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Introduction
Albumins are a family of globular proteins that are water solu-
ble and moderately soluble in the concentrated salt solutions; 
what is more, they experience heat denaturation.1 Albumins 
are commonly found in animal sources, such as blood plasma,2 
milk,3 and egg white,4 as well as plant sources, such as soy-
beans5 and grains.6

Albumins have many applications.1 For instance, albumins 
can act as a vehicle for the transport of metals, fatty acids, 
drugs, etc.7 They could also be used diagnostically for various 
indications of breast cancer, some solid tumors, and rheuma-
toid arthritis.8,9 Commercially, albumins are extracted from 
egg white (ovalbumin), bovine serum, and human serum albu-
min (HSA).10 Other alternative methods have also been 
developed, for instance, obtaining recombinant HSA by 
genetic engineering.11,12

From the albumin family in animals, several members 
have been identified, including serum albumin, α-fetoprotein, 
vitamin D–binding protein and afamin.13–15 Serum albumin 
is the most abundant blood plasma protein; to be more 
exact, HSA normally constitutes about 50% of human 
plasma protein.16 In human body, serum albumin aids in the 
regulation of osmotic pressure and pH in blood. Furthermore, 
HSA can mediate lipid metabolism, sequester toxins, and 
resist oxidative stress.17 Meanwhile, serum albumins can 

bind water, cations (such as Ca2+, Na+, and K+), fatty  
acids, hormones, pharmaceuticals, etc.18–20 α-Fetoprotein 
(α-fetoglobulin) is a fetal plasma protein that can bind vari-
ous cations, fatty acids, and bilirubin.21 Vitamin D–binding 
protein is the major plasma carrier for vitamin D and its 
metabolites, as well as for fatty acids.22 Afamin is a unique 
human plasma vitamin E–binding glycoprotein, primarily 
expressed in liver.23,24

It is well known that serum albumins are the most common 
albumins and have been one of the most studied proteins, espe-
cially for HSA.25 The amino and carboxyl terminal sequences 
of serum albumins from human, cow, and several other species 
had been determined in 1950s even when sequencing was still 
in its infancy.26–28 The 3-dimensional structure of HSA has 
been determined by X-ray crystallography to a resolution of 
2.5 Å.29 Human serum albumin comprises 3 homologous 
domains that are assembled to form a heart-shaped molecule.30 
Each domain possesses certain common structural motifs, con-
taining 5 to 6 internal disulfide bonds.

The development in the whole-genome sequences offers an 
opportunity to further understand the diversity of albumin 
family. To our knowledge, no systematical comparative study of 
albumin family at the genome level has been reported thus far. 
In this study, we have investigated the current available genomes 
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on the National Center for Biotechnology Information 
(NCBI) database to identify all possible albumin family mem-
bers with hidden Markov models. Furthermore, the phylogeny, 
characteristic motifs, and domain arrangement of these pro-
teins have been analyzed. This study has significantly improved 
our understanding of the albumin family and provided founda-
tions for related studies in the future.

Materials and Methods
Sequence data

In this study, the available genome data from the NCBI 
resources (http://www.ncbi.nlm.nih.gov/genome/browse/, 
last access August 20, 2016) were used for mining the puta-
tive albumins. In the analysis, the overall protein sequences 
extracted from the corresponding genomes were applied to 
investigate the genome-wide distribution of the albumin 
family. Moreover, the information of species with putative 
albumins is presented in Table S1 (see the supporting 
information).

Identif ication of the putative albumins

In the Pfam database, the conserved domain of albumin family 
has been characterized by a profile hidden Markov model 
(http://pfam.xfam.org/family/PF00273).31,32 As mentioned 
above, the overall protein sequences were used to determine 
whether they have the albumin domains, and then those with 
albumin characteristic domains were screened as the putative 
albumins. The identification procedure of putative albumins 
was the following: the albumin profile hidden Markov model 
(PF00273, Pfam protein families database) was used to identify 
the homologues by searching the selected overall protein 
sequences with local HMMER 3.1b2. 31,32 The hits passed 
MSV, Bias, Vit, and Fwd filters (see HMMER User’s Guide, 
http://eddylab.org/) were recognized as the putative albumins.

Construction of the phylogenetic tree

The phylogenetic tree of the annotated albumins was con-
structed for analyzing their evolutionary relationships. The 
pipeline was referred from the previous reports.33 In brief, the 
annotated albumin proteins were aligned to the albumin profile 
hidden Markov model with HMMER package. Furthermore, 
the generated alignment was subjected to FastTree 2.1.8 for 
inferring the phylogenetic tree with maximum-likelihood 
method.34 In the settings, FastTree used JTT model for the 
amino acid substitution, as well as the computed local support 
values with the Shimodaira-Hasegawa test to estimate the reli-
ability of each split in the tree (for more details, see FastTree 
User’s Guide, http://meta.microbesonline.org/fasttree/). 
Finally, the generated tree data were submitted to Interactive 
Tree Of Life for viewing the phylogenetic trees.35,36

Visualization of the structural features

Sequence logo was generated from albumin homologous 
groups for revealing their primary structural features. The 
flow was referred from the previous reports.33 First, the 
homologous albumin alignments were built by being adjusted 
to the albumin profile hidden Markov model with the 
HMMER package. The mismatched residues were removed. 
After that, the alignments were submitted to WebLogo 
(http://weblogo.threeplusone.com/create.cgi) for generating 
their consensus logos for the primary structure by a stack of 
residues for each position.37,38

Results and Discussion
Putative albumins are widely distributed in the 
vertebrate genomes

In this study, we have searched the putative albumins through-
out the available overall protein sequences, including animals, 
plants, fungi, bacteria, and archaea, using their profile hidden 

Table 1. Summary on albumin distribution in animal species.

SPECIES NUMBERa PERCENTaGEb aVERaGE GENOMIC NUMBERc

Flatworm 7 0 −

Roundworm 27 0 −

Insects 73 1.37 +

Fishes 32 53.1 3.2

amphibians 2 100 +

Reptiles 9 100 3.0

Birds 56 100 3.2

Mammals 84 100 6.1

“−” represents the absence of albumin genetic sequence; “+” means that the limited species are not sufficient to calculate the accurate average genetic number.
aSpecies number: the total number of the species we studied.
bPercentage: the percentage of the species possessing albumin genetic sequences in the corresponding category.
caverage genomic number: the average number of the albumin sequences in one species genome.

http://www.ncbi.nlm.nih.gov/genome/browse/
http://pfam.xfam.org/family/PF00273
http://eddylab.org/
http://meta.microbesonline.org/fasttree/
http://weblogo.threeplusone.com/create.cgi


Li et al 3

Markov model PF00273 from the Pfam database. However, 
our findings indicated that albumins are solely presented in 
vertebrates (except for an exception mentioned below). The 
detail distribution of albumins is presented in Table S1 (see 
supporting information). As mentioned previously, plants 
also contain albumins; however, those are not phylogeneti-
cally related to the animal albumins.39 This fact is consistent 
with the concept of albumin, which are water soluble, moder-
ately soluble in concentrated salt solutions, not evolutionarily 
related, and experience heat denaturation.1 Therefore, just to 
avoid possible confusion, for the following sections of this 
article, albumins solely refer to those from animals if not oth-
erwise specified.

We summarized albumins in animal species (Table S1) and 
found that no albumins were identified in flatworm and round-
worm. Insects also showed no albumins, except that a homo-
logue was found in Culex quinquefasciatus. Culex quinquefasciatus 
is a kind of house mosquito, and a blood meal on mammals and 
birds is necessary for their egg development.40 As the phyloge-
netic analysis revealed later, this albumin protein is evolution-
arily close to its fish counterparts. Probably, this gene was 
horizontally transferred from fish. Among different fishes, 
about half of them contain albumin gene with the average 
count of 3 (Table 1). For the groups of amphibians, reptiles, 

birds, and mammals, all the tested species contain albumin 
genes. It needs to be pointed out that the mammals have sig-
nificantly higher count of albumin genes than other groups, 
about double count of those in the fishes, reptiles, and birds, 
suggesting their crucial requirement in mammals because they 
are the main constituents in blood.16

In summary, based on the distribution of albumins, we have 
found that albumins are unique in vertebrates and provided 
their evolutionary cues that evolved from sea to land.

Extracellular matrix protein 1 is a new member of 
albumin family

To address the evolutionary relationship of albumins, their 
phylogenetic tree was constructed and 6 types (I-VI) were 
summarized (Figure 1). Generally, albumins from the same 
taxonomic group tend to locate closely in the tree. However, it 
should be noted that the albumin family has been highly 
evolved in vertebrates. As recognized previously, the albumin 
family consists of several evolutionarily related members, 
including serum albumin, α-fetoprotein, vitamin D–binding 
protein, and afamin.13–15 In the phylogenetic tree, 6 distinct 
albumin types are clearly separated throughout a wide range of 
vertebrate taxonomic groups (Figure 1). Therefore, we 

Figure 1. Phylogenetic tree of albumins. The inner circle is the phylogenetic tree derived from the consensus sequences of albumins. The upper left 

legend shows their taxonomic groups with different colors in the branches. The middle circle is the corresponding albumins of different taxonomic groups. 

The dotted line links the branch with each taxon. The outer numbers indicate the 6 types based on this study; alternating black and red show their ranges 

in phylogenetic tree. The branch length is indicated as scale bar.
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annotated the albumin proteins in these 6 phylogenetic types 
using the NCBI database to assign them to the corresponding 
members (Table S2).

The annotation demonstrated that types I to III are vita-
min D–binding proteins. Because the vitamin D–binding 
proteins in types I to III cover a wide range of vertebrates 
including mammals, birds, reptiles, fishes, and amphibians, it 
is reasonable to suggest that the current vitamin D–binding 
proteins could be divided into 3 distinct groups arising from 
the early divergent ancestors. Types IV to VI are 3 large 
groups from the albumin family covering mammals, birds, 
reptiles, fishes, and amphibians. However, unlike the types I 
to III with a clear and consistent annotation to vitamin 
D–binding proteins, types IV to VI consist of albumin mem-
bers of α-fetoprotein, serum albumin, and afamin. On one 
hand, this suggests a close phylogenetic relationship between 
albumin members of α-fetoprotein, serum albumin, and 
afamin. On the other hand, it might mean that these 3 mem-
bers could also be divided into 3 distinct groups.

Unexpectedly, a new member of the albumin family was 
found in type VI, namely, the extracellular matrix protein 1 
(ECM1). The structural analysis indicated that ECM1 contains 
motifs with a cysteine pattern characteristic of the cysteine pat-
tern of the ligand-binding “double-loop” domains of the albu-
min protein family.41 Therefore, ECM1 demonstrates a close 
phylogenetic relationship with the serum albumin in the type VI 
and could be included in the albumin family. Extracellular matrix 
protein 1 is involved in endochondral bone formation and angi-
ogenesis and might promote the wound healing and repair.42 It 
also interacts with a variety of extracellular and structural pro-
teins, contributing to the maintenance of skin integrity and 

homeostasis.43,44 However, ECM1 was associated with some 
pathological processes, such as lipoid proteinosis and tumor biol-
ogy, and thus was considered as a potential biomarker for the 
diagnostic of the related diseases.45,46

Only characteristic cysteine residues are conserved 
across albumin family

Characteristic motifs and residues of above identified albumin 
types (I-VI) were delineated (Figure 2). In general, it is clearly 
observed that the overall sequence identities of albumin char-
acteristic domains are very low across the family. Notably, many 
cysteine residues are largely conserved across the albumin fam-
ily. These cysteine residues, especially for the characteristic 
cysteine motif CCXnC, are responsible for forming of the dou-
ble-disulfide loop of the albumin family, contributing to its 
ligand configuration and binding.47–49

As mentioned above, types I to III are vitamin D–binding 
proteins; however, their structural features differ. Type I shows 
a significant loss in its albumin characteristic domain, only pre-
senting 1 cysteine motif, C62C63X23C88, whereas types II and 
III have 2 additional cysteine motifs, C140C141X11C153 and 
C312C313X23C331. Interestingly, except for the common charac-
teristic cysteine motif, less sequence identities are shared within 
types I to III, which also suggest their early divergence. The 
similar situation was observed in types IV to VI as well.

Albumins in higher vertebrate groups tend to have 
more characteristic domains

As indicated in Figure 2, the albumin family shares a con-
served characteristic domain about 176 amino acids. In the 

Figure 2. Structural features of 6 albumin types (I-VI). The classification of albumins into 6 types is referred Figure 1.
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analysis, an interesting phenomenon was observed that most 
albumins have more than one characteristic domain. To inves-
tigate the domain architecture, the distribution and number of 
characteristic domains count per albumin protein in verte-
brates were summarized (Table 2) and the details are pre-
sented in Table S3. A significant trend was observed that 
albumin proteins in more advanced vertebrate species tend to 
possess more characteristic domains. As demonstrated, the 
albumin proteins with 3 characteristic domains are the major 
forms, despite the fact that their percentage varied greatly 
from 38.9% in fishes to 90.0% in mammals. Especially, in 
mammals, 3 unique albumin proteins were found. One of 
them is from Camelus ferus with 9 characteristic domains, and 
the other 2 with 10 characteristic domains are from Myotis 
davidii and Tupaia chinensis.

Hence, what is the relationship among the characteristic 
domains within albumins? This study focuses on the albumins 
with 3 characteristic domains, and the phylogenetic analysis 
indicated 2 evolutionary patterns (Figure 3A—pattern A and 
Figure 3B—pattern B). Pattern A contains 3 characteristic 
domains from different origins, and pattern B represents 2 
domains from a duplication. Furthermore, we investigated the 
distribution of these 2 domain evolutionary patterns in 6 albu-
min types (I-VI) and different vertebrate groups (Figure 3C). 
In general, pattern A and pattern B are mixed in 6 albumin 
types. As illustrated, pattern A is a major pattern in type III, 
reaching a percentage of about 60%; meanwhile, pattern B is 
significantly more presented than pattern A in other types.

Conclusions
In this study, the genome-wide analysis of albumins from 290 
animal species provided the fundamental understanding of 
albumin distribution, phylogenetic relationship, characteristic 
motif, structure, and evolutionary patterns. The results indi-
cated that albumins are widely distributed in vertebrate species, 
especially their blooming presence in mammals with average of 
6 albumin counts per genome. However, the vertebrate albu-
mins are phylogenetically disconnected with the plant counter-
parts despite their similar physicochemical properties. The 
phylogenetic analysis revealed 6 distinct types (I-VI) of the 

albumin family, including the current members (vitamin 
D–binding proteins, α-fetoprotein, serum albumin, and 
afamin). Meaningfully, based on the phylogenetic relationship, 
ECM1 could be assigned to be a new member of the albumin 
family, which improves the understanding of the diversity of 
the albumin family. The structure analysis revealed that cysteine 
residues are extraordinarily presented in the albumin domain 
and seem to be the only conserved residues across the albumin 
family. These findings could further elevate our knowledge on 
the relationship between the structure and function of the 
albumin family. The investigation of characteristic domain 
count per albumin demonstrated a wide distribution from 1 to 
10, and the most common count is 3. Moreover, a significant 
trend was observed that albumins in the more advanced 

Table 2. Distribution of characteristic domain count within albumins in different taxonomic groups (%).

DOMaIN COUNT 1 2 3 4 5 6 7 8 9 10 aVERaGE

all species 5.37 8.18 83.2 2.30 0.38 0.13 − − 0.13 0.26 2.87

Mammals 3.14 3.73 90.0 1.76 0.59 0.20 − − 0.20 0.39 2.97

Birds 0.56 11.7 83.3 4.44 − − − − − − 2.92

Reptiles 7.41 29.6 59.3 3.70 − − − − − − 2.59

amphibians 30.0 20.0 50.0 − − − − − − − 2.20

Fishes 35.2 25.9 38.9 − − − − − − − 2.04

“−” represents that no albumin genetic sequence contains this number of function regions. The percentage is presented per taxonomic groups.

Figure 3. Evolutionary pattern of the albumin characteristic domains. 

The evolutionary relationship were investigated among albumins with 3 

characteristic domains and summarized into 2 types: (a) pattern a, 3 

characteristic domains derived from different origins and (B) pattern B, 2 

characteristic domains originated from the same sequences. (C) 

Percentage of the evolution pattern a in albumin types I, II, III, IV, V, and 

VI, whereas the remaining is for the evolution pattern B. The taxonomic 

groups were indicated by different colors.
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vertebrate groups tend to have more characteristic domains. 
Finally, based on the phylogenetic analysis of multiple charac-
teristic domains within each albumin protein, 2 evolutionary 
patterns were summarized.
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