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The rapid growth of different kinds of biological infor-
mation allows a good opportunity to analyze the co-evo-
lutionary characteristics in endocrine regulatory path-
ways. Data ranging from kinds of species’ genome, gene
sequence, protein structure, and expression profile of
different organisms can reveal the inner co-evolution-
ary relationship of ligands, receptors, and other related
molecules. In return, these co-evolutionary characteris-
tics can help us determine uncharacterized ligands and
receptors, annotate gene functions, highlight amino
acid residues with biochemical significance, and iden-
tify regulated genes in the endocrine process. Encourag-
ing examples in this field, although at their starting stage,
have emerged. Here we focus on recent progress in
endocrine-related co-evolution research from a meth-
odological approach.
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Introduction

Co-evolution is a widely existing phenomenon, initially

observed between plants and insects (1). This process can

be either reciprocal or antagonistic, leading to co-existence

and co-variation among interacting species through natu-

ral selection. At the molecular level, the phenomenon that

some interacting (or related) partners whose sequences share

compensatory changes during evolution to maintain func-

tion is defined as molecular co-evolution (2). The molecular

co-evolution model provides useful assistance for investigat-

ing interacting molecules, such as ligand–receptor binding,

cell signal transduction, and so on (3). In endocrine research,

many molecules are considered to co-evolve. Typical exam-

ples come from luteinizing hormone/follicle-stimulating hor-

mone and their corresponding receptors (4). In addition to

the different kinds of hormone receptors (5–7), co-evolu-

tion is also investigated in other endocrine molecules, such

as between two components of the heterodimeric ecdysone

receptor (8) or between the sterol regulatory element and its

binding protein (9).

In the postgenomic era, data on genome sequence, gene

expression, and protein structure information increase rap-

idly, which provides an opportunity for computational pre-

diction to assist laboratory experiments in endocrine research.

Such predictions ranging from genomic annotation, detailed

sequence analysis to expression and structure data mining,

lay a sound foundation for biological experiments. In these

kinds of analyses, molecular co-evolutionary characteristics

can serve as important clues, including gene co-occurrence,

phylogenetic tree similarity, correlated mutation, as well

as conserved co-expression. Methods tracing these charac-

teristics of target molecules can reveal their functional rela-

tionship or predict amino acid residues with structural signif-

icance. Research in such areas, although at its earliest stage,

has begun (10) and will go further with the accumulation of

new data and implementation of improved methods. In this

review, we briefly summarize and discuss functional anal-

ysis based on molecular co-evolution in endocrine research

from a methodological perspective.

Phylogenetic Tree Comparison

DNA and protein sequences increase rapidly and serve as

important recourses for sequence-based comparison in co-

evolutionary analysis. The information on protein phylo-

genetic relationship and their sequence divergence can be

retrieved via phylogenetic tree (gene tree or gene family

tree) established by multiple sequence alignments, such

as ClustalW (11). Genes in the same family often cluster

together, giving clues to their functional similarities. As to

the analysis of target gene, its orthologs and paralogs can

be used to construct phylogenetic tree, representing its evo-

lutionary story in multiple species. Gene tree may be dif-

ferent from the species tree built from molecular markers

such as 18s rRNA gene. The reasons can be, for example,

that gene duplication or varied evolutionary rate in differ-

ent species would affect the evolutionary distance on the

gene tree (12).
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Co-evolutionary interacting molecules are often under

similar evolutionary selective pressure. In some cases, dupli-

cation or mutation occurring on one gene may lead to the

duplication or mutation of its partner to maintain proper

biological function. These events make their gene trees

share certain similarity, and specific interacting gene pairs

are located at a corresponding branch (13). The analysis of

insects’ nuclear receptors of ecdysteroid hormone, a heterod-

imer comprising of ecdysone receptor (ECR) and retinoid

X receptor (RXR), shows how the co-evolutionary relation-

ship is identified via phylogenetic tree comparison. Gene

trees of ECR and RXR share similarity and differ from the

species tree. Combined with coordinate evolutionary rate

data of these two molecules, RXR and ECR are suggested to

undergo co-evolution during holometabolous insect diver-

sification (8). Similar phylogenetic tree comparison could

be performed on the entire signaling pathway, including

ligands, receptors, and their downstream signaling mole-

cules (14,15). Moreover, tree similarity could help to find

interacting partners of target genes (Fig. 1A). For example,

the potential receptor could be predicted if its position in

the receptor gene tree is similar to that of the given ligand

in the ligand gene tree. In the search for growth differenti-

ation factor-9 (GDF-9) receptor, sequence alignments and

phylogenetic comparison revealed that GDF-9 is closer to

bone morphogenetic proteins (BMPs) than to other ligands.

And the receptor of ligands close to GDF-9 is bone morpho-

genetic protein receptor type II (BMPRII), indicating GDF-

9 may bind to BMPRII. This prediction was later confirmed

experimentally (16). In addition, a similar approach also

Fig. 1. Some typical methods in co-evolution analysis. (A) Phylogenetic tree comparison. Phylogenetic trees can be constructed by
multiple sequence alignments and put into direct comparison. The results of multiple sequence alignments could also be used to construct
the corresponding intersequence distance matrix. Linear correlation between these distance matrices reflects the similarity between
phylogenetic trees. Both similarity of phylogenetic trees between proteins A and B and high linear correlation value of their correspond-
ing distance matrices can be used to predict interaction. (B) Correlated mutation. Sequences of proteins A and B in different species are
selected and put into multiple sequence alignments. Correlation value of intermolecular pair of mutation sites (Pab: one position from
Protein A and one from Protein B) and intramolecular pair of mutation sites (Paa and Pbb: pairs of positions within Protein A and within
Protein B) can be calculated by different mathematical methods. And pairs with correlation value higher than threshold value are
predicted to be correlated mutations. (C) Conserved gene co-expression in multiple species. Genes A and B are co-expressed genes in
species 1 and their orthologs (genes A' and B') also co-expressed in species 2. Such conserved co-expression indicates that the two genes
are functionally related. (D) Phylogenetic co-occurrence. Presence and absence for each orthologous genes (gene 1–4) in different species
(species A–F) are shown. Pairs of proteins with identical (or similar) co-occurrence are predicted to interact (Gene 1 and Gene 2). The
missing of Gene 3 in species B is caused by fusion of this gene to Gene 4 in the same species. The missing of Gene 4 in species D is caused
by non-homologous replacement. (E) Chromosomal proximity. Orthologs exhibiting chromosomal proximity across multiple organisms
may be functionally related. Genes belonging to same orthologous group are showed in the same color.
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provides important clues in identifying the interaction rela-

tionship between type 2 corticotropin-releasing hormone

receptors and stresscopin/stresscopin-related peptides (10).

In spite of its simplicity, direct tree comparison is not

quantitative and often requires an evolutionary rate to aid the

analysis. One solution is to introduce the statistical method

to the comparison. Sequences data, after alignments, are trans-

formed into matrices containing the evolutionary pairwise

distance (which is the basis for phylogenetic tree). Therefore,

tree comparison is converted to calculating the correlated

coefficient of the matrices (Fig. 1A). The higher the coef-

ficient is, the more similar the phylogenetic trees will be.

And naturally, a larger probability exists for the co-evo-

lutionary relationship of the two molecules. This statisti-

cally more quantitative model is established based on analyz-

ing the correlation of the two domains in phosphoglycerate

kinase (PGK) (17). Such a method empowers scientists to

estimate the general similarity of the two phylogenetic trees.

Later, Goh et al. optimized the method, enabling it to calcu-

late the correlation of a specific protein pair (i.e., the cor-

relation between one branch on a phylogenetic tree and one

on another phylogenetic tree). Compared with the original

one, this improved method can be applied in predicting pro-

tein interaction in a more direct fashion (18) and could be

used in a more efficient way, such as an online service [http:/

/advice.i2r.a-star.edu.sg (19)].

Phylogenetic tree comparison based on molecular co-evo-

lution serves as a convenient tool in predicting functional

interaction between endocrine molecules. These methods

(whether quantitative or not) require detailed sequence data

to perform better multiple sequence alignments. Besides, if

trees built on analyzed genes are too similar with their spe-

cies tree, the correlation of gene trees will be very high and

result in false positive prediction, which needs other meth-

ods to amend.

Correlated Mutation and Structural Information

Besides tree comparison, sequence data also contain

much detailed co-evolutionary information. Co-evolved in-

teracting proteins often show correlated mutation at impor-

tant sites. A typical example is the growth hormone (GH)

and its receptor (GHR) in higher animals. Human GHR can

only interact with GHs of human and some primates, not

with non-primate GHs. This is because the primate GHR

(containing a Leu�Arg mutation at position 43) cannot

attach to the non-primate GH (containing His at position

170) favorably. On the other hand, in primates, a single

residue mutation of GH occurred in site 171 (His�Asp)

makes the binding more favorable. Such co-variation may

contribute to the species specificity. To further prove the

existence of correlated mutation, checking of the evolution

rate and all mutation sites of GH–GHR molecules in pro-

simian, simian, and nonprimate species showed that GH and

GHR shared a co-evolutionary relationship, and two corre-

sponding mutation sites of His171Asp in GH and Leu43Arg

change in GHR were correlated (20).

The correlated mutation can occur at either intermolec-

ular or intramolecular level, such as co-various sites in the

RNase (21). These correlated mutation pairs often help shape

structurally important sites (e.g., sites for interacting with

other molecules), which impose direct and crucial impact

on protein function (22). The mechanism may be due to the

co-ordinating amino acid substitution in the interface of pro-

teins to maintain proper interaction during evolution, such

as hormone-receptor binding selectivity and affinity (20).

Traditionally, the detection for correlated mutation sites

can be achieved by large-scale random mutagenesis, together

with protein crystal structure data. However, because crys-

tal information provides few details on protein energetics

and mutagenesis cannot feasibly identify the functional

coupling residues in a complex protein, sequence analysis

becomes another useful tool in correlated mutation identifi-

cation (Fig. 1B). The conventional process starts with col-

lecting sequences of orthologous genes or genes in the same

family so as to conduct multiple sequence alignments (11).

The information obtained concerning sequence conserva-

tion and correlation, together with polarity, is often valuable

to analyze protein structure, such as discriminating incor-

rectly folded proteins from native ones (23). Then, these

alignment results are processed via different mathematical

methods to search for correlated mutation sites. For ex-

ample, information of potential sites can be transformed to

matrices and tested statistically (24,25); or in the statistic-

ally coupled analysis (SCA), scientists identified a network

of energetically coupled residues that link the functional sur-

faces of the unclear receptor ligand binding domains (LBD)

(26). In their research, evolution is regarded as a large-scale

mutagenesis experiment with selection for function. Rather

than conducting a real mutagenesis experiment, this co-evo-

lutionary feature are extracted from statistical analysis of a

large and diverse multiple sequence alignment of a protein

family by selecting a subset of sequences. In these sequences,

a fixed amino acid appears at a specified position and the

effect of this statistical perturbation on the amino acid dis-

tribution at other sites can be estimated through alignment.

By applying the SCA to RXR heterodimer communication,

a number of co-various sites are predicted and confirmed

to contribute to specificity to ligand response.

Other processing approaches based on different mathe-

matical models are also available. Some related approaches

also appear, such as Evolution Trace Method, which partly

takes the evolutionary relationship between interacting part-

ners into consideration (27); and the maximum likelihood

method, which is capable of identifying coevolving protein

residues and their relationship to protein structure (28). All

these methods merged would be of much use in areas like

pharmacological specificity optimization.

Correlated mutations can be applied to locating structur-

ally important sites for protein–protein interaction from amino
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acid sequences. The successful application comes from

searching for the important residues in G protein–coupled

receptor (GPCR) dimerization (29,30), such as chemokine

receptor (31) and opioid receptor (32). Aside from receptor

dimerization, encouraging examples have demonstrated

that correlated mutation also can help analyze interacting

sites of hormone and receptor (26,33). Like phylogenetic

tree comparison, correlated mutation needs better multiple

sequence alignments as well. Furthermore, complicated pro-

cessing steps, different mathematical models, along with the

effect of random mutation during evolution, all affect the

credibility of the result. On the other hand, great attention

has been paid to link protein sequence with its structure and

function in endocrinology research. Variance of amino acid

sites with spatial importance would directly affect mole-

cular interaction (6,34,35). Rapidly increased protein crys-

tallography data can help connect essential residues with

structural basis of protein function (36,37). As a method to

detect structurally important sites in protein sequence, cor-

related mutation, combined with crystal data, would be more

effective.

Conserved Co-expression

and Functional Relationship

Turning related genes on and off at different times and

in different organs will lead to the proper endocrine regu-

lation for organisms. Therefore, research on the functional

relationship of the genes shows co-expression turned out to

be an interesting topic. Usually genes expressed at the same

time or with similar spatial pattern could be defined as co-

expression. The underlying mechanisms for co-expression

remain unclear, but are thought to be related to the co-evo-

lution of promoters and coding sequences (38). Different

species have different co-expressed genes. Even for ortho-

logous genes, their expression profiles may vary between

species (39). This may be related to many factors, such as

different selective pressures, organ divergence, as well as

gene duplication. If a group of genes co-expressed in one

species, and their orthologs co-expressed in other species,

this phenomenon is called “conserved co-expression” and

it potentially reflects selection pressure on maintaining

functional relationship such as participating in same bio-

logical process or existing in same protein complex (38,40)

(Fig. 1C). Genes that are conserved co-expressed among

different species tend to show co-evolution to some extent.

For example, codon bias in yeast is associated with co-ex-

pression, and is used to analyze co-evolution of interacting

proteins (41); comparative study of genome sequences and

expression profiles of human and mouse suggest genes with

similar co-expression patterns are likely to co-evolve (42).

Conserved co-expression can be applied to building func-

tional links between different transcripts and thus helping

annotate gene functions (Fig. 1C). In a study concerning

key genes in embryo development, researchers found that

the BMPs and Phox2s genes share similar expression pat-

terns in both aves and mammals, suggesting that they belong

to the same evolutionarily conserved signaling pathway (43).

Recent finding shows a number of genes, which belong to

fibroblast growth factor (FGF) signaling, form an evolu-

tionarily conserved co-expression gene group and play an

important role during early vertebrate development (44).

Similar expression pattern of mitogen-activated protein kin-

ase phosphatase 3 (MKP3) and other conserved co-expres-

sion genes of FGF signaling among chicken, zebrafish, and

mouse indicates MKP3 are also involved in this conserved

functional process (45). With the rapid development of mic-

roarray technology, scientists could identify evolutionary

conserved co-expressed genes with great efficiency. In a

horizontal expression comparison of four eukaryotic orga-

nisms’ microarray, data show that those conserved co-ex-

pressed genes can be divided into 12 functional categories

(e.g., cell cycle, proteasome, and secretion related), which

makes it easier to determine biological function (46). Com-

paring human and mouse microarray data could also obtain

detailed figures such as annotating orphan GPCR func-

tions (47). With increasing awareness of the importance of

conserved co-expression analysis, a database involving mul-

tiple species, including human, rodents, and other higher

eukaryotes (http://symatlas.gnf.org/SymAtlas/), has been

established.

Compared with other methods, co-expression approach

has stronger ability to identify co-evolved gene neighbors

(upstream or downstream) in the endocrine network at the

transcriptional level. A recent study based on the genome

sequence and expression data shows that some conserved

co-expressed genes have similar upstream transcriptional

elements (48). Such finding indicates that some co-expres-

sion analysis can be conducted at genomic level. Combina-

tion of expression data with genomic research would in

turn benefits such application in eukaryotes.

Other Approach

Besides those methods described above, the genome con-

text method has widely been used to annotate gene functions

based on the principle that genomic characteristics can re-

flect the co-evolution of functionally related genes. These

characteristics include genes exhibiting statistically similar

distribution patterns in different genomes [co-occurrence

(49), Fig. 1D], distinct genes from one organism fused into

a single gene in another organism [gene fusion (50), Fig.

1D], and functionally related genes exhibiting chromoso-

mal proximity across multiple organisms [Fig. 1E (51)].

Although the applications are mainly focused on lower ani-

mals (52,53), the example of identifying gene function in

higher eukaryotes appears (54,55). With more understand-

ing of co-evolution information hidden in eukaryotic ge-

nome data and combining other information (such as expres-
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sion data), genome context methods may become another

approach in endocrine co-evolutionary research.

Summary and Future Perspective

At the molecular level, evolutionary changes and poly-

morphisms are mainly due to mutations that are nearly

enough neutral with respect to natural selection that their

behavior and fate are mainly determined by mutation and

random drift (56). A certain number of genes would have

experienced continuous adaptation to each other over time

for the improvement or maintenance of optimal physiologi-

cal function (molecular co-evolution), which differ from

normal molecular evolution (2,3). This co-evolution can

be reflected in different aspects (e.g., at sequence or expres-

sion level) and investigated via various kinds of approaches

as discussed above.

On the other hand, we should also be aware that typical

co-evolution of proteins is not guaranteed to exist in all

endocrine pathways (57). Furthermore, in those situations

where co-evolution analysis is applicable, scientists should

take as many factors as possible into consideration, so as to

render reliable co-evolutionary characteristics. These fac-

tors include loss or duplication of related genes in some

species, functional divergence of orthologs, interspecific

difference in evolutionary rate, and diversity of gene num-

ber in a superfamily. For example, after considering the in-

formation about gene duplication, function divergence, phy-

logenetic tree comparison, and experimental results from

other researches, Hsu formulated a hypothesis based on co-

evolution that orthologs of LGR7 and LGR8 (two leucine-

rich repeat-containing GPCRs) have interactive relation

with relaxin family peptides in different vertebrates (58).

In return, those reliable co-evolutionary characteristics

are powerful tools in determining ligand–receptor inter-

action, annotating functions of orphan ligands/receptors,

figuring out important residues with biochemical signifi-

cance, and identifying new genes with endocrine impor-

tance in regulatory pathways. Currently, genome projects on

a number of eukaryotes have been completed, and genome

sequencing of many mammals are underway. With the accu-

mulation of various kinds of information, co-evolution

analysis will greatly facilitate our understanding of the sig-

naling that co-ordinate and control the functions of mul-

tiple organs and processes.
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