
Introduction: the nature of a distance map.

Since the classic work of Zuckerkandl and Pauling,1) the
amino acid sequences of sets of proteins orthologous to
each other, e.g. myoglobins from various mammals,
have been extensively used in order to clarify the phylo-
genetic relation of organisms. Differences between
pairs of amino acid sequences are expressed as dis-
tances, and a type of a topological map is made, so that it
best satisfies these distances: here referred to as a dis-
tance map or an unrooted phylogenetic tree. Use of
orthologous sequences can be rationalized by assuming
an accumulation of random mutations, which has not
affected the original function of the protein, thereby
recording the history of divergence: neutral evolution.2)

Ideally, amino acid positions in a protein can be clas-
sified into three types: the first type of positions where

amino acids are unchangeable, since they are essential
for the function of the protein; the second type where
amino acids are selected for adapting to the natural his-
tory of the organism e.g. its surviving temperature, high
or low, or its body size, large or small: and the third type
where different amino acid residues are tolerated.

Differences at positions in the third type are useful
for identifying the phylogeny of the source organisms.
For this purpose, conserved positions in the first type are
not useful, but they can be used for identification of pro-
teins orthologous to each other. Positions of hemoglo-
bins, which are important for producing a cooperativity
in binding to oxygen molecules, can be used to separate
hemoglobins from myoglobins. Second type positions are
important for understanding designs of proteins, but can
mislead phylogenetic identification. Hemoglobins in
large and small mammals have different oxygen-binding
constants, Bohr effects etc.3) If a single strategy only is
available to modify the protein upon the change in the
body size, amino acid residues at some positions will be
kept the same in hemoglobins of an elephant and a
dinosaur, which are not closely related: i.e. conver-
gence at the molecular level. Other problems such as
double mutations at the same position can also compli-
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cate the situation.
Since it is unknown what position belongs to

which type, usually bootstrapping is carried out.
Bootstrapping is a process of making a series of distance
maps, imposing different weights on amino acid posi-
tions. At each node separating pairs of organisms, the
number of times is represented, when the same result is
obtained. Only when the number of singly mutating
residues in the third type is large, will a high bootstrap-
ping value be deduced.

Information obtainable from a distance map is not
necessarily limited to the phylogeny of organisms. As will
be described in this paper, by mapping a combination of
protein sequences orthologous or paralogous to each
other the process of gene duplication and differentiation
of proteins can be understood. Often such a process is
called “protein evolution”.4) However, we try to avoid use
of this term, since evolution is a process of selecting an
organism as a system, and the pressure does not direct-
ly apply to individual components.

Proteins studied in this paper. Orthologous and
paralogous proteins which we study in this paper are
FFRPs (feast/famine regulatory proteins).5)-22) These
transcription factors regulate metabolic pathways in
archaea and eubacteria. In order to understand the
original form of transcription regulation in the common
ancestor of all the extant organisms, and the history of its
modification, which has enabled evolution of the ances-
tor to extant organisms, gene duplication and functional
differentiation of FFRPs need to be understood.

In E. coli three FFRPs are present. Lrp (leucine
responsive regulatory protein) activates or represses
transcription of a number of genes of E. coli, in many
cases depending on extra-cellular leucine.23),24) When
sensing rich nutrition as a high concentration of leucine
in the environment, E. coli changes its metabolism, ter-
minating autotrophic pathways and activating absorption
of nutrients via the cell membrane, thereby shifting to a
more heterotrophic mode and altering its infectivity by
regulating formation of pili.

The protein AsnC (asparagine synthase C gene
product) is a paralogue of Lrp, as hemoglobin is of myo-
globin. Depending on the concentration of asparagine,
AsnC down-regulates autotrophic biosynthesis of this
amino acid.25) Positioning of the replication origin
(oriC) of E. coli inside the asn operon 26) hints at
involvement of AsnC in cell replication. A third E. coli
FFRP, YbaO, was identified using the genomic
sequence, and its function remains unknown. A related
enterobacterium, Salmonella enterica, has a fourth

FFRP, TinR.27)

Requirements for orthologues of E. coli and S.

enterica FFRPs. Orthologues of the four types of
FFRPs were identified (Table I) using the Blast pro-
gram28) and the NCBI database (http://www.
ncbi.nlm.nih.gov/), so that they fulfilled the following
requirements.

Firstly, these orthologues ought to fold into 3D
structures essentially the same as seen in crystal struc-
tures of other FFRPs,5),9),29) by combining a particular set
of secondary structural elements. Thus, amino acid
sequences were carefully analyzed, by confirming e.g. the
3.6 periodicity made by hydrophobic residues inside
regions expected to form α helices.7),8),11)

Secondly, an orthologue, e.g. of Lrp, ought to have
higher homology to the original FFRP than to the three
other paralogues, AsnC, YbaO, and TinR. Principally, a
single protein should be assigned for each organism as an
orthologue of a protein, and this principle was confirmed
in this study.

Thirdly, an orthologue ought to have amino acid
residues essentially the same as those in the E. coli or S.
enterica FFRP inside its α helix 3 (Fig. 1). Different
types of FFRPs will have different DNA-binding speci-
ficities, and their α helices 3 are used for discrimination
between DNA promoters.10) In short, the α helix contains
first type positions described in Introduction.

Lastly and importantly, in a distance map ortholo-
gous proteins ought to be related by a topology consis-
tent with the known phylogeny of the source organisms
(Figs. 2-4). In other words, in this study protein ortho-
logues were identified by reversing the ordinary direction
of “orthologues to phylogeny”.

Orthologues of the E. coli and S. enterica

FFRPs identified. All of the orthologues identified
(Table I) were proteins from eubacteria in the class
Proteobacteria (Fig. 2). Distance maps made using
orthologues of the four types were consistent with each
other (Figs. 2-4), and also with the standard phyloge-
netic tree in most respects.

The class Proteobacteria is divided into subclasses
α-ε. Orthologues of Lrp were found in organisms in the β
and γ subclasses (shown in blue in Fig. 2). Multiple types
of FFRPs, having high homology to E. coli Lrp, which,
however, were different in their amino acid sequences
inside α helices 3 (Fig. 1), were found distributing
mainly in the α subclass (shown in red in Fig. 2), there-
by complementing the distribution of Lrp orthologues: α
proteobacterial FFRPs (αPBFs). Using the amino acid
sequences of αPBFs and Lrp orthologues, a distance
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Table I.  List of proteins studied in this work



map and its rooted version, i.e. a phylogenetic map, was
made by using other types of FFRPs as outgroups (Fig.
2). It is likely that αPBFs have differentiated by direct
modifications of Lrp without gene duplication: ortholo-

gous non-orthologues.
Notable differences were found between the phylo-

genetic tree and the standard one in two respects.
Firstly, a group of organisms in the β subclass, in the gen-
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Fig. 1.  Comparison of amino acid sequences of FFRPs. Amino acid sequences of α helices 3 (boxed) and twelve positions following the
helices. The hydrophobic phases inside the α helices are labeled with “ ”. Amino acid residues positioned in this phase will interact
with other residues inside the protein cores, turning away from the interacting DNA. The remaining positions in the helices will bind
DNA phosphates or contact bases. These positions, conserved in each orthologous group, Lrp, TinR, YbaO, or AsnC, are highlighted
in bold. Two FFRPs were found coded in DNA fragments extracted with chromosomal DNAs of a mosquito, Anopheles gambiae
(underlined).
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Fig. 2.  A distance map made using the amino acid sequences of orthologues of E. coli Lrp (blue), and α proteobacterial FFRPs,
αPBFs (red). Distribution of orthologues of Lrp and that of αPBFs are complementary to each other. Proteobacteria in the fac-
ultatively anaerobic order of the γ subclass have another FFRP, AsnC (marked, *). Vibrionaceae and Enterobacteriaceae have
a third FFRP, YbaO (marked, †). A fourth FFRP, TinR, is present in Salmonella enterica (the white arrow). Bootstrap values cal-
culated with 10,000 trials are shown for nodes. The root (triangle) was identified using other types of proteobacterial FFRPs.



era Rubrivivax, Achromobacter, and Polaromonas,
shared an ancestor with α proteobacteria, differentiating
from the rest of the β subclass. In fact, this group had
αPBFs instead of Lrp. Secondly, unlike the standard phy-
logeny, the aerobic order of γ proteobacteria, e.g.
Pseudomonas, shared a closer ancestor with the β sub-
class, differentiating from the rest of γ.

The absence of Lrp in the δ and ε subclasses might
be due to lack of information: not much is known about
these organisms. Some organisms in β and γ, e.g.
Rickettsia, lacked Lrp, but this fact can be explained by
individual losses after speciation. For an organism

whose genomic sequence is not determined (marked “-”
in Table I in the column of genome position), lack of con-
firmation of a protein does not necessarily imply its
absence. Here the ClustalW program30) was used for
making rooted and unrooted phylogenetic trees.

Orthologues of AsnC were present only in the γ sub-
class in the order of facultative anaerobes (Fig. 3). It is
absent from the order of aerobic γ proteobacteria, sug-
gesting again that this order is closer to β. Among facul-
tatively anaerobic γ proteobacteria, only those in the
Vibrionaciae and Enterobacteriaceae families 
have the third FFRP YbaO (Fig. 4). Among
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Fig. 3.  A distance map made using the amino acid sequences of orthologues of E. coli AsnC. The root identified using out-
groups, Lrp, YbaO, TinR, is indicated by a triangle. Bootstrap values calculated with 10,000 trials are shown for nodes.

Fig. 4.  A distance map made using the amino acid sequences of orthologues of E. coli YbaO. The root identified using out-
groups, Lrp, AsnC, TinR, is indicated by a triangle. Bootstrap values calculated with 10,000 trials are shown for nodes.
The entry Klebsiella pneumoniae represents the protein coded in a plasmid.



Enterobacteriaceae only strains in the species
Salmonella enterica were identified to have TinR.

Topology of orthologous groups in a distance

map. One might imagine that the ordering of the wide-
ly distributing Lrp to the most localized TinR could
reflect successive gene duplications of lrp to asnC, of
asnC to ybaO etc. However, this model, here referred to
as the “duplication-on-demand” model, is unlikely, as will
be discussed in what follows.

When a combined distance map was made by com-
bining the amino acid sequences (Fig. 5), the types of
FFRPs clustered separately from each other, so that they
became outside to each other (Fig. 6a), thereby filling
the center of the map only with the roots of the four
orthologous groups (T, A, Y, L in Fig. 6a).

Such a topology is not expected for the “on-
demand” model. If gene I could have duplicated and
modified to gene II after differentiation of the common
ancestor of organisms (CAOA+B) to those of subgroups A
and B (CAOA and CAOB, respectively), and thus inside
CAOA (Fig. 7b), the root of orthologues II should attach
to the stem of subgroup A in cluster I: II being inside the
diversification of I, but not outside as observed (Fig. 7a).

In order to explain the observed topology, it is nec-
essary to assume gene duplication inside CAOA+B (Fig.
7c). At this stage the gene was not of I or II but of a com-
mon ancestor protein (CAP) of I and II. One of the two
copies of CAP differentiated to become orthologue I in
CAOA+B (labeled with “1” in Fig. 7c). The other copy
remained unused for a number of years, until the CAO
differentiated to CAOA and CAOB (labeled with “2” in Fig.
7c). Inside CAOA the unused copy was modified to
orthologue II, thereby adopting a new function. In sub-
group B this gene was lost, or changed to other proteins.
This explanation is referred to as the “duplication-and-
wait” model.

By modifying the original “on-demand” model, one
might imagine that orthologue II could have been func-
tioning inside CAOA+B, but have been lost in CAOB due to
a change in metabolism or a substitution by another pro-
tein having the same function. However, when ortho-
logue II is found in a highly differentiated subgroup only,
so that the subgroup is not a primary branch of the group
having orthologue I, but a branch of a branch etc. it is dif-
ficult to assume that after all the differentiation of e.g.
Vibrionaceae and Enterobacteriaceae possessing
YbaO, TinR once shared and functioning could have been
lost independently except in the single species
Salmonella enterica.

The “duplication-and-wait” model suggests that a

life can be tolerating, and a duplicated protein gene can
survive for a number of years without being used. Such
tolerance rewards, when the protein adopts a new
function. According to the neutral theory an unused gene
can change rapidly.2) It also suggests that duplicated
genes found in genomes of extant organisms might not
be functioning.

Common ancestor of the four types of

FFRPs. An appropriate outgroup, i.e. a protein different
from, but close to, the proteobacterial FFRPs, is needed
in order to identify the common root of these proteins,
thereby converting a distance map to a rooted tree. So
far examined, none of the proteobacterial FFRPs, or, in
fact, any eubacterial FFRP is present in an archaeon and
vice versa. Thus FFRPs from two archaea, Pyrococcus
sp. OT3 and Thermoplasma volcanium, were used as
outgroups (Table I). For similar reasons, FFRPs from two
species in other classes, gram-positive high G/C bacteria
(Mycobacterium tuberculosis) and bacteroides-
flavobacteria (Bacteroides fragilis), were used. In
addition, seven non-FFRP proteins from the two
archaea, having relatively high homology to the pro-
teobacterial FFRPs, were used.

In the distance map (Fig. 5), all the outgroups
attached to the connection between AsnC and the rest
three types, indicating the common ancestor protein
have differentiated to that of AsnC, and CAP of the three
other types, from which Lrp, YbaO, and TinR differenti-
ated in this order. For outgroup 5 including the FFRP
from M. tuberculosis and an FFRP from Pyrococcus, the
bootstrap value obtained was 5,373 per 10,000 trials. For
another FFRP (outgroup 1) a value 4,706/10,000 was
obtained. The bootstrap value obtained for the FFRP
from B. fragilis (outgroup 0 or number 100) was even
higher, 8,191/10,000. This protein might not be a real
outgroup but might be in a close phylogenetic relation
with AsnC.

Two FFRPs coded in DNA fragments isolated

with mosquito chromosomes. While we were col-
lecting the amino acid sequences of eubacterial FFRPs,
we found that two genes of FFRPs, an lrp and another
ffrp related with asnC and the ffrp from B. fragilis (out-
group 0 or number 100), were coded in DNA fragments
sequenced by the company Celera Genomics, while
determining the chromosomal sequence of the mosquito
Anopheles gambiae by the random shot-gun
method.31)

The two DNA fragments were among those
remaining unassembled into the chromosomes of the
mosquito. No similar sequence was found in the
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Fig. 5.  A combined distance map made using types of FFRPs. See Table I for understanding numbering of FFRPs. Bootstrap values
calculated with 10,000 trials are shown for nodes.



genome of Drosophila melanogaster,32) but the Lrp
coded in the DNA fragment was found closest to Lrp’s
from γ enterobacteria in the Yersina genus. Of all
unassembled DNA fragments of A. gambiae, 220
showed high homology to proteins coded in the
genome of Yersina pestis,33) at the same level as that of
the Lrp (number 35 in Table I and Figs) to E. coli Lrp. Of
these 41 showed the highest homologies to proteins from
organisms in the genus Yersina. It is possible that
these 125 Kbps cover the same genome of an organism in
the genus Yersina.

Of all the unassembled DNA fragments sequenced
as that of A. gambiae, 363 showed high homology to pro-
teins coded in the genome of Bacteroides fragilis,34) at
the same level as that of the AsnC-related FFRP (num-
ber 99 in Table I and Fig. 5) to the B. fragilis FFRP
(number 100 in Table I and Fig. 5). Of these 98 showed
the highest homology to proteins from organisms in the
genus Bacteroides. It is possible that these 269 Kbps

cover the same genome of another organism in the
genus Bacteroides.

It is likely that types of eubacteria are living inside
the body of the mosquito, and their DNA fragments were
co-extracted with the chromosomal DNAs of the mos-
quito.

Conclusions: two different types of trees.

Usually we discuss evolution of organisms by tracing a
phylogenetic tree from their CAO (Fig. 8a). Genomic
compositions of many extant organism are known, and so
variations of proteins they have. Inside each organism,
proteins are related by reflecting the process of differ-
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Fig. 6.  Schematic representations of the topology in Fig. 5. “L”
e.g. indicates the ancestor Lrp. In (b) “Y/T” e.g. indicates the
common ancestor of YbaO and TinR. (a) is a simplication of
Fig. 5. In (b) the history is traced from the common ances-
tor “Y/T/L/A” (bottom) to the types of FFRPs (top).

Fig. 7.  The observation (a) and the “on-demand” (b) and
“wait” (c) models. (a) Any two clusters of FFRPs, here a
cluster of circles labeled I and another cluster indicated by
a diamond and labeled II, are positioned outside to each
other. A and B: groups of organisms. For Lrp (I) and AsnC
(II), A is the facultatively anaerobic order and B is the aer-
obic order of the γ subclass Proteobacteria. Outgroups are
YbaO and TinR. (b) According to the “on-demand” model,
after differentiation of the common ancestor organism to the
ancestor of A and that of B, inside the A ancestor the pro-
tein gene was duplicated and changed to II. However, this is
not consistent with the observation (a). (c) According to the
“wait” model, gene was duplicated inside the common
ancestor of A and B. “1” indicates the point where ortho-
logue I was created, while “2” indicates the point where
orthologue II was created.



entiation from their CAP. While, in another type of tree
such as Fig. 5, inside each group of proteins orthologous
to each other the phylogeny of organisms is represented
(Fig. 8b), i.e. the frame of an evolution tree (Fig. 8a).
The frame of a protein tree (Fig. 8a) represents differ-
entiation of protein types, while such types of proteins
can be described in an evolution tree inside units, i.e.
organisms. In this way, the two types of trees have rep-
resentations inside out to each other.

In the past, information obtainable from protein
sequences on evolution of organisms have been inten-
sively studied. In the future, information obtainable on
differentiation of proteins will be studied more. For this
purpose, we need to develop new methods and concepts,
since the structure of information analysis does not
directly match with the ordinary structure of biology for
understanding evolution.
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