (2) are motivated by
total distanceA between paralog PRs is smaller (larger) tBgmX;, assuming independent and, thus, additive contributions of distances
where X; stands for a functional role, & or E. The parametef is between sequences per functional role to a pathway distance.
chosen such that the calculated distance matrix (which yields the phy-

Iogen_etic tre_e) has a minimum_number of distance triples that ViOIateGraphS and Gaps

the triangle inequality. The optimal value fbhas been obtained by
visual inspection.

Definition (1) can be generalized tofunctional roles per pathway. The graph-topology of a metabolic network is represented as an adja-
We denote byl’ and I metabolic pathways of identical topology Cency matrix, am x n-matrix for n functional roles, with non-zero
involving n functional rolesl, I/, i = 1...n and byAX, = (I,1") elements for pairs of functional roles that are connected by a reaction
distances between functional rolésand I,' calculated utilizing an ~ USinNg @ common substrate. Substrates can be non-genome coded, e.g.,

alignments. A distanceA betweenl” andI” is then defined through ~ NADPH, or genome coded, e.g., ferredoxin. In the latter case the sub-
strate makes a contribution to the distance between pathways. If two

N N networks with different graph-topology are compared to each other, the
A= @, AX, @ = { 1 for ortholog paii (2)  common graph that includes both networks is considered and its adja-
: i+ T forparalog paii cency matrix is used. An example is shown in Fig. 1: one network
represents a cyclic action scheme and a second network consists of a
linear part of the cyclic reaction with an alternative route between two
nodes of the network, the common network would refer to the cyclic
4 For a definition see Appendix reaction plus the alternative route.

i=1




474

Organism A Organism A'

Common Graph

Substrates

no sequence,
for enzyme

AEg=4 gap

S~ © no sequence
for enzyme

Fig. 1. Two networks and their common network. In this example comes a linear scheme due to an absent enzyjie &', and another
two enzymes Eand E; are not present in both networks. From this being a shortcut reaction viggEhat is not present in A. Gap penalty
results differences in graph-topology between networks of organism AAy,; is assigned to the corresponding distans&s and AE.

and organism A one being a cyclic reaction scheme for A that be-

Based on the non-zero entries in the adjacency matrix the distancferredoxin~NADPH Reductase Pathway
between both networks is calculated according to Eq. (2). If a func-
tional rolel, is missing in a pathway/ then the distancaAX, in Eq. (2) We first apply our phylogenetic analysis to the ferredox-
is not defined properly. In this case, to the otherwise undefined distance NADPH reduct th Thi ticul th
A, a gap valuedy,, is assigned; throughout the following, a value of in- reductase pa W‘.”‘y_' IS paruicular pa. way
Agap = 0.9 is assumed. This gap value must not be mistaken with thd1as been chosen because it is of the most basic type,
gap values used in sequence alignment. involving a single enzyme processing a single substrate,
A thresholdt that corresponds to a confidence level for the mini- and because of the importance of ferredoxin in other
mum numbef of presgntfunctlonal roles is defined as followd leé pathways. The genomes which we considered in our
a pathway withk functional roles; furthermore, létbe a lower bound Vsi llected in Table 1. F doxi
of the number of functional roles that have to be present in a function-2NAIYSIS are collected in tabie T erredoxins S_erve as
ing pathway; then the confidence level is defined through electron acceptors and donors in many anabolic, cata-
bolic, and electron transfer reactions, e.g., as redox part-
| ner in more than 50 known pathways. The pathway and
o o=t=1 ()  anon-rooted phylogenetic tree generated by programs of
the PHYLIP software suite are shown in Fig. 2. The
If the fraction of functional roles falls belowthen a pathway is con- phylerneth tree, was generated using a smgle functlgnal
sidered incomparable. In order to define a distance between any tw&0l€ per ferredoxin and_ redUCtaS_e- EaCh_ leaf or terminal
pairs of pathways the distanaebetween an arbitrary pathway and an node of the phylogenetic tree (Fig. 2b) displays the label
incomparable pathway is replaced by a penalty distaxce that provides a unique pathway identification (pID); the
Values forAg,, and A, reflect estimates for expected distances. |ghels refer to the name of the organism and the combi-
Aqap IS chosen as the expected average distance between individu . . -~
functional rolesA, is an estimate for a distance between two pathways;%atlon of ,funcnonajl roles used. For exa.mme., tuber
itis typically of the ordemn - Ay,,wheren has been defined above. Gap culosis with orgamsm'CQdG MT, according to Table 1,
values are employed in examples discussed below. has three paralogs which code for ferredoxin (fdxA,
fdxC, and fdxD) as well as two paralogs that code for
ferredoxin reductase (fpr and fprA). Using all possible
Results and Discussion combir_lations_ between ferredoxin and ferredoxin reduc-
tase yields six representations of pathwaf@ M. tu-

. . . . berculosisthat are listed in Table 2.
We have investigated three different kinds of pathways, Table 3 shows plDs as well as corresponding ORF-

pathways that utilize ferredoxin in electron transfer re-
actions, terminal oxidation in quinol and cytochrome
oxidase complexes and the interconnected pathways of
tryptophan and serine biosynthesis. S For a definition see Appendix
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A oxidized ferredoxin

Two homogeneous

NADPH clades

EC 1.18.1.2 FAD

~t A heterogeneous
clade

Number of
clade

NADP*

Y

reduced ferredoxin

Fig. 2. Ferredoxin—-NADPH reductase pathw#§) Pathway shown  way representation, are a combination of two letters which code for the
with ferredoxin and ferredoxin reductase (EC 1.18.1(B). Phyloge- organism, as listed in Table 1, and a number. References from plDs of
netic tree of the pathway established using Bit€YLIP software suite  the pathway representation to ORF-names of the corresponding func-
with parameter$ = 0.5, andt = 1. Clade | to VI are referred to in the  tional roles per pathway used are listed in Table 3.

text. The id-numbers (pIDs), which are uniquely assigned to each path-

Table 2. Ferredoxin—-NADPH reductase pathwayNh tuberculosis cial case arises for clade IV. The PRsmfaeruginosa
are present both in the homogeneous clade IV as well as

pID Ferredoxin Reductase

# in clade V.

1 mt00 fdxC_MYCTU fpr_MYCTU Clade V and VI are examples of heterogeneous clades
2 mt01 fdxA_MYCTU fpr_MYCTU involving E. coli, Y. pestis, NeisseriandP. aeruginosa

3 mt02 fdxD_MYCTU fpr_MYCTU Clade VI is outlined in Fig. 2b. In clades V and VI

4 mt10 fdxC_MYCTU fprA_MYCTU di b ¢ diff ) h

5 mi11 fdxA_MYCTU fprA_MYCTU istances .etwee.n PRs o i erent organisms are s orter
6 mt12 fdxD_MYCTU fpra_MycTu  than a maximal distance which would include all paralog

pathway representations of one organism. For example,
the distance betweeat02andyp00in clade VI is shorter
names for all organisms of the phylogenetic tree in Fig.than the distance betwe@t02andec0Q The close re-
2b; it also lists the so-called clades to which the pIDS|ationship between genera of the Enterobacteriaceae
belong. A clade is a set of closely related PRs that isamily such asE. coli and Y. pestisis evident in the
presented as a subtree in the phylogeny as indicated ighserved clustering d&. coli andY. pestisPRs. In con-
Fig. 2b, and can refer to one or more leafs in the phylo+rast to a clustering of paralog PRs to form homogeneous
genetic tree. Examples for homogeneous clddepara-  cjusters involving eack. coliandY. pestisas observed
log PRs (Fig. 2) are clade Sfnechocystis 9p.Il (D.  in clades I-IV in Fig. 2b, and as it would be in the case
radiodurang, Ill (M. tuberculosiy and IV (P. aerugi-  of common ancestry of the ferredoxin—-NADPH reduc-
nosg. The cyanobacteriunynechocystis siclade 1),  tase pathway, a heterogeneous cluster involEngoli
which carries a complete set of genes for oxygenic phoandy. pestiss formed in clade VI. This finding suggests
tosynthesis, is clearly separated from the non-autotropRorizontal transfer of ferredoxin-NADPH reductase PRs
bacteria. An interesting pair of homogeneous clades corhetween these organisms. Surprising similarities also ex-
respond td. radiodurans(clade Il) andM. tuberculosis st petweenNeisseriaand P. aeruginosaln addition to
(clade 11I). Not only the ferredoxin—NADPH reductase the homogeneous clade Bf aeruginos&Rs (clade 1V),
pathway but also other electron transfer pathways, such second, heterogeneous clade W#isserias observed

as the malate—aspartate shuttle, are closely related in Caggade V). The relationship betweeNeisseriaand P.

of the pathogeiMycobacteriaand the ultrahigh-radiation aeruginosaas seen in clade IV and V in Fig. 2b, is not
tolerantD. radiodurans(phylogeny not shown). A spe- a5 robust as in clades I-llI, and VI. If one changes pa-
rameterf, clades I-Ill and VI preserve the graph-
topology and, thus, their relationship between PRs. This
© For a definition see Appendix is not the case for clades IV and V, for which the rela-
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Table 3. List of pathway identifications (pIDs) referring to ORF-names with corresponding functional roles

pIiD Ferredoxin Reductase cl. pID Ferredoxin Reductase Cl.
cy00 slr1205 slrl643 | ng00 RNG01106 RNGO00591 \%
cy01 slr0150 sIr1643 | ng01 RNGO00533 RNG00591 \Y,
cy02 ssr3184 slr1643 | ngl0 RNGO01106 RNG00984 \%
cy03 ssl0020 slr1643 | ngll RNG00533 RNG00984 \%
cy04 sll0662 slr1643 | nm00 RNMO00363 RNMO01731 \%
cy05 slr0148 slr1i643 | nmO1 RNMO00662 RNMO01731 \%
dr00 DR2330 DR0496 Il nm10 RNMO00363 RNMO00963 \Y
drol DR2075 DR0496 1] nmll RNMO00662 RNMO00963 \%
ec00 ykgJ ECOLI fpr_ECOLI VI pa00 RPA01015 RPA07749 v
ec01 yfhL_ECOLI fpr_ECOLI \Y| pa0l RPA01568 RPA07749 \Y)
ec02 fdx_ECOLI fpr_ECOLI \| pa02 RPA06033 RPAQ7749 \Y
mt00 fdxC_MYCTU fpr_MYCTU 1] pa03 RPA08046 RPAQ7749 [\
mtO1 fdxA_MYCTU fpr_MYCTU 1 palo RPA01015 RPA05251 \%
mt02 fdxD_MYCTU fpr_MYCTU 1 pall RPA01568 RPA05251 \Y
mt10 fdxC_MYCTU fprA_MYCTU ] pal2 RPA06033 RPAO05251 \Y
mtll fdxA_MYCTU fprA_MYCTU 1 pal3 RPA08046 RPA05251 v
mt12 fdxD_MYCTU fprA_MYCTU 1 yp00 RYP01051 RYP02807 \
@ Clade

b RXXnnnnn refers to so-called reference identification numbers that code for ORFs in the WIT system; XX denotes the two letter codes shown
in Table 1, nnnnn is a five-digit number that is uniquely assigned to an ORF per organiism.

tionship between PRs change withThis weak confi- ferredoxins fdxA_MYCTU and fdxC_MYCTU are
dence in clade IV suggests frequent and random genmore similar to ssr3184 and RPA08046 than to
replacements betwedveisseriaand P. aeruginosa. fdxD_MYCTU. Analogously, ferredoxin—reductase
Within the genud\eisseriawe note that pathway rep- fprA_MYCTU is more closely related to DR0496 than to
resentations always show up as ortholog pairs. Examplefpr MYCTU. On the other hand, rather similar genes,
of such pairs of ortholog PRs in clade V aregQ0, such asNeisseriaand Pseudomonagenes coding for
nmo00Q, (ng01, nmO}, (ng10, nm1Y and gll, nm1i}L ferredoxins (RNG01106, RNM00363, RPA01015, and
Prokaryotic organisms adapt to the need of commonlyRNG00533, RNM00662, RPA01568, in Fig. 3a) as well
used proteins by establishing more than one representas reductases (RNG00591, RNM01731, RPAQ7749, and
tion in the genome. Often only a single gene codes foRNG00984, RNM00963, RPA05251, in Fig. 3b) contrib-
reductase but there may be as many as six ferredoxinte to PRs in the pathway-phylogeny with orthologous
genes present, e.g., Bynechocystis sigclade I). The relationships (ng00, nm00, pa00, and ng10, nm10, palo,
abundance of genes coding for ferredoxin compared tin Fig. 2b, clade V). This comparison between phylog-
genes which code for ferredoxin reductase stem from thenies of individual genes on the one hand and the phy-
universality of ferredoxin. Ferredoxins, as redox reagenslogeny of the pathway on the other hand suggests that,
serve in many more biochemical redox-reactions tharfor a single organism, PRs are conserved, but single
ferredoxin reductase. genes of their functional role do not share as close a
For comparison of the phylogenetic analysis from therelationship as PRs do.
ferredoxin-NADPH reductase pathway with phylogenies The advantage of the presented approach of pathway-
of the individual sequences, phylogenetic trees of ferrephylogenies is that it permits easy identification of con-
doxins as well as ferredoxin-NADPH reductases areserved relationships between genes for each functional
shown in Fig. 3. One of the major differences betweenrole (here for both ferredoxin and reductase). Thus, if
pathway-phylogenies (Fig. 2b) and phylogenies of indi-both ferredoxins as well as NADPH-reductases are
vidual sequences in Fig. 3 is that in the former phylog-closely related to each other, as shown in Fig. 3 in the
enies paralog PRs are more closely related than orthologase ofM. tuberculosisand D. radiodurans then this
PRs in most cases. In phylogenies of individual se-conservation of relationships is reflected in a close rela-
quences, orthologs are more closely related than pardionship in the phylogeny of the ferredoxin—-NADPH-
logs. reductase pathway (Fig. 2b).
In contrast to the closely related paralog PR3Vbf
tuberculosis(Fig. 2b, clade llI), paralog genes shown Pathways with Ferredoxin as Functional Ro@ut of
in Fig. 3 that code for ferredoxins (fdxA_MYCTU, about 50 known pathways in which ferredoxin plays a
fdxC_MYCTU, fdxD_MYCTU) and reductases significant functional role, seven pathways were chosen
(for_MYCTU and fprA_MYCTU) are more closely for further investigations. The pathways are listed in
related to genes coding for ferredoxin and reductaseTable 4. The remaining pathways are either found in one
respectively, in different organisms. For example,organism only or are incomparable due to uncharacter-
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B fpr ECOLI RYpPo2807

A ythL_ECOLI RPA05251
AP, Aosozg A08046 RNGO1106
RNMO00363
fdxA_MYCTU
RPA01015 RNM00S63
fdxC_MYCTU sIr1205
RNG00984
RMLO1940 sli1584 RNGO0591
s5r3184 sllo662 RNMO01731
ss13044
RPA07749
fdxD_MYCTU
RNG00533
sir0148 RNM00662
RYP01051
RML03316 fx_ECOLI
DR2075
RPA01568
slr1643
RMLO3315
ykgJ_ECOLI DR2330 DR0496
510020 RPA07726 fpr MYCTU
sir0150 sli1382
AMLO02558 fprA_MYCTU
10 10

Fig. 3. Separate phylogenies of ferredoxin and NADPH reductase. Phylogenetic tre@5) fiarredoxin and(B) ferredoxin reductase (EC
1.18.1.2) were established using tAEIYLIP software suite.

ized functional roles. The latter case occurs for rare path- Figure 4b depicts a reduced phylogeny of the same
ways which were discovered for microbial organismsdata. The phylogeny is simplified such that only one leaf
that are related to organisms in Table 1. For example, theer organism is shown. Similar to the observation re-
pathway of toluene (or cyclohexanol) degradation to projported in the previous section, PRs Bf coli and Y.
tocatechuate is only present Pseudomonadaceaé pestisare closely related to each other (clade 1). Close to
representative of this genus in Table IPisaeruginosa. clace | a second clade is formed Iy. tuberculosis, P.
The toluene (or cyclohexanol) degradation pathway isaeruginosa,and Synechocystis sgin interesting simi-
counted as one out of 50 known pathways using ferrelarity exists between the hyper-thermophilic bacterium
doxin as redox-reagens. Beside ferredoxin, there ard. aeolicusand the archaeoh. fulgidus(clade I11). Aqui-
three enzymes in this pathway. Information for all nec-fer, with its representativéd. aeolicus is exceptional
essary enzymes is available only f@r putidg but not among bacteria in the way that it occupies the hyper-
for P. aeruginosasequences. Thus, even if the toluenethermophilic niche otherwise dominated by archaea
(and cyclohexane) degradation pathway, using ferre{Pace 1997). Whether the observed close relationship of
doxin, exists inrPseudomonadaceai¢ has not been con- ferredoxin-utilizing pathways betweehquifexand Ar-
sidered for further investigations due to incomparablechaeoglobuss caused by continuous acquisition of ther-
pathways in organisms of Table 1. motolerance genes from preadapted hyperthermophiles,
Figure 4a shows a phylogenetic graph of 418 repreor whether it is just a consequence of adaptation to an
sentations of 7 pathways utilizing ferredoxin; this repre-extreme thermophilic environment, cannot be decided
sentation was determined for a confidence lével 0.5.  with the present number of completely sequenced micro-
Pathways of the same organism are found in singlébial genomes. More genomes of extremophilic archaea
clades. Comparing the number of PRs per organismand thermophilic bacteria are necessary to detect pos-
signifies both the importance of pathways involving fer- sible horizontally transferred pathways.
redoxin for the distinct species as well as the complete-
ness of the set of pathwayE&scherichia coli,with the
most complete set of pathways, leads the group of orTerminal Oxidase Complexes
ganisms with 200 PRs out of 418 shown. The highly
adaptable clinical pathogeR, aeruginosaand the ver- Many similarities between th&. coli cytochromebo,
satile solventogenicC. acetobutylicumfollow with 72~ complex and theaas-type cytochromec oxidase com-
and 42 PRs, respectively. The anaerobic submarine aplexes led to the recognition of a superfamily of terminal
chaeon,A. fulgidus,is represented with 48 PRs. The oxidase complexes related in structure and function. This
capability of this organism to grow, using sulfate or thio- superfamily is divided into two families: the quinol (typi-
sulfate as electron acceptors, and hydrogen or carboeally ubiquinol) oxidase complexes, and the cytochrome
dioxide, as well as complex organic material, for energy,c oxidase (CcO) complexes. In general, all members of
explains the need of ferredoxin utilizing pathways. the superfamily of terminal oxidase complexes are
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Table 4. Pathways with ferredoxin as functional role

Pathway with functional roles

3 Code$ of organisms for which pathways are assigned

1 2-Oxoglutarate, Glutamine—Glutamate Anabolism (Reduce@
Ferredoxin)
EC 1.4.7.1: Glutamate Synthase
Ferredoxin

2 NADPH-Oxidized Ferredoxin Electron Transport 2

EC 1.18.1.2: Ferredoxin—-NADFReductase
Ferredoxin
3 NADPH-Oxidized Ferredoxin Electron Transport (Plasma 2
Membrane)
EC 1.18.1.2: Ferredoxin—-NADPReductase
Ferredoxin
4 H,—H" Catabolism (Oxidized Ferredoxin) 2
EC 1.18.99.1: Hydrogenase
Ferredoxin

5 *—H, Anabolism (Reduced Ferredoxin) (Plasma Membrane) 2

EC 1.18.99.1: Hydrogenase
Ferredoxin
6 Nitrate—NH,, OH™ Catabolism (Ferrocytochromegsg,,
Reduced Ferredoxin)
EC 1.7.99.4: Nitrate Reductase
EC 1.7.7.1: Ferredoxin—Nitrite Reductase
Ferredoxin

7 Phosphoadenylylsulfate—Sulfide Anabolism 4

EC 1.8.99.4: Phosphoadenosine Phosphosulfate Reductase
EC 1.8.7.1: Sulfite Reductase

Ferredoxin

Thioredoxin

Y 0} 2y 7 U — -

= DR EC YP == PANG NM - == == CY == == = = = MT == == == = ==

< DR EC YP -- PA NG NM == == == CY == == == == == MT == == == == = =

AG - - --
AA = EC == =« = == = = CJ CY = = == CA == == = wm o= e oo =

AG - - -
AA = EC == =« == == == 2= CJ CY == = == CA == == == om e o om -

3 AG - -

2 Number of functional roles per pathway
®The two letter code refers to organisms as listed in Table 1

A PRs of A. fulgidus Y. pestis

homogeneous cluster
of A. fulgidus \

D. radiodurans

A. fulgidus P. aeruginosa

——————
common node of
A fulgidus cluster

A. aeolicus

S.sp.
M. tuberculosfs

B. subtilis

C. acetobutylicum

1

Fit=56.8 ntax=418 f=1 t=0.5

Fig. 4 Ferredoxin-related pathway#\)418 different representations
of ferredoxin-related pathways are shown. 10 Aoraeolicus48 for
A. fulgidus,10 pathways foB. subtilis,42 for C. acetobutylicumé for
D. radiodurans, 200 for E. coli, 12 for M. tuberculosis,72 for P.
aeruginosa,16 for Synechocystis spand 4 forY. pestisThe non-rooted

ag aa

bs dr

E. coli

ca YP 1

ec

mt

pa
I

cy

phylogenetic graph has been established using the program
SPLITSTREEZ2B) A simplification of the phylogenetic tree is estab-
lished using thé®HYLIP software suite; each leaf represents the node
of each of the homogeneous cladesAi. (The distance matrix has been
created with parametefs= 1 andt = 0.5.
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outside

inside

4H* 4H"  4H*
(consumed)

Cytochrome c oxidase

Cytochrome bo, complex bc1 complex complex

Fig. 5. Schema of the chemistry of cytochrorhe; and cytochromédc,/cytochromec oxidase complexes. Both complexes perform the same
overall reaction but with different efficiency. In addition to the less efficient cytochrbmecomplex that transallocates 8"Hhe combined
cytochromebc,/cytochromec oxidase complex pumps four more protons through the complex.

thought to translocate protons against a transmembrane 4 QH, (Q site) + 4 H* (Qy site) + 2 Q(Qy site)

pot_enti_al gradient, ar_1d all appear to cataly_ze dioxygen +acytc™ - 4Q(Qpsite)

activation and reduction at a heme-copper binuclear cen- +8H" (Qosite) (cytbc,)

ter. Recently, Musser and Chan (1998) performed a de- P Clc2+

tailed survey on the evolution of the cytochromexi- *+2 QH, (Qusite) +4 cyt

dase proton pump. Their results serve as a reference to 2+ + -

test the validity of the phylogenetic analysis presented 4cytc” +4H .(co.nsumed, ms;?er O,

here. +4 H(inside - 4cytc™ +2H,0
Musser and Chan suggest a primitive quinol oxidase +4 H" (outsidg (CcO)

complex as a common ancestor of all enzymes included _ .

in the scheme of cytochromeoxidase complexes. As a 1 N€ net reaction of these two steps is:

member of the quinol ox@zmg systemg, cytochroog 2 QH, + 12 H" (inside) + @ — 2 Q + 12 H (outside)

is structurally and functionally the simplest complex +2HO

found in present day organisms suchka<oli, P. aeru- 2

ginosa,andY. pestis.Stoichiometric and energetic con- The intriguing structural and functional relationship be-
siderations indicate that the CytOChrorba:; Complex tween the Cytochromboé) Comp|ex and Cytochronml/

carries out, in EffeCt, the combined reactions Catalyzeq:ytochromec oxidase Suggests that during evolution a
by the cytochroméc,, and cytochrome oxidase com-  primitive quinol oxidase complex split into two separate

plexes including a net translocation of 8:H enzyme complexes which catalyze the same net-
chemistry, but with separate complexes linked together
4 QH, (Qq site) + 4 H" (consumed, @site) + O, working more efficiently in terms of energy conservation

+ 4 H" (Qg site) + 2 Q (Q; site) (Musser and Chan 1998). A schematic comparison of the
~ 4 Q (Qusite) + 8 H" (Q4 site) + 2 H,O cytochromebo, complex and the cytochrombc,/
+2 QH, (Qg site) cytochromec oxidase complex is provided in Fig. 5.
For our analysis, a hypothetical cytochromexidase

corresponding to a net reaction: pathway with six functional roles has been constructed.

The corresponding functional roles are: cytochrome
2QH,+8H" (Qgsite) + O, - 2 Q + 8 H (Q,site)  oxidase polypeptide, | to IV (1)—(4hc, complex or its
+2 H,0 homologs, cytochroméos, or quinol oxidase (5); and
the Rieske protein (6). The remaining polypeptides, V to
The combination of the cytochroniee;, and cytochrome  VIII, for cytochromec oxidase are not included because
c oxidase complexes carry out the same overall reactiorsequences which code for these polypeptides have only
but in two steps and with a net translocation of I2H  been found irS. cerevisiaeTable 5 shows the functional
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Table 5. Terminal oxidase complexes

plD COX ppF COX ppll COX pplll COX pplV bc,/bolqo® Rieske protein
aa0 CoxAl coxB2 coxC — petB petA

aal coxAl coxB coxC — petB petA

ago0 — AF0144 — — — —

agl — AF0142 — — — —

bs gox QOX1_BACSU QOX2_BACSU QOX3_BACSU — — —

bsO ctaD ctaC ctak ctaF QCRC_BACSU QCRA_BACSU
bs1 ctaD ctaC ctak ctaF QCRB_BACSU QCRA_BACSU
bs cytBO — — — — yjdK —

ce0 COX1_CAEEL COX2_CAEEL COX3_CAEEL — RCE02468 —

cel COX1_CAEEL COX2_CAEEL COX3_CAEEL — RCE05944 —

cy0 slr2082 slr1136 slr2083 — — —

cyl slr2082 slr1136 sIr1138 — — —

cy2 slr2082 sll0813 slr2083 — — —

cy3 slr2082 sll0813 slr1138 — — —

cy4 slr1137 slr1136 slr2083 — — —

cy5 slr1137 slr1136 sIr1138 — — —

cy6 slr1137 sll0813 slr2083 — — —

cy7 slr1137 sll0813 sIr1138 — — —

dr RDR03431 RDR03432 — — — —

ec cytBOO — — — — CYOB_ECOLI —

ec cytBO1 — — — — CYOC_ECOLI —

ec cytBO2 — — — — CYOD_ECOLI —

ec cytBO3 — — — — CYOA_ECOLI —

ml RML00132 RML00125 — — — —

mp ctaD — — — — —

mt ctaD ctaC ctak — — —

ng RNG00242 — — — — RNGO01710

nm RNM00498 — — — — RNMO00680

pa0 RPA01502 RPA01501 RPAO07870 — — RPA02313
pal RPA05019 RPA01501 RPA07870 — — RPA02313
pa2 RPA03570 RPA01501 RPA07870 — — RPA02313
pa3 RPA06826 RPA01501 RPAO07870 — — RPA02313
pad RPA02545 RPA01501 RPA07870 — — RPA02313
pa cytBOO — — — — RPAO5051 —

pa cytBO1 — — — — RPA05049 —

pa cytBO2 — — — — RPA02450 —

pa cytBO3 — — — — RPA02451 —

rc — — — — — UCRI_RHOCA
sa gqox — — — — qox_SULAC —

sa0 QOX1_SULAC QOX2_SULAC — — CYB_SULAC —

sal QOX1_SULAC QOX2_SULAC — — cyb2_SULAC —

scl COX1_YEAST COX2_YEAST COX3_YEAST COX4_YEAST UCRH_YEAST UCRI_YEAST
sc2 COX1_YEAST COX2_YEAST COX3_YEAST COX4_YEAST UCR7_YEAST UCRI_YEAST
sc3 COX1_YEAST COX2_YEAST COX3_YEAST COX3_YEAST UCRQ_YEAST UCRI_YEAST
sc4 COX1_YEAST COX2_YEAST COX3_YEAST COX4_YEAST UCR2_YEAST UCRI_YEAST
yp cytBOO — — — — RYP03503 —

yp cytBO1 — — — — RYP03502 —

yp cytBO2 — — — — RYP03143 —

yp cytBO3 — — — — RYP03504 —

@ Cytochromec Oxidase Polypeptide |
b Quinol Oxidase
¢ See footnot&in Table 3

roles for each pathway representation. In addition to the Figure 6 shows schematics of terminal oxidase com-
sequence information of 30 genomes, following Musserplexes ofE. coli, B. subtilis,andS. cerevisiagFig. 6a),
and Chan, we also include in our analysis sequences @&s well as the phylogeny for the cytochromexidase,
terminal oxidase complexes fd8ulfologus acido- and quinol oxidase complexes (Fig. 6b). A division be-
caldarius with organism code SA as listed in Table 5. tween cytochromebos/ubiquinol oxidase complexes
The latter is exceptional among the studied organismgcytBO) and simple quinolba; oxidase ¢ox) com-
because it uses two different quinol oxidase complexesplexes, on the one hand, and cytochrdmgcytochrome

sa gox, salandsal c/cytochromec oxidase super-complexes, cytochrome
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B
quinol oxidase family cytC oxidase complexes
AN
a cytBOV
supqoxy ?1 sa0 mi ml cel
pa cytBOO
ec cytBO2 \ sc35¢0

sclsc2
ys cytBOO A % sc4

Suggested Evolutionary Path

ce0

1) E. coli

bs cytBO \ bs
pa cytB0O2 \

ec cytBO1 1
) pa2
yp cytBO3 \ _ al

yp cytBO1

ec cytBOO -
-
yp cytB02 T , aad
-

Il) B. subtilis

cy5
"9 m dl'cy7cy6 cy3cy2

QHy

lll) S. cerevisiae
o=

O, HO

Fig. 6. Terminal oxidase complexe§A) Schematics of three exem- netic relationship of cytochrome and quinol oxidase complexes are
plary terminal oxidase complexes are shown: |) Eheoli cytochrome depicted. The thick dashed line indicates the division between quinol
bo; ubiquinol oxidase complex; II) the cytochroraa, complex ofB. oxidase and cytochromeoxidase complexes. The solid line denotes a
subtilus; IIl) the mitochondrial cytochromédc, and cytochromeaa, suggested evolutionary path (see text). Parameters for constructing the
(cytochromec oxidase) complexes . cerevisiae(B) The phyloge- phylogeny ard = 0.25 andt = 0.01.

caa; complexes, mitochondrial cytochromlec,/  drial cytochromebc,/cytochromec oxidase complexes,
cytochromeaa, (cytochromec oxidase) complexes, and that resembles the evolutionary tree suggested by Musser
aa; type quinol oxidase complexes, on the other handand Chan and, thus, reconfirms their conclusion.
can be noticed. A close relationship of cytochrobug
betweenE. coli, P. aeruginosaand Y. pestisis recog-
nized (left part of Fig. 6b); all three organisms use theTryptophan Biosynthesis Network
cytochromebo; complex as a terminal oxidase. Sche-
matics of this complex is shown in Fig. 6a/l. In the last step of tryptophan biosynthesis, serine com-
As in the analysis of Musser and Chan (1998), a pro-bines with indoleglycerol phosphate to produce trypto-
gression from simple cytochromecomplexes §. aci- phan and glyceraldehyde-3-phosphate. The two glyco-
docaldariug via Mycobacteriaceae, Synechocystis, A.lytic enzymes that are present in almost all organisms,
aeolicus,and P. aeruginosato the complete set of the glyceraldehyde-3-phosphate dehydrogenaspAg and
cytochromecaa; complex ofB. subtilis(Fig. 6a/ll), and  phosphoglycerate mutasegl), recycle the three-carbon
the mitochondrial cytochrombc;, and cytochromea;  glyceraldehyde-3-phosphate to 3-phosphoglycerate. The
(cytochromec oxidase) complexes @. cerevisiaeand latter is then transformed via phosphoglycerate dehydro-
C. elegans(Fig. 6a/lll) is observed. Musser and Chan genase gerA), phosphoserine transaminaser(, and
conclude that the common ancestor of cytochrdyog  phosphoserine phosphataser@ to serine. Tryptophan
cytochromec oxidase complexes is a quinol oxidase itself is synthesized from chorismate via anthranilate
complex. Figure 6b indicates the suggested evolutionargynthase componentandp (trpE, andtrpG), anthrani-
path from quinol terminal oxidase complexes and cyto-late phosphoribosyl transferas&pD), N-(5'-phos-
chromebo; ubiquinol oxidase complexes to mitochon- phoribosyl)anthranilate isomerasé&pF), indole-3-
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Table 6. Gene repertoire of the serine biosynthesis/salvage pathway

Code serA serC serB gapA pgk
Ag AF0813 — AF2031 AF1732 AF1146
AF1779 AF2138
AP APE1265 — APE0683 APE0171 APE0173
APE2507
MTH1042
MTH1835
TH MTH970 — MTH1626 MTH1009 MTH1883
PO PAB1008 — PAB0081 PAB0257 PAB2253
PAB0514 PAB1207 PAB1679
PF RPF00348 — RPF00004 G3P_PYRWO PGR_PYRWO
RPF01832 RPF01259 tnG3288813
PH PH0520 — PH0134 PH1830 PH0149
PH1387 PH1885 PH1218
MJ0641
MJ MJ1018 — MJ1594 MJ1146 MJ1482
AA ser A_AQUAE — — gap_AQUAE pgk_AQUAE
™ TM0327 — — TMO0688 TM0689
TM1401
DR DR1291 — — DR1343 DR1342
DR1701
EC b1033 serC_ECOLI serB_ECOLI gapA_ECOLI pgk_ECOLI
gapC1l_ECOLI
serA_ECOLI gapC2_ECOLI
YP RYP03500 RYP02528 RYP01285 RYP01996 RYP03963
RYP04138 RYP03514
HI HI0465 HI1167 HI1033 RHI21861 HI10525
PA serA_PSEAE RPA05704 RPA01433 RPA01915 RPA00160
RPA02232 RPA08368
RPA05146
RPA06693
RPAQ7563
RPA08558
NG — serC_NEIGO serB_NEIGO RNG01744 RNG00286
RNG00998 RNG01806
NM — serC_NEIME serB_NEIME RNM01085 RNMO01075
RNM01047 RNM01234
RC RRC02911 RRC04065 — RRC02235 RRC03491
RRC02393
RRC02393
RRC04298
RRC04234 RRC04318
HP HPO0397 — HP0652 HP0921 HP1345
HP1346
CJ serA_CAMJE serC_CAMJE serB_CAMJE RCJ00653 RCJ02950
RCJ02367 RCJ00166 RCJ02951
RCJ00710
CY slr2123 — — slr0884 slr0394
sll1908 sll1342
CcQ — — — gapA_CHLPN pgk_CHLPN
CT — — — gapA_CHLTR pgk CHLTR
BB — — — BB0057 BB0056
TP — — — TP0844 TP0538
CA RCA00861 — 19937502_F2_3 24241712 _F3_107 24667260_F1_35
RCA00983
ML RML02403 RML02560 RML02458 RML02456 RML00090
MT serA_MYCTU serC_MYCTU serB_MYCTU gap_MYCTU pgk_MYCTU
Rv0728c serB2_MYCTU
Rv3661
MG — — — MG301 MG300
MP — — — MP410 MP411
PN — — — RPN01440 RPNO00835
ST — — — RST00038 RST00513
EF REF00453 — — REF01512 REF02762
REF00824 REF02761
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Table 6. Continued
Code serA serC serB gapA pgk
BS serA_BACSU serC_BACSU — gap_BACSU pgk_BACSU
yoaD_BACSU gapB_BACSU
yvcT_BACSU —
SC sp|40510 serl_YEAST ser2_YEAST tdh1_YEAST pgkl YEAST
YERO81W tdh2_YEAST
tdh3_YEAST
CE C31C9.2 F26H9.5 gpdl _CAEEL TO3F1.3
gpd2_CAEEL
gpd3_CAEEL
gpd4_CAEEL

glycerol phosphate synthasé&rgC), and tryptophan organization of genes relevant for the tryptophan biosyn-
synthasex and chain (rpA andtrpB). thesis pathway, the chorismate and serine synthesis. For
The gene repertoire per organism for the serine bioexample,B. subtilispossesses a super-operon including
synthesis and the serine salvage pathway is shown iaroG-aroB-aroH-trpE-trpD-trpC-trpF-trpB-trpA-hiskt
Table 6. Genes functioning in the tryptophan biosynthe-tyrA -aroF (Xie et al. 1999). A co-analysis of operon
sis pathway are presented in Table 7. The serine salvaggganization and of the phylogeny of the tryptophan bio-
pathway, with genegapAandpgk is present in almost synthesis pathway reveals an intriguing similarity be-
all bacteria, in eukaryoteG. elegansand yeast as well tween operon conservation and close pathway distance,
as in archaea. The universal presence of the salvage pattather than close similarity between operon conservation
way in organisms of all three domains is due to theand the phylogeny based on the 16S rRNA tree. Fig. 7
abundance of the substrate glyceraldehyde-3-phosphatepmpares the phylogeny of the tryptophan biosynthesis
and cannot be explained by the degradation of serinpathway with a dendrogram based on 16S rRNA. We use
alone. For example, none of the obligatory pathogensthe comparison between the dendrogram based on the
such asB. burgdorferi, T. pallidumand Mycoplasma- highly conserved 16S rRNA with pathway phylogenies
ceae possess the capability to synthesize serine, aland operon organization to detect evolutionary events
though, all such organisms are able to convert glyceralthat are not conform with the overall organismic evolu-
dehyde-3-phosphate to 3-phospho-glyceratetion suggested by the 16S rRNA phylogeny. Whenever
Glyceraldehyde-3-phosphate is product of a variety ofdifferences between the 16S rRNA dendrogram and
pathways and has to be recycled by the cell metabolismpathway phylogeny/operon organization are observed,
for further use. independent adaption to a similar environment or hori-
The tryptophan biosynthetic pathway depends criti-zontal transfer of genes, operon parts of complete oper-
cally on the pathways of serine. Thus, organisms that arens may have occurred. For example, Crawford (1989)
capable of synthesizing tryptophan also possess the cabserved that tryptophan-pathway genesPinaerugi-
pability to synthesize serine. Table 6 lists genes codinghosaare scattered into three widely spaced groups, rather
for the serine biosynthesis pathwase(A, serC, serB than coexisting within one operon, as they are in the
and the serine salvage pathwagapA, pgk One of the close relativeE. coli. Based on the 16S rRNA tre&.
observed exceptions is the nematdtleeleganssimilar  coli is closely related to¢. pestis, H. influenzaandP.
to all animals it cannot synthesize tryptophan althoughaeruginosaas shown in Fig. 7b. On the other hand, in
the serine biosynthesis is intact. On the other h&hd, terms of pathwaysP. aeruginosas closely related td.
pneumoniagossesses a complete setmpfgenes with-  capsulatusas shown in Fig. 7a (clade 1) with similar
out sequence similarity evidence that a serine biosynthesperon organizationti(pE-trpD-trpC. . . trpF-trpB).
sis pathway is present. Experimental evidence exists thatlosely relatede. coli, H. influenzaeandY. pestishased
archaea use the standard phosphorylating pathway ton the 16S rRNA tree, exhibit very similar pathwaiss.
synthesize serine (Stauffer 1983, Metcalf et al. 1996)pylori, distantly related to the former organisms based on
although we were unable to identify genes by sequencéhe 16S rRNA tree, joins the group in the pathway phy-
similarity that code forserC The first seven entries in logeny (Fig. 7a, clade Ill) with a common operon orga-
Table 6 list archaea with unidentifiabderCgenes. Nei- nization showing a gene-fusion betwegpC and trpF
ther serine nor tryptophan biosynthesis are performed irftrpE-trpG-trpD-trpC/F-trpB-trpA.

B. burgdorferi, T. pallidum, ChlamydiaandMycoplas- Another example for a difference between pathway
maceae. phylogeny and 16S rRNA tree is observed between ar-
Dandekar et al. (1998), as well as Xie and Jenserthaea and bacteriavl. thermoautotropicum(operon:

(personal communication), observed conserved operotypE-trpG-trpC-trpF-trpB-trpA-trpD shows a pathway,
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as well as operon structure, that is close to thafl of
maritima and C. acetobutylicun{trpE-trpG-trpD-trpC-
trpF-trpB-trpA) as shown in Fig. 7a (clade I1). OntypD
changed place during evolution betwelh thermoau-
totropicumon the one hand, an@. acetobutylicum, T.

adaption of the complete pathway by horizontal transfer

of the complete operon. Within the archaean domain,

operon conservation, as well as close pathway distance
betweenArchaeoglobusand P. furiosus,is exhibited in

Fig. 7a (clade 1V), although, based on the 16S rRNA

maritima, on the other hand. At comparison of operon tree, Archaeoglobuss more closely related tM. ther-
structures of trp-genes for organisms in clade Il, and ofmoautotropicunthan toP. furiosus.The conserved op-
those in clade lll, suggests a gene-fusion event betweeeron betweenmrchaeoglobusand P. furiosusinvolves

trpC andtrpF genes. Non-fusettpC andtrpF genes in

clade Il, involving C. acetobutylicum, M. thermoauto- trpD are fused inArchaeoglobus.

tropicum,andT. maritima,have been fused during evo-
lution, and are exhibited as fusion genesC/F in E.
coli, H. influenzae, H. pyloriandY. pestisjn clade IlI.

trpC-trpD-trpE-trpG-trpF-trpB-trpA. GenestrpC and

In contrast to the archaeoM( thermoautotropicum
the thermophile bacteriunT( maritimg, gram-positive
(C. acetobutylicumand gram-negative bacterig.(coli,

The gene fusion occurs between the gram-positive bad-. influenzae, H. pyloriandY. pesti} that are distantly

terium C. acetobutylicumthe thermophile bacteriur.
maritima, the archaeorM. thermoautotropicunclade
I1), and gram-negative bacteria coli, H. influenzae, H.

related, according to the 16S rRNA tree, the operon
structure is highly conserved, and the pathways are very
similar between these organisms. These findings indicate

pylori, Y. pestigclade Ill). Despite this gene-fusion, the that these organisms share common ancestry of the com-
overall operon organization for organisms in clades lIplete pathway.
and Il is identical.

way similarity between thermophile archaea dndnar-

Exceptions of operon conservation are, efg.aeoli-
The evidence of operon conservation and close patheus, cyanobacteria, antleisseria In these organisms,

tryptophan-pathway genes are scattered all over the re-

itima implies either a common thermophile ancestor, orspective genomes (not shown). Based on pathway simi-

Table 7. Gene repertoire of the tryptophan biosynthesis pathway

pID  trpE trpG trpD trpF trpC trpA trpB

aa0  trpE_AQUAE trpG_AQUAE trpD1_AQUAE  trpF_AQUAE trpC_AQUAE trpA_AQUAE trpB1_AQUAE
aal trpE_AQUAE trpG_AQUAE trpD2_AQUAE  trpF_AQUAE trpC_AQUAE trpA_AQUAE trpB1_AQUAE
aa2 trpE_AQUAE trpG_AQUAE trpD1_AQUAE  trpF_AQUAE trpC_AQUAE trpA_AQUAE trpB2_AQUAE
aa3 trpE_AQUAE trpG_AQUAE trpD2_AQUAE  trpF_AQUAE trpC_AQUAE trpA_AQUAE trpB2_AQUAE
ag AF1603 AF1602 AF1604 AF1601 AF1604 AF1599 AF1600

ap APE2553 APE2555 APE2551 APE2547 APE2546 APE2550 APE2316
bs trpE_BACSU — trpD_BACSU trpF_BACSU trpC_BACSU trpA_BACSU trpB_BACSU
ca 29563962_F1_2  34272142_C3_23 5866093 _F2_4  34011567_F3_9 25412825 _F2_5 34615937_F3 10 34267202_F2_6
cj trpE_CAMJE trpD_CAMJE trpD_CAMJE RCJ02329 trpC_CAMJIE trpA_CAMJE RCJ02330
ct — — — CT327 — CT171 CT170

cy slr0738 sll1634 slr1867 sll0356 slr0546 slr0966 —

dr DR1791 DR0196 DR1767 DR0123 DR1426 DR0942 DR0941

ec trpE_ECOLI trpD_ECOLI ybiB_ECOLI trpF_ECOLI trpC_ECOLI trpA_ECOLI trpB_ECOLI
ef — REF02186 — — — — —

hi H11388 H11387 HI1389 HI1389.1 HI11389.1 H11432 HI1431

hp HP1281 HP1282 trpD_HELPY HP1279 HP1279 HP1277 HP1278

mj MJ1075 MJ0238 MJ0234 MJ0451 MJ0918 MJ1038 MJ1037

ml RML02925 — RML00513 — RML02171 RMLO03457 RMLO02172
mt trpE_MYCTU Rv2859c¢ trpD_MYCTU — RMT02112 trpA_MYCTU trpB_MYCTU
ng0d trpE_NEIGO — trpD_NEIGO RNGO01697 trpC_NEIGO trpA_NEIGO trpB_NEIGO
ngl trpE_NEIGO — RNGO00967 RNGO01697 trpC_NEIGO RNG00643 trpB_NEIGO
nm  trpE_NEIME — trpD_NEIME RNM01528 trpC_NEIME trpA_NEINM trpB_NEINM
pa sp|P09785 RPA06418 sp|P20574 sp|Q59649 sp|P20577 trpA_PSEAE trpB_PSEAE
pf RPF01392 RPF01393 trpD_PYRFU RPF01394 trpC_PYRFU trpA_PYRFU trpA_PYRFU
ph — — — — — — PH1583

pn trpE_STRPN RPNO00767 trpD_STRPN RPNO01507 trpC_STRPN trpA_STRPN trpB_STRPN
rc RRC01412 RRC01414 RRC01415 RRC01787 RRC01416 RRC00192 RRC01786
p — RRP00395 — — — — —

sc trp2_YEAST trp3_YEAST trp4_YEAST trpl_YEAST trp3_YEAST trp5_YEAST trp5_YEAST
Ss trpE_SULSO trpG_SULSO trpD_SULSO trpF_SULSO trpC_SULSO trpA_SULSO trpB_SULSO
st — RST00504 — — — — —

th MTH1655 MTH1656 MTH1661 MTH1658 RTHO00813 MTH1660 MTH1659
tm TMO0142 TMO0141 TMO0141 TMO0139 RTM01443 TMO0137 TMO0138

yp RYP02572 RYP02570 RYP02266 RYP2569 RYP02569 RYP00647 RYP03957
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MG, MP

Fig. 7. (A) Tryptophan biosynthesis pathway.
The phylogenetic tree is computed with
parameter§ = 1 andt = 0.001.(B) 16S

rRNA dendrogram. References from pIDs to
ORF-names are shown in Table 7.
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larities, A. aeolicusis closely related tArchaeoglobus, weighting parameters, and by comparing the yielded
M. jannaschii,and P. furiosus,rather than toT. mar-  phylogenies, one can draw conclusions about the robust-
itima. The lack of operon conservation in the casefof ness or versatility of relationships between pathway rep-
aeolicus,combined with the close relationship of the resentations. Such a comparison has been provided in
pathway to the archaean clade (clade V), suggests a corase of the ferredoxin~-NADPH reductase pathway. Path-
vergent evolution of pathway genes adapting to a therway representations dfeisseriaand P. aeruginosaex-
mophilic environment, rather than a common ancestohibit a non-conserved relationship between PRs and,
with archaea or horizontal transfer afp-genes from  thus, suggest a frequent and random exchange of path-
archaea. An equivalent solution that explains the lack ofyays between both species.

operon conservation iA. aeolicuswould be the substi- We suggest a similarity between organisms of differ-
tution of pathway regulation if. aeolicusby operons  ent domains in the special case of the thermophilic bac-
with a co-regulatory mechanism based on the kinetics oferium. A. aeolicusand archaea. Underlying scenarios
the metabolic reaction (Bagheri-Chaichian and Wagnegre either continuous acquisition of thermotolerant genes
2001). The relationships betweéxeisseriaand other g preadapted hyperthermophiles or convergent evo-
organisms reflect the relationsh_ip de_d_uce_d _from the 163 tion by adaptation to an extreme environment. More
rRNA tree. Theirp-pathway ofNeisserias similartothe  genomes of both extremophilic archaea and thermophilic

trp-pathway ofRhodobacteand Pseudomonas. bacteria are necessary to provide evidence for either sce-
A comparison of the phylogeny of the tryptophan/ nario.

serine biosynthesis pathway with phylogenies of indi- The analysis of mixed-function supraoperons exhibit
vidual genes that contribute to this pathway (not shown)

- : ) . , ene relationships with one another that are not as obvi-
indicates a hierarchical mechanism of metabolic pathwa5gus as those encoding steps of linear pathways. The tryp-
evolution. For example, enzymes that use chorismate Y :

Dphan-biosynthesis pathway together with the serine
substrate, such as anthranilateafmino-benzoate) syn- P y P y tog

. . : biosynthesis pathways and the serine salvage pathwa
thase (trpE/G) in the tryptophan biosynthesis pathway y P y . ge pa y
. represent a branched and interconnected metabolic net-

and PABA (p-amino-benzoate) synthase, are paralogs . - ) . .

. work. This interconnectivity manifests itself in the ob-

and thus have a common ancestral gene that possibly was . . .
. . served mixed-function supraoperons that contain genes
able to synthesize both ortho- and para-amino-benzoat€,

On the other hand, the established tryptophan/serine bion serine, ryptophan, and aromatic amino acid biosyn-

synthesis pathway, with genes organized in a single Opt_he5|s. A majorlty_ of the studied organisms do possess
uch mixed-function supraoperons with conserved op-

eron, tends to be passed to offspring as a conserved unft’ . ) .
eron structures. The phylogenetic analysis of the inter-

connected tryptophan/serine-pathway displays relation-

ships according to operon conservation that differ from
Conclusion the relationships revealed by 16S rRNA phylogeny. Al-

though the coregulation of genes operating in a distinct

We have developed a method for the comparison ofathway is a plausible explanation for operon conserva-
metabolic pathways based on explicit sequence informalion, it does not explain the dispersion and scattering of
tion. To illustrate the method, four metabolic networks 9enes in groups as well as the total lack of operon con-
have been analyzed: (1) the ferredoxin-NADPH reduc-servation inA. aeolicuscyanobacteria, andeisserialn
tase pathway, (2) pathways utilizing ferredoxin, (3) ter-these cases pathway-genes are suggested to be coregu-
minal oxidase complexes, (4) tryptophan/serine biosynlated by the dynamics of regulatory networks between
thesis networks. Woese (1998b) states that metabolitidividual genes. Their evolutionary dominance may be
genes are among the most modular in the cell, and tha&gaused by maximizing gene interactions of individual
these genes are expected to travel laterally, even todagenes functioning in the pathway (Bagheri-Chaichian
Evidence for both adaptations of single genes and horiand Wagner 2001).
zontal transfer of complete pathways between organisms The phylogenetic analysis of individual genes shows
is seen in our phylogenetic analysis. that independent gene duplication is a plausible evolu-
The analysis of the evolution of terminal oxidases,tionary process to initiate a metabolic pathway. The tryp-
and the comparison of the results with a study performedophan biosynthesis pathway with trp E/G genes (anthra-
by Musser and Chan (1998) serve as a validation for thailate synthase) and its paralog PABA (p-amino-
method. Even with different numbers of functional rolesbenzoate) synthase is an example for a hierarchical
due to differences in the organization of the terminalevolution of metabolic networks. After the functional
oxidase superclusters between organisms, the presentpdthway of tryptophan biosynthesis was established and
method constructs a phylogeny of quinol and cyto-organized in an operon, this operon was inherited by
chrome oxidase complexes in agreement with the resultsffspring as a conserved unit, or was reorganized by
by Musser and Chan. dynamic operon shuffling, gene fusion, or loss of genes
By computing distances of pathways with different by translocation.
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The major advantage of the phylogenetic analysis ofFunctional role. A functional rolerefers to a gene prod-
metabolic networks resides in the combined analysis ofict and how this product is embedded in a metabolic
more than one functional role. The analysis is understoodetwork, i.e., what task it has to perform. Typical func-
as an extension of the classic phylogenetic analysis ofional roles areenzymesvhich process substrates in a
individual sequences towards a higher level of descripspecific reaction oisubstrateswhich are processed by
tion. Pathway phylogenies classify relationships betweerspecific enzymes. A functional role also describes how a
genes, but also between pathways and multi-enzyme sysgfene product functions in a protein complex.
tems. With the advent of gene expression analysis, futur®epresentation of a pathway.A representation of a
studies will combine investigations of the relation and pathway is a unique set of genes, one gene for each
evolution of larger metabolic networks with gene regu-function in the corresponding pathway. For example, for
latory networks. a simple pathway with one enzyme processing one func-

The comparison and phylogenetic analysis of metation and a genome of an organism that has two genes
bolic networks may also be useful for gene-diagnosticsoding for the substrate (a, b) and two genes coding for
and gene-therapy that are currently based on comparatitee enzyme (E, F), a total of four representations exist for
genomics. With the comparison of metabolic pathwaysthis hypothetical pathway (ak, bE, aF, bF). We refer to
complex relationships between genes can be detectédepresentation of the pathway” amthway representa-
and more sophisticated directions for the cure of com+ion or shortPR.
plex diseases may become feasible. For example, conHomogeneous and heterogeneous clades of pathway
parative genomics of metabolic networks may help resrepresentation. A classification in phylogenetic trees is
searchers to find treatments for parasitic diseases such asade according to distances between each of two path-
gingivatis, gonorrhea, or malaria. By comparing the im-way representations (PRsPRs can be grouped into
plied changes in the metabolisms of infected human cellglades A cladeis defined as a set of representations with
as well as of parasites during infection on both the levela minimal distance between any two members of this set
of the metabolic network and the genome by monitoringwith respect to the phylogenetic tree. Thus, on average,
changes in gene expression of enzymes, one may “decihe distance between members of the clade is smaller
pher” the parasite—host system between human and ththan between members and non-membershofoge-
causative agenf\. gonorrhoeae, P. gingivaligr Plas-  neous cladés defined as a clade with pathway represen-
modium falciparumThe knowledge gained from these tations of a single organism. The maximum distance in a
studies will be used to disrupt key events in pathogenhomogeneous clade is the maximal possible distance be-
esis, in order to ameliorate the consequences of exposuteeen PRs of the same organisms. By exceeding this
to pathogenic organisms and to aid in the development ofnaximum distance the next closdaR will be from an
effective vaccines and small molecule therapeutics.  organism different from the organism in the clade.

heterogeneous clads a clade withPRs from different
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