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Abstract 
 

Fatty acid binding proteins (FABP) and retinoid binding proteins (RBP) are members 

of a family of small, highly conserved cytoplasmic proteins that function in binding and 

facilitating the cellular uptake of fatty acids, retinoids and other hydrophobic compounds. 

Several human FABP-like genes are expressed in the body: FABP1 (liver); FABP2 

(intestine); FABP3 (heart and skeletal muscle); FABP4 (adipocyte); FABP5 (epidermis); 

FABP6 (ileum); FABP7 (brain); FABP8 (nervous system); FABP9 (testis); and FABP12 

(retina and testis). A related gene (FABP10) is expressed in lower vertebrate liver and 

other tissues. Four RBP genes are expressed in human tissues: RBP1 (many tissues); 

RBP2 (small intestine epithelium); RBP5 (kidney and liver); and RBP7 (kidney and 

heart). Comparative FABP and RBP amino acid sequences and structures and gene 

locations were examined using data from several vertebrate genome projects. Sequence 

alignments, key amino acid residues and conserved predicted secondary and tertiary 

structures were also studied, including lipid binding regions. Vertebrate FABP- and RBP-

like genes usually contained 4 coding exons in conserved locations, supporting a 

common evolutionary origin for these genes. Phylogenetic analyses examined the 

relationships and evolutionary origins of these genes, suggesting division into three 

FABP gene classes: 1: FABP1, FABP6 and FABP10; 2: FABP2; and 3, with 2 groups: 

3A: FABP4, FABP8, FABP9 and FABP12; and 3B: and FABP3, FABP5 and FABP7. 
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Several FABP/RBP gene evolutionary events are proposed: (1) ancient gene duplications 

within invertebrate genomes forming 3 major FABP (class 1, 2 and 3) genes and an RBP 

gene; (2) more recent gene duplications within ancestral vertebrate genomes forming 

multiple FABP class 1, FABP class 3 and RBP vertebrate genes; (3) duplications within 

the zebra fish (Danio rerio) genome forming multiple genes for FABP1 and FABP7 (by 

chromosomal duplication); and FABP4 and RBP1 (by tandem duplication); (4) loss of the 

lower vertebrate FABP10 gene within the ancestral mammalian genome; and (5) 

retrotransposon gene duplications for the mammalian FABP5 genes, generating FABP5 

pseudogenes, particularly in primate genomes. 

 

Keywords: Vertebrates; amino acid sequence; FABP genes; fatty acid binding protein; RBP 

genes; retinoid binding proteins; gene duplications; retrotransposons; evolution 

 

 

I. Introduction 
 

Fatty acid binding proteins (FABP) and retinoid binding proteins (RBP) are members of a 

large family of small, highly conserved cytoplasmic proteins that function in binding and 

facilitating the cellular uptake of fatty acids, retinoids and other hydrophobic compounds [1-

2]. These proteins serve as intracellular lipid chaperones, transporting fatty acids and retinoids 

to various compartments of vertebrate cells where diverse biological functions are performed 

[3-5]. These include facilitating fatty acid transport to the mitochondria and peroxisomes for 

oxidation and energy production [6]; to the nucleus for controlling lipid-mediated 

transcriptional activities that respond to lipids [7-9]; to fat droplets for storage [10-12]; to the 

endoplasmic reticulum for signalling, trafficking, membrane and chylomicron biosynthesis [2, 

13]; and to the plasma membrane for autocrine or paracrine signalling [14]. 

Previous studies have identified at least ten human FABP-like genes, exhibiting 

differential tissue expression: FABP1 (liver) [15-17]; FABP2 (intestine) [18-21]; FABP3 

(heart and skeletal muscle) [22-26]; FABP4 (adipocyte and macrophages) [27-32]; FABP5 

(epidermis) [33-36]; FABP6 (ileum) [37-40]; FABP7 (brain) [41-43]; FABP8 (nervous system 

myelin protein) [44-47]; FABP9 (testis) and FABP12 (retina and testis), based on rodent 

studies [48-50]. Studies of FABP-like genes from lower vertebrate genomes have identified 

another gene, FABP10, expressed in chicken, reptile, frog and zebra fish livers, encoding a 

liver basic-FABP protein which is distinct from liver FABP1 and FABP6 amino acid 

sequences [51-54]. 

These eleven vertebrate FABP-like proteins were classified into three related families, 

namely class 1, for the major liver FABP-like proteins, FABP1, FABP6 and FABP10; class 2, 

for the major intestine FABP-like protein, FABP2; and class 3, for other vertebrate FABP-

like sequences (Table 1). This classification is based on the early evolutionary appearance 

within an invertebrate genome, the sea squirt (Ciona intestinalis), of at least three FABP-like 

genes designated as FABP1, FABP2 and FABP3 [55]; similarities in tissue expression and 

tertiary structures for the major liver (class 1: vertebrate FABP1, FABP10 and lower 

vertebrate FABP10), intestine (class 2: vertebrate FABP2) proteins; and other FABP proteins 

(class 3: heart and muscle FABP3; adipocyte FABP4; epidermis FABP5; brain FABP7; 

nervous tissue myelin protein FABP8; testis FABP9; and mammalian testis and retina 

FABP12). Five of the mammalian class 3 genes (FABP4, FABP5, FABP8, FABP9 and 
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FABP12) are located within a FABP4-like gene cluster on human chromosome 8, which is 

indicative of recent tandem duplication events generating this group of genes [50]. 

Retinoid binding proteins (RBPs) are intracellular carrier proteins of retinoids in the 

body, including retinol (vitamin A alcohol), which are involved in vision, reproduction, 

epithelial tissue differentiation, growth and carcinogenesis [56-58]. At least four human genes 

(RBP) and proteins (RBP) have been reported, including RBP1 (also called cellular retinol-

binding protein type 1 or CRBP1), which is widely expressed in the body and functions in the 

intracellular transport and channeling to retinoid metabolizing pathways and performs 

essential roles during embryogenesis and tissue differentiation [59-62]. RBP2 (also called 

cellular retinol-binding protein type II or CRBP2), which is involved in vitamin A 

metabolism within the absorptive small intestinal epithelial cells [63-65] and in glandular 

epithelial cells of the endometrium during the female menstral cycle [66-67]. RBP5 (also 

called cellular retinol-binding protein type III or CRBP3), which is expressed in liver, kidney, 

heart, muscle, adipose, and mammary tissue and shares similar biochemical roles to those of 

RBP1 [68-69] and is required for incorporating retinoids into milk [70]. RBP7 (also called 

cellular retinol-binding protein type IV or CRBP IV), which is predominantly expressed in 

human kidney, heart and colon [71], mouse white adipose tissue and mammary gland [72] 

and during embryonic development of the zebra fish, for which duplicated RBP7 genes have 

been reported for the latter genome [73]. 

This paper reports the predicted gene structures and amino acid sequences for several 

vertebrate class 1, class 2 and class 3 FABP, and RBP genes and proteins, the predicted 

structures for several vertebrate FABP and RBP proteins, the structural, phylogenetic and 

evolutionary relationships for these vertebrate FABP- and RBP-like gene families and the 

proposed gene duplication events predicted to generate these vertebrate genes and proteins 

during evolution. In addition, evidence is presented for FABP5-like pseudogenes which are 

dispersed within the human and other mammalian genomes examined. 

 

 

II. Methods 
 

Vertebrate FABP and RBP Gene and Protein Identification 
 

BLAST (Basic Local Alignment Search Tool) studies were undertaken using web tools 

from the National Center for Biotechnology Information (NCBI) [74]. Protein BLAST 

analyses used vertebrate FABP-like and RBP-like family amino acid sequences previously 

described [15, 18, 22, 27, 33, 37, 41, 48, 51, 59, 63, 68, 69, 71, 73] (Table 1). 

Non-redundant protein sequence databases for vertebrate genomes were examined using 

the blastp algorithm [76]. This procedure produced multiple BLAST ‗hits‘ for each of the 

protein databases which were individually examined and retained in FASTA format, and a 

record kept of the sequences for predicted mRNAs and encoded FABP- and RBP-like 

proteins. These records were derived from annotated genomic sequences using the gene 

prediction method: GNOMON and predicted sequences with high similarity scores for the 

FABP and RBP sequences examined. Predicted protein sequences were obtained in each case 

and subjected to analyses of predicted protein and gene structures. 
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BLAT analyses were subsequently undertaken for each of the predicted amino acid 

sequences using the UC Santa Cruz Genome Browser with the default settings to obtain the 

predicted locations for each of the FABP- and RBP-like genes, including predicted exon 

boundary locations and gene sizes for coding exons [77] (see Table 1). Predicted gene and 

protein structures and gene expression levels for the major human FABP- and RBP-like 

isoform, in each case, were obtained using the AceView website [78]. Predicted CpG islands 

and microRNA (miRNA) binding sites for human FABP-and RBP-like genes were obtained 

using the UC Santa Cruz Genome Browser (http://genome.ucsc.edu). 

 

 

Predicted Structures and Properties of Vertebrate FABP- and RBP-Like 
Proteins 

 

Alignments of predicted and reported FABP- and RBP-like amino acid sequences, and 

the prediction of consensus sequences for individual vertebrate proteins, were undertaken 

using a ClustalW method [79] (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Predicted 

secondary and tertiary structures for vertebrate FABP and RBP proteins were obtained using 

PSIPRED [80] and SWISS-MODEL web tools [81], respectively. The reported structures for 

human FABP1 (Pdb: AB2H) [82], FABP2 (Pdb: 1Kzw) [83], FABP3 (Pdb: 1HMR) [25], 

FABP4 (Pdb: 1TOU) [84], FABP5 (Pdb: 1B56) [35], FABP6 (Pdb: 101U) [85], FABP7 (Pdb: 

1FE3) [42], FABP9 (Pdb: 4A60), RBP1 (Pdb: 1QAB), RBP2 (Pdb: 2RCQ) [86], RBP5 (Pdb: 

1GGL) [68] and RBP7 (Pdb: 1LPJ) [71] served as references for the predicted FABP and 

RBP tertiary structures. Theoretical isoelectric points, molecular weights and percentage 

identities for vertebrate FABP- and RBP-like subunits were obtained using Expasy web tools 

(http://www.expasy.org). 

 

 

Phylogeny Studies, Predicted Gene Duplications and Sequence Divergence 
 

Phylogenetic analyses were undertaken using a ClustalW method [79] and the http:// 

phylogeny.fr platform [87] for bootstrap analysis of the proposed sequence of evolutionary 

events and for the prediction of consensus sequences for FABP- and RBP-like protein 

families. 

 

 

III. Class 1 Fatty Acid Binding Proteins and Genes 
 

Alignments and Structures of Vertebrate Class 1 FABP Proteins 
 

Alignments of fourteen human, other vertebrate and shark FABP1 sequences 

demonstrated that these were >55% identical, suggesting that they are members of a single 

gene family of class 1 FABP proteins (Table 1). Comparisons of sequence identities of the 

FABP1 proteins with vertebrate and shark FABP6 and FABP10 proteins, however, exhibited 

lower levels of sequence identities: 36-55%, indicating that these are members of two distinct 

FABP-like Class I gene families: FABP6 and FABP10 (Table 1). The amino acid sequences 
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for vertebrate class 1 FABP proteins (vertebrate FABP1 and FABP6) and lower vertebrate 

(birds, frogs and fish) class 1 FABP10 proteins contained between 126 (for chicken FABP10) 

and 132 (for cow FABP6) residues whereas most vertebrate FABP1 sequences contained 127 

amino acids, with consistent molecular weights of ~ 14 kilodaltons (Figure 1; Table 1). 

Isoelectric points for the lower vertebrate FABP10 proteins were consistently higher (7.8-8.9) 

than those for vertebrate FABP1 and FABP6 proteins, which were consistent with previous 

reports for lower vertebrate basic liver FABP10 proteins (also called L-FABP) [51-53]. 

Previous reports have identified a key residue for human FABP1 (56Ser) identified for 

protein phosphorylation and regulation of the fatty acid transport role for this protein [15-17]. 

With the exception of mouse, horse and sea squirt FABP1 proteins, with a proline residue at 

this position, 56Ser was conserved for 8 other vertebrate FABP1 sequences, whereas 56Thr, 

replaced 56Ser for zebra fish FABP1A [Danio rerio]). A comparison of 14 vertebrate FABP1 

sequences for these sequences overall revealed a high degree of conservation and enabled 

identification of a consensus sequence for this protein which was compared with conserved 

consensus sequences for vertebrate FABP6 and FABP10 (Figure 1). Of the 126-128 class I 

FABP amino acid residues, 40 were identical, including four involved in binding fatty acids 

to hydrophobic side chains (Phe3; Phe48; Phe 63; Leu91) and Arg122, which functions in 

binding the negatively charged carboxylate group of fatty acids to human FABP1 [89-90]. A 

comparison of FABP10 amino acids involved in binding cholate residues with consensus 

vertebrate FABP1 and FABP6 amino acids revealed differences for the three major regions 

previously reported [91] (see Fig 1): 56Lys-57Gln (absent for both FABP1 and FABP6); 

77Lys (identity with FABP6); and 99His-Glu100-Gln101 (distinct sequences observed for 

FABP1 and FABP6). This may explain the property reported for FABP10 in binding two 

cholate residues, and which has lead to a proposal for a dual function for FABP10 as a bile-

acid and fatty acid binding protein [51, 92, 93]. 

 

 

Predicted Secondary and Tertiary Structures for Vertebrate Class 1 FABP 

Proteins 
 

Predicted secondary structures for consensus FABP1, FABP6 and FABP10 sequences 

were examined (Figure 1) using the known structures reported for human FABP1 [90] and 

FABP6 [85], and for chicken FABP10 [91]. α-Helix and β-sheet structures were similar in 

each case, with ten antiparallel β-sheet structures (designated as A, B …. J) and two α-

helices near the amino terminus (designated as I and II) being observed. Of particular 

interest were sheets βB and βJ which contained the residues (Ser39 and Arg122) involved in 

binding the carboxylate fatty acyl groups linking the fatty acids to FABP1, and two N-

terminal α-helices, which particitate in the transfer of fatty acids to and from cellular 

membranes. In addition, a particular role has been proposed for the FABP1 I helix in fatty 

acid-membrane transfer via an electrostatic mechanism, due to its distinct amphipathic 

character [94-95]. 

Diagrams of tertiary structures previously reported for human FABP1, human FABP6 

and for chicken FABP10 are shown in Figure 2 [5, 17, 85, 89, 90, 91]. Ten anti-parallel -

strands are organized into ‗two nearly orthagonal -sheets that form a slightly elliptical -

barrel, with two 8-10 residue helixes linking the first two -strands‘ [83, 89]. The FABP1 -
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barrel contains a solvent-accessible fatty acid-binding pocket (see Figure 2D), which is 

capped by the N-terminal helix-turn-helix motif (αI-αII), a potential site for regulating fatty 

acid binding. 

These tertiary structures are shared by all three class 1 FABP proteins, as well as by other 

FABP classes and RBP proteins examined [5, 89]. The inner surfaces of the FABP1 slightly 

elliptical -barrel structure were characterized by the presence of hydrophobic side chains of 

conserved amino acids, which facilitate the binding of long chain fatty acids (C12-C20) with 

low dissociation constants (nanomolar to micromolar range) [89, 96, 97]. Whereas most 

FABP proteins bind a single fatty acid, liver FABP1 is capable of binding two fatty acids, 

with the binding of the internal fatty acid preceding binding of the second fatty acid molecule 

[98]. Chicken liver FABP10 also binds two bile acid (cholate) molecules with different basic 

amino acid residues identified for anchoring the bile acid carboxylate groups, in each case, 

namely Arg56 and Lys 77 [92]. 

 

 

Gene Locations, Structures and Expression of Vertebrate Class 1 FABP 

Genes 
 

Table 1 summarizes the predicted locations for vertebrate FABP1, FABP6 and lower 

vertebrate FABP10 genes based upon BLAT interrogations of several vertebrate genomes 

using the reported sequences for human FABP1 [15, 16], human FABP6 [37, 38], chicken 

FABP10 [51] and the predicted sequences for other vertebrate FABP1, FABP6 and FABP10 

proteins and the UC Santa Cruz Genome Browser [77]. Figure 1 summarizes the exonic start 

sites for vertebrate FABP1, FABP6 and FABP10 genes with each having 4 coding exons, in 

identical or similar positions to those predicted for the human FABP1 gene. These genes are 

separately localized on vertebrate genomes, with chicken FABP1, FABP6 and FABP10 genes, 

for example, being localized on chromosomes 4, 13 and 23, respectively (Table 1). The 

apparently duplicated zebra fish FABP1 genes (designated as FABP1A and FABP1B) were 

also located on different chromosomes (chromosomes 5 and 8, respectively) [99], suggesting 

that they have arisen from a chromosomal duplication event, previously described for the 

evolution of this fish species [100]. 

Figure 3 shows the predicted structures for the major human FABP1 and FABP6 

transcripts. According to AceView [78], these genes are expressed at high (1.6 times the 

average) or moderate (0.6 times average gene) levels for FABP1 and FABP6 respectively, and 

are located on separate human chromosomes, FABP1: 5.2 kilobases on the reverse strand of 

chromosome 2; and FABP6: 9.3 kilobases on the direct strand of chromosome 5. Mouse liver 

FABP1, in particular, represented 2-5 percent of liver cytosolic protein and was also found in 

high levels in intestine and kidney [101]. Human FABP1 and FABP6 have similar 

distribution patterns along the duodenal to colonal axis with highest contents found in the 

jejunum but with a >40 fold higher content reported for FABP1 than for FABP6 in each 

intestinal segment [103]. In addition, high FABP1 levels were found in human kidney 

proximal tubules and used as a biomarker of acute kidney injury after cardiac surgery and 

early diabetic nephropathy [103-104]. Reviews regarding human and mouse FABP1 and 

FABP6 gene regulation have been recently published [2, 5]. Studies of the genetic variability 

of these genes in human and animal populations have confirmed a link between FABP1 

mutations and genetically inherited changes in fatty acid metabolism and susceptibility to 
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lipid related disease [101]. In addition, FABP1 intronic polymorphisms has been associated 

with increased plasma triglyceride levels in a French population [105], and an amino acid 

polymorphism (Thr94Ala) within FABP1 exon 2 (rs2241883 in Figure 3) has been linked 

with changes in plasma lipoprotein profiles [106-108], reduced glycogenolysis and lowered 

elevation of plasma glucose levels in lipid-exposed subjects [109], the risk of type 2 diabetes 

and insulin resistance [110] and susceptibility to non-alchohol fatty liver disease in a Chinese 

population [111]. Studies of knock-out Fabp1 mice (Fabp1
-
/Fabp1

-
) have revealed 

genetically influenced roles in lipid metabolism, including decreased hepatic triglyceride 

accumulation [112] and fatty acyl CoA binding capacity [113-114]; increased levels of 

cholesterol-rich hepatocyte plasma membrane microdomains [115] and cholesterol 

metabolism [116]; increased susceptibility to diet-induced gallstones [117], changes in bile 

acid metabolism [118] and hepatic cholesterol accumulation [119]; a role in initiating budding 

of pre-chylomicron transport vesicles from the intestinal endoplasmic reticulum [120]; and in 

hepatic branched-chain fatty acid metabolism [121]. Comparisons of mouse Fabp1 and 

Fabp6 knock-out models have suggested that the encoded proteins are involved in separate 

pathways of intestinal (specifically enterocyte) lipid metabolism in the body, with FABP1 

appearing to target fatty acid metabolism towards oxidative pathways and dietary 

monoacylglycerols toward anabolic pathways, whereas FABP6 may drive dietary fatty acids 

towards triacylglycerol synthesis [122]. Human FABP6 is over expressed in colorectal cancer 

and may serve as a useful marker for this disease [123]. A study of the genetic variability for 

the ileal FABP6 protein in human populations has reported that a Thr79Met polymorphism is 

associated with type 2 diabetes in obese individuals [124]. Genetic studies undertaken on bird 

and fish FABP10 genes have revealed wide tissue expression, including kidney, intestine and 

heart, but with highest levels in liver [53, 54, 125]. Moreover, FABP10 expression is 

promoted by oleic acid feeding and FABP10 knockdown studies reported decreased 

expression levels of PPARα, which regulates FABP1 expression in mammalian liver and 

intestine [126]. Other studies of FABP1A, FABP1B and FABP10 expression in zebra fish 

(Danio rerio) tissues revealed distinct tissue distribution patterns in each case, suggesting 

differential regulation mechanisms for these Class 1 FABP genes [99]. 

 

 

IV. Class 2 Fatty Acid Binding Proteins and Genes 
 

Alignments and Structures of Vertebrate Class 2 FABP Proteins 
 

Alignments of twelve human, other vertebrate and shark FABP2 sequences demonstrated 

>66% identity, suggesting that they are members of a single gene family of Class 2 FABP 

proteins (Table 2). Comparisons of sequence identities of the FABP2 proteins with human 

FABP1 and FABP3 proteins, however, exhibited lower levels of sequence identities from 14-

34%, indicating that these are members of a distinct class of FABP-like gene families (Table 

1). The amino acid sequences for vertebrate class 2 FABP proteins contained 132 residues 

with consistent molecular weights of ~ 15 kilodaltons, whereas the sea squirt FABP2 

sequence contained 133 amino acids (Figure 4; Table 2). 

 



 

Table 1. Vertebrate FABP Class 1 Genes and Proteins 

 

Class 1 

FABP- 

like Gene 

Species Species 
Protein 

Name(s) 

UNIPROT 

ID 

Amino 

acids 

Subunit 

MW 
pI 

PDB 

ID 

Chromosome 

location 

RefSeq ID 
¹Ensembl/ 

NCBI 

Coding 

Exons 

(strand) 

GenBank 

ID 

Gene 

Expression 

Major 

Tissue 

Expression 

Gene 

Size 

bps 

% 

Identity 

human 

FABP1 

% 

Identity 

human 

FABP6 

% 

Identity 

chick 

FABP10 

FABP1 Human Homo sapiens 
FABP1/ 

FABPL 
P07148 127 14,208 6.6 3B2H 

2:88,422,576-

88,427,536 

NM_ 

001443 
4 (-ve) BC032801 1.7 Liver 4,961 100 38 39 

FABP1 
Rhesus 

monkey 

Macaca 

mulatta 

FABP1/ 

FABPL 
na 127 14,251 7.9 na 

13:88,608,343-

88,614,690 

¹XP_ 

001088229 
4 (-ve) EHH22303 na na 6,348 96 38 40 

Fabp1 Mouse Mus musculus 
FABP1/ 

FABPL 
P12710 127 14,246 8.6 na 

6:71,149,921-

71,154,945 

NM_ 

017399 
4 (+ve) BC009812 2.2 Liver 5,025 84 36 39 

Fabp1 Rat 
Rattus 

norvegicus 

FABP1/ 

FABPL 
P06292 127 14,273 7.8 1LFO 

4:104,412,240-

104,415,908 

NM_ 

012556 
4 (+ve) BC086947 0.2 Liver 3,776 82 37 38 

FABP1 Cow Bos taurus 
FABP1/ 

FABPL 
P80425 127 14,227 7.8 na 

11:49,649,665-

49,655,253 

¹XP_ 

001510550 
4 (+ve) BC111622 na Liver 5,386 81 35 38 

FABP1 Pig Sus scrofa 
FABP1/ 

FABPL 
P49924 127 14,107 6.6 2F73 

3:52,763,485-

52,766,039 

NM_ 

001004046 
4 (-ve) F14603 na Liver 2,555 89 33 41 

FABP1 Chicken Gallus gallus 
FABP1/ 

FABPL 
Q90WA9 127 14,192 7.7 na 

4:85,503,691-

85,507,276 
NM_204192 4 (-ve) EU049889 na Liver 3,586 70 39 39 

FABP1 Turkey 
Meleagris 

gallopavo 

FABP1A/ 

FABPL 
G1NKF7 127 14,158 7.7 na 

4:69,825,095-

69,829,018 

XP_ 

003206070 
4 (-ve) na na Liver 3,924 70 40 39 

FABP1A Lizard 
Anolis 

carolensis 

FABP1A/ 

FABPL 
na 127 14,123 5.6 na 

6:59,363,575-

59,368,802 

XP_ 

003222417 
4 (-ve) FG732970 na Liver 4,453 66 35 36 

FABP1B Frog 
Xenopus 

tropicalis 

FABP1A/ 

FABPL 
B1WBL1 127 14,093 6.8 na 

*172916:603,4

58-605,613 

NM_ 

001123411 
4 (+ve) BC161795 na Liver 2,156 69 67 38 

FABP6 
Zebra 

fish 
Danio rerio 

FABP1A/ 

FABPL 
Q1AMT3 127 14,080 5.1 na 

5:75,222,529-

75,225,922 

NM_ 

001044712 
4 (+ve) BC163809 na Liver 3,394 64 36 34 

FABP6 
Zebra 

fish 
Danio rerio 

FABP1B/ 

FABPL 
Q4VBT1 128 14,135 5.6 na 

8:918,379-

920,815 

NM_ 

001024651 
4 (-ve) BC095259 na Liver 2,437 55 40 43 

Fabp6 Shark 
Callorhinchus 

milii 

FABP1A/ 

FABPL 
na 128 14,087 5.8 na na na na AFM86143 na Liver na 57 41 36 

Fabp6 Shark 
Callorhinchus 

milii 

FABP1B/ 

FABPL 
na 130 14,485 6.7 na na na na AFK10887 na Liver na 59 36 36 

FABP6 Human Homo sapiens 
FABP6/ 

Gastrotropin 
P51161 128 14,371 6.3 1O1U 

5:159,656,565-

159,665,663 

NM_ 

001040442 
4 (+ve) BC022489 0.6 Ileum 9,099 37 100 42 

FABP6 
Rhesus 

monkey 

Macaca 

mulatta 

FABP6/ 

Gastrotropin 
F6UZ52 128 14,399 6.3 na 

6:156,612,906-

156,622,928 

¹XP_ 

001083748 
4 (+ve) EHH26995 na na 10,023 38 81 45 

FABP6 Mouse Mus musculus 
FABP6/ 

Gastrotropin 
P51162 128 14,486 5.9 na 

11:43,409.617-

43,415,013 
NM_008375 4 (-ve) BC119289 0.7 Ileum 5,397 40 79 42 

FABP10 Rat 
Rattus 

norvegicus 

FABP6/ 

Gastrotropin 
P80020 128 14,544 5.5 1URE 

10:28,694,839-

28,699,402 
NM_017098 4 (-ve) L22788 0.04 Ileum 4,670 40 77 41 



 

Class 1 

FABP- 

like Gene 

Species Species 
Protein 

Name(s) 

UNIPROT 

ID 

Amino 

acids 

Subunit 

MW 
pI 

PDB 

ID 

Chromosome 

location 

RefSeq ID 
¹Ensembl/ 

NCBI 

Coding 

Exons 

(strand) 

GenBank 

ID 

Gene 

Expression 

Major 

Tissue 

Expression 

Gene 

Size 

bps 

% 

Identity 

human 

FABP1 

% 

Identity 

human 

FABP6 

% 

Identity 

chick 

FABP10 

FABP10 Cow Bos taurus 
FABP6/ 

Gastrotropin 
Q3T0Z2 132 14,460 6.9 na 

12:557,314-

562,054 

NM_ 

001075675 
4 (+ve) BC102199 na Ileum 4,741 35 70 41 

FABP10 Pig Sus scrofa 
FABP6/ 

Gastrotropin 
P10289 128 14,219 6.8 1EAL 

16:60,863,705

-60,866,627 
NM_214215 4 (-ve) J05136 na Ileum 2,923 34 75 44 

FABP10 Horse 
Equus 

caballus 

FABP6/ 

Gastrotropin 
na 128 14,446 6.4 na 

14:19,468,803

-19,474,036 

¹XP_ 

001503514 
4 (-ve) na na Ileum 5,234 40 76 42 

FABP1 Chicken Gallus gallus 
FABP6/ 

Gastrotropin 
F1NUJ7 128 14,255 6.8 2LBA 

13:7,214,787-

7,218,485 
¹XP_414486 4 (-ve) na na Ileum 3,699 40 64 41 

 Turkey 
Meleagris 

gallopavo 

FABP6/ 

Gastrotropin 
G1MVB9 128 14,226 7.8 na 

15:7,474,745-

7,478,744 
na 4 (-ve) na na Ileum 4,000 40 44 42 

 Lizard 
Anolis 

carolensis 

FABP6/ 

Gastrotropin 
H9G789 130 14,467 6.3 na 

*343286:1,151

,336-

1,158,360 

¹XP_ 

003225250 
4 (+ve) FG709713 na Ileum 7,025 38 61 40 

 Frog 
Xenopus 

tropicalis 

FABP6/ 

Gastrotropin 
F6SPQ9 127 14,091 6.7 na 

*173212:277,9

49-281,517 

¹XP_ 

002940224 
4 (+ve) na na Ileum 3,569 46 48 42 

 
Zebra 

fish 
Danio rerio 

FABP6/ 

Gastrotropin 
Q6IMW5 131 14,406 6.6 3ELX 

21:28,787,151

-28,791,335 

NM_ 

001002076 
4 (+ve) BC072553 na Ileum 4,185 37 55 40 

 Shark 
Callorhinchus 

milii 

FABP6/ 

Gastrotropin 
na 128 14,510 7.7 na na na na AFM95956 na Ileum na 40 64 45 

 Chicken Gallus gallus 
FABP10/ 

Lb-FABP 
P80226 126 14,210 8.5 1TVQ 

23:5,581,473-

5,583,874 
NM_204634 4 (-ve) AF380998 na Liver 2,402 39 42 100 

 Turkey 
Melagris 

gallopavo 

FABP10/ 

Lb-FABP 
Q90239 126 14,161 8.5 na 

25:5,417,183-

5,429,990 

¹XP_ 

003212677 
4 (-ve) na na Liver na 40 43 97 

 Lizard 
Anolis 

carolensis 

FABP10/ 

Lb-FABP 
Q90239 126 14,051 8.9 na 

*343498:40,73

1-43,882 
na 4 (+ve) U28756 na Liver 3,152 42 38 69 

 Frog 
Xenopus 

tropicalis 

FABP10/ 

Lb-FABP 
na 126 13,990 7.8 na 

*173039:507,5

30-510,240 

¹XP_ 

002938785 
4 (-ve) BC158391 na Liver 2,711 42 38 65 

 
Zebra 

fish 
Danio rerio 

FABP10/ 

Lb-FABP 
Q9I8L5 126 14,004 8.9 2QO4 

16:56,117,794

-56,122,629 
NM_152960 4 (+ve) BC076219 na Liver 4,836 39 36 64 

 Shark 
Callorhinchus 

milii 

FABP10/ 

Lb-FABP 
na 127 14,365 7.8 na na 

¹XP_ 

002128403 
4 (-ve) AFM89685 na Liver na 44 36 64 

 
Sea 

squirt 

Ciona 

intestinalis 
FABP1 na 131 14,443 5.2 na 

01Q:80,172-

82,088 

¹XP_ 

002128403 
4 (-ve) AK115660 na na 1,917 29 26 29 

RefSeq: the reference amino acid sequence; 
¹
predicted Ensembl amino acid sequence; na-not available; GenBank IDs are derived NCBI http://www.ncbi.nlm. 

nih.gov/genbank/; Ensembl ID was derived from Ensembl genome database http://www.ensembl.org ; UNIPROT refers to UniprotKB/Swiss-Prot IDs for 

individual FABP-like proteins (see http://kr.expasy.org); 
*
refers to scaffold ID; bps refers to base pairs of nucleotide sequences; pI refers to theoretical 

isoelectric points; the number of coding exons are listed; high % identities are shown in bold; high gene expression levels are in bold. 

 



 

Table 2. Vertebrate FABP Class 2 Genes and Proteins 

 

Gene Animal Species 
Protein 

name 
UNIPROT 

Amino 

Acids 

Subunit 

MW 
pl 

PDB 

ID 

Chromosome 

location 

RefSeq ID 

¹Ensembl/NC

BI 

Coding 

Exons 

(strand) 

GenBank ID 
Gene 

Expr. 

Major 

Tissue 

Depression 

Gene 

Size 

bps 

% 

Ident. 

Human 

FABP1 

% 

Ident. 

Human 

FABP2 

% 

Ident. 

Human 

FABP3 

FABP2 Human Homo sapiens 
FABP2/ 

FABPI 
P12104 132 15,207 6.6 1KZW 

4:120,240,199

-120,243,257 

NM_ 

000134 
4 (-ve) BC069466 0.3 Intestine 3,059 22 100 32 

FABP2 Rhesus Macaca mulatta 
FABP2/ 

FABPI 
F7FGH2 132 15,123 6.6 na 

5:111,894,272

-111,897,329 

¹XP_ 

001099243 
4 (-ve) na na na 3,058 22 95 34 

Fabp2 Mouse Mus musculus 
FABP2/ 

FABPI 
P55050 132 15,126 6.6 na 

3:122,598,331

-122,602,196 
NM_007980 4 (+ve) BC013457 1.3 Intestine 3,866 23 78 30 

Fabp2 Rat 
Rattus 

norvegicus 

FABP2/ 

FABPI 
P02693 132 15,124 6.6 1DC9 

2:219,591,514

-219,604,941 
NM_013068 4 (+ve) M35992 0.1 Intestine # 25 81 31 

FABP2 Cow Bos taurus 
FABP2/ 

FABPI 
Q56JX9 132 15,024 6.6 na 

6:6,790,090-

6,792,592 

NM_ 

001025332 
4 (+ve) AY911349 na Intestine 2,503 24 82 33 

FABP2 Opossum 
Monodelphis 

domestica 

FABP2/ 

FABPI 
F7GAR7 132 15,215 6.6 na 

5:10,430,799-

10,436,680 

¹XP_ 

001363310 
4 (+ve) na na na 5,882 22 77 28 

FABP2 Platypus 
Ornithorynchus 

anatinus 

FABP2/ 

FABPI 
na 132 15,105 6.7 na 

12:557,314-

562,054 

¹XP_ 

001512527 
4 (-ve) na na na 4,741 23 75 30 

FABP2 Chicken Gallus gallus 
FABP2/ 

FABPI 
Q7ZZZ5 132 15,089 6.6 na 

4:54,135,048-

54,136,792 

NM_ 

001007923 
4 (+ve) AY254202 na Intestine ^1,745 25 70 30 

FABP2 Lizard 
Anolis 

carolensis 

FABP2/ 

FABPI 
G1KNM3 132 15,185 6.6 na 

5:140,027,477

-140,031,414 

¹XP_ 

003221855 
4 (+ve) na na na ^3,938 25 71 29 

FABP2 Frog 
Xenopus 

tropicalis 

FABP2/ 

FABPI 
A4IHF6 132 15,254 6.6 na 

*172725:2,93

3,077-

2,935,600 

NM_ 

001112902 
4 (+ve) BC135505 na na 2,524 24 70 27 

FABP2 Zebra fish Danio rerio 
FAPB2/ 

FABPI  
Q9PRH9 132 15,060 7.9 na 

1:24,706,048-

24,708,722 
NM_131431 4 (+ve) AF180921 na Intestine 2,675 14 66 21 

FABP2 
Elephant 

shark 

Callorhinchus 

milii 

FABP2/ 

FABPI 
na 132 15,030 6.7 na na na na JX208064 na na na 18 69 31 

FABP2 Sea squirt 
Ciona 

intestinalis 
FABP2 F6W8U8 133 14,471 9.4 na 

06q:1,737,454

-1,740,450 

¹XP_ 

002127813 
4 (+ve) na na na 2,997 26 37 24 

RefSeq: the reference amino acid sequence; ¹predicted Ensembl amino acid sequence; na-not available; GenBank IDs are derived NCBI http://www.ncbi.nlm. nih.gov/genbank/; Ensembl ID 
was derived from Ensembl genome database http://www.ensembl.org ; UNIPROT refers to UniprotKB/Swiss-Prot IDs for individual FABP-like proteins (see http://kr.expasy.org); * 

refers to scaffold ID; bps refers to base pairs of nucleotide sequences; pI refers to theoretical isoelectric points; the number of coding exons are listed; high % identities are shown in 

bold; high gene expression levels are in bold; # gap in sequence in second intron; ^ partial sequence available. 

 



 

Table 3. Vertebrate FABP Class 3 Genes and Proteins 

 

FABP-

like 

Gene 

FABP 

Class 

Protein 

Name(s) 

UNIPROT 

ID 

Amino 

acids 

Subunit 

MW 
pI 

PDB 

ID 

Chromosome 

location 

RefSeq ID 
¹
Ensembl/ 

NCBI 

Coding 

Exons 

(strand) 

GenBank 

ID 

Gene 

Expression 

Major 

Tissue 

Expression 

Gene 

Size 

bps 

% 

Identity 

human 

FABP1 

% 

Identity 

human 

FABP2 

% 

Identity 

human 

FABP3 

Human 

FABP3 
3 

FABP3/ 

FABPH 
Q6IBD7 133 14,858 6.3 1HMR 

1:31,838,736-

31,845,861 
NM_004102 4 (-ve) BC007021 1.4 

Heart, 

muscle 
7,126 18 32 100 

Human 

FABP4 
3 

FABP4/ 

AFABP 
P15090 132 14,719 6.6 1TOU 

8:82,391,103-

82,395,402 
NM_001442 4 (-ve) BC003672 3.1 Adipocyte 4,300 20 31 47 

Human 

FABP5 
3 

FABP5/ 

EFABP 
Q01469 135 15,164 6.6 1B56 

8:82,192,831-

82,196,799 
NM_001444 4 (+ve) BC019385 2.5 Epidermis 3,969 18 25 47 

Human 

FABP7 
3 

FABP7/ 

BLBP 
O15540 132 14,889 5.4 1FE3 

6:123,100,940-

123,104,909 
NM_001446 4 (+ve) BC012299 1.4 Brain 3,970 27 34 65 

Human 

FABP8 
3 

FABP8/ 

PMP2 
P02689 132 14,909 9.8 2WUT 

8:82,355,667-

82,359,621 
NM_002677 4 (-ve) BC034997 3.8 

Nervous 

system 
3,986 22 28 62 

Human 

FABP9  
3 

FABP9/ 

TLBP 
Q0Z7S8 132 15,093 7.8 4A60 

8:82,370,621-

82,373,758 

NM_ 

001080526 
4 (-ve) BC152780 na Testis 3,138 25 29 54 

Human 

FABP12 
3 FBAP12 A6NFH5 140 15,565 7.7 na 

8: 82,437,284-

82,443,550 

NM_ 

001105281 
4 (-ve) BC146973 0.2 

Retina, 

testis 
6,267 18 25 51 

Mouse 

Fabp3 
3 

FABP3/ 

FABPH 
P11404 133 14,819 6.1 na 

4:129,986,022-

129,992,466 
NM_010174 4 (+ve) BC002082 4.8 

Heart, 

muscle 
6,445 18 32 86 

Mouse 

Fabp4 
3 

FABP4/ 

AFABP 
P04117 132 14,650 8.5 1A18 

3:10,204,523-

10,208,511 
NM_024406 4 (-ve) BC054426 3.5 Adipocyte 3,989 18 31 64 

Mouse 

Fabp5 
3 

FABP5/ 

EFABP 
Q05816 135 15,137 6.1 na 

3:10,012,640-

10,016,117 
NM_010634 4 (+ve) BC002008 4.1 Epidermis 3,478 15 22 47 

Mouse 

Fabp7 
3 

FABP5/ 

BLBP 
P51880 132 15,137 5.4 na 

10:57,504,815-

57,507,976 
NM_021272 4 (+ve) BC055820 0.9 Brain 3,162 27 31 62 

Mouse 

Fabp8 
3 

FBAP8/ 

PMP2 
P24526 132 14,935 9.6 na 

3:10,180,753-

10,183,819 

NM_ 

001030305 
4 (-ve) BC099520 2.1 

Nervous 

system 
3,067 30 30 60 

Mouse 

Fabp9 
3 

FABP9/ 

TLBP 
O08716 132 15,017 7.6 na 

3:10,193,755-

10,197,164 
NM_011598 4 (-ve) BC048437 2.1 Testis 3,410 25 27 48 

Mouse 

Fabp12 
3 FBAP12 Q9DAK4 132 14,758 8.3 na 

3:10,246,005-

10,252,309 
NM_029310 4 (-ve) BC030910 na 

Retina, 

testis 
6,304 19 25 51 

Chick 

FABP3 
3 

FABP3/ 

FABPH 
na 133 14,844 5.9 na 

23:590,780-

593,777 

NM_ 

001030889 
4 (-ve) BX935814 na na 2,998 18 32 78 

Chick 

FABP4 
3 

FABP4/ 

AFABP 
F1NEK1 133 14,921 6.3 na 

2:121,225,766-

121,228,910 
NM_204290 4 (-ve) AF432506 na Adipocyte 3,145 19 28 57 

 



 

Table 3. (Continued) 

 

FABP-like 

Gene 

FABP 

Class 

Protein 

Name(s) 

UNIPROT 

ID 

Amino 

acids 

Subunit 

MW 
pI 

PDB 

ID 

Chromosome 

location 

RefSeq ID 
¹
Ensembl/ 

NCBI  

Coding 

Exons 

(strand) 

GenBank 

ID 

Gene 

Expression 

Major 

Tissue 

Expression 

Gene 

Size 

bps 

% 

Identity 

human 

FABP1 

% 

Identity 

human 

FABP2 

% 

Identity 

human 

FABP3 

Chick 

FABP5 
3 

FABP5/ 

EFABP 
Q5ZIR7 134 15,079 5.6 na 

2:121,148,559-

121,153,617 

NM_ 

001006346 
4 (+ve) BX936126 na Epidermis 5,059 23 25 48 

Chick 

FABP7 
3 

FABP7/ 

BLBP 
Q05423 132 14,927 5.6 na 

3:60,674,604-

60,677,639 
NM_205308 4 (-ve) X65459 na Brain 3,036 26 32 65 

Chick 

FABP8 
3 

FABP8/ 

PMP2 
F1NDE7 132 14,844 9.5 na 

2:121,216,138-

121,220,188 

NP_ 

001186405 
4 (-ve)  na 

Nervous 

system 
4,051 19 29 62 

Zebrafish 

FABP3 
3 

FABP3/ 

FABPH 
Q8UVG7 133 14,882 5.7 na 

19:44,586,629-

44,595,940 
NM_152961 4 (+ve) BC049060 na 

Heart, 

muscle 
9,312 29 30 73 

Zebrafish 

FABP4A 
3 

FABP4A/ 

FABP11A 
Q66I80 134 15,116 7.6 na 

19:33,411,646-

33,413,833 

NM_ 

001004682 
4 (+ve) BC081489 na Muscle 2,188 16 27 66 

Zebrafish 

FABP4B 
3 

FABP4B/ 

FABP11B 
Q66I80 134 15,116 7.6 na 

19:33,519,928-

33,522,124 

NM_ 

001004682 
4 (+ve) BC081469 na na 2,197 16 27 65 

Zebrafish 

FABP7A 
3 

FABP7A/ 

BLBPA 
Q9I8N9 132 14,918 5.4 na 

17:15,274,821-

15,276,876 
NM_131605 4 (+ve) BC055621 na Brain 2,056 20 35 67 

Zebrafish 

FABP7B 
3 

FABP7B/ 

BLBPB 
Q6U1J7 132 14,922 6.1 na 

20:40,400,999-

40,402,467 
NM_214807 4 (-ve) BC162199 na Brain 1,469 24 33 65 

Shark 

FABP3 
3 FABP3 na 133 15,065 6.3 na na na na AFM89847 na na na 26 30 58 

Sea squirt 

FABP3 
3 FABP3 F6SU68 132 15,055 7.7 na 

140:237,248-

238,911 

¹
XP_ 

002127826 
4 (-ve) BP069968 na na 1,664 18 30 48 

RefSeq: the reference amino acid sequence; 
¹
predicted Ensembl amino acid sequence; na-not available; GenBank IDs are derived NCBI http://www. ncbi.nlm. 

nih.gov/genbank/; Ensembl ID was derived from Ensembl genome database http://www.ensembl.org; UNIPROT refers to Uniprot KB/Swiss-Prot IDs for 

individual FABP-like proteins (see http://kr.expasy.org); pI refers to theoretical isoelectric points; the number of coding exons are listed; high % identities 

are shown in bold; high gene expression levels are in bold. 

 

 

 

 

 

 



 

Table 4. Vertebrate RBP Genes and Proteins 

 

Gene Animal Species 
Protein 

Name(s) 

UNIPROT 

ID 

Amino 

acids 

Subunit 

MW 
pI 

PDB 

ID 

Chromosome 

location 

RefSeq ID 
¹
Ensembl/ 

NCBI  

Coding 

Exons 

(strand) 

GenBank 

ID 

Gene 

Expression 

Gene 

Size 

kbps 

% 

Identity 

human 

RBP1 

% 

Identity 

human 

RBP2 

% 

Identity 

human 

RBP5 

% 

identity 

Human 

RBP7 

RBP1 Human 
Homo 

sapiens 

Retinol 

binding 

protein 1 

P09455 135 15,850 5.0 1QAB 
3:139,236,472-

139,258,374 

NM_ 

002899 
4 (-ve) BC121052 2.5 22.6 100 55 55 56 

RBP2 Human 
Homo 

sapiens 

Retinol 

binding 

protein 2 

P50120 134 15,706 5.3 2RCQ 
3:139,199,589-

139,171,723 

NM_ 

004164 
4 (-ve) BC069296 0.3 27.9 55 100 50 58 

RBP5 Human 
Homo 

sapiens 

Retinol 

binding 

protein 5 

P82980 135 15,931 6.1 1GGL 
12:7,276,720-

7,281,371 

NM_ 

031491 
4 (-ve) BC029355 0.7 7.5 55 50 100 49 

RBP7 Human 
Homo 

sapiens 

Retinol 

binding 

protein 7 

Q96R05 134 15,535 7.7 1LPJ 
1:10,057,317-

10,075,887 

NM_ 

052960 
4 (+ve) BC063013 0.5 19.3 56 58 49 100 

Rbp1 Mouse 
Mus 

musculus 

Retinol 

binding 

protein 1 

Q00915 135 15,846 5.1 2NND 
9:98,325,398-

98,346,765 

NM_ 

011254 
4 (+ve) BC09175 2.0 21.4 96 55 55 56 

Rbp2 Mouse 
Mus 

musculus 

Retinol 

binding 

protein 2 

Q08652 134 15,610 6.1 na 
9:98,391,029-

98,409,993 

NM_ 

009034 
4 (+ve) BC125551 0.9 19.0 55 92 50 56 

RBP5 Cow Bos taurus 

Retinol 

binding 

protein 5 

P82708 135 15,962 5.6 na 
5:10,229,896-

10,234,186 

NM_ 

001101192 
4 (+ve) BC151528 na 5.3 55 47 83 44 

Rbp7 Mouse 
Mus 

musculus 

Retinol 

binding 

protein 7 

Q9EPC5 134 15,428 6.1 na 
4:148,823,985-

148,829,059 

NM_ 

052960 
4 (-ve) BC063013 0.3 5.3 56 58 50 89 

Rbp1 Rat 
Rattus 

norvegicus 

Retinol 

binding 

protein 1 

P02606 135 15,834 5.1 1CRB 
8:103,605,965-

103,627,194 

NM_ 

012733 
4 (+ve) M16459 na 21.2 96 55 55 56 

Rbp2 Rat 
Rattus 

norvegicus 

Retinol 

binding 

protein 2 

P06768 134 15,585 5.9 1B4M 
8:103,665,516-

103,685,569 

NM_ 

012640 
4 (+ve) M13949 na 20.1 55 90 50 56 

RBP5 Rabbit 
Oryctolagus 

cuniculus 

Retinol 

binding 

protein 5 

G1TMI9 135 15,962 5.6 na 
8:33,100,546-

33,104,113 

XM_ 

002712750 
4 (-ve) na na 3.6 54 50 83 46 



 

Table 4. (Continued) 

 

Gene Animal Species 
Protein 

Name(s) 

UNIPROT 

ID 

Amino 

acids 

Subunit 

MW 
pI 

PDB 

ID 

Chromosome 

location 

RefSeq ID 
¹
Ensembl/ 

NCBI  

Coding 

Exons 

(strand) 

GenBank 

ID 

Gene 

Expression 

Gene 

Size 

kbps 

% 

Identity 

human 

RBP1 

% 

Identity 

human 

RBP2 

% 

Identity 

human 

RBP5 

% 

identity 

Human 

RBP7 

Rbp7 Rat 
Rattus 

norvegicus 

Retinol 

binding 

protein 7 

D4ABD9 134 15,374 6.7 na 
5:166,528,628-

166,533,031 

NM_ 

001108693 
4 (-ve) 

EDL 

81162 
na 4.4 58 58 49 88 

RBP1 Opossum 
Monodelphis 

domestica 

Retinol 

binding 

protein 1 

F7BQ15 135 15,780 5.1 na 
4:102,171,465-

102,216,277 

XP_ 

001365674 
4 (-ve) na na 44.8 88 55 56 56 

RBP2 Opossum 
Monodelphis 

domestica 

Retinol 

binding 

protein 2 

F7BQ22 134 15,635 5.8 na 
4:102,054,648-

102,081,419 

XP_ 

001375935 
4 (-ve) na na 26.8 57 83 49 62 

RBP7 Opossum 
Monodelphis 

domestica 

Retinol 

binding 

protein 7 

F7E2J7 134 15,656 6.1 na 
4:371,658,695-

371,678,741 

XP_ 

001365670 
4 (-ve) na na 20.0 61 64 52 81 

RBP1 Chicken Gallus gallus 

Retinol 

binding 

protein 1 

E1C048 135 15,755 5.1 na 
9:5,419,271-

5,436,836 

XP_ 

422635 
4 (-ve) 

BX 

932569 
na 17.6 85 54 55 55 

RBP2 Chicken Gallus gallus 

Retinol 

binding 

protein 2 

F1NRU1 135 15,848 6.1 na 
9:5,394,536-

5,403,513 

XM_ 

422636 
4 (+ve) na na 9.0 57 79 51 62 

RBP5 Chicken Gallus gallus 

Retinol 

binding 

protein 5 

F1NAB5 135 15,561 5.6 na 
1:76,883,977-

76,885,171 

XP_ 

416519 
4 (-ve) na na 1.3 57 43 62 52 

RBP1 Lizard 
Anolis 

carolensis 

Retinol 

binding 

protein 1 

H9GVJ3 134 15,867 5.6 na 
*
GL3431`8:12

5,472-141,949 

XP_ 

003223792 
4 (-ve) na na 16.5 60 45 55 52 

RBP2 Lizard 
Anolis 

carolensis 

Retinol 

binding 

protein 2 

G1KBY5 134 15,690 6.0 na 
3:27,439,163-

27,447,910 

XM_ 

003218302 
4 (+ve) na na 8.7 58 76 50 61 

RBP5 Lizard 
Anolis 

carolensis 

Retinol 

binding 

protein 5 

H9GCR4 135 15,867 5.6 na 
*
343218:125,4

72-141,949 

XM_ 

003223744 
4 (-ve) na na 16.5 60 45 69 52 

RBP7 Lizard 
Anolis 

carolensis 

Retinol 

binding 

protein 7 

H9GJN3 137 16,058 6.6 na 
*
343709:191,2

60-200,466 

XP_ 

003228785 
4 (-ve) na na 9.2 56 63 51 75 



 

Gene Animal Species 
Protein 

Name(s) 

UNIPROT 

ID 

Amino 

acids 

Subunit 

MW 
pI 

PDB 

ID 

Chromosome 

location 

RefSeq ID 
¹
Ensembl/ 

NCBI 

Coding 

Exons 

(strand) 

GenBank 

ID 

Gene 

Expression 

Gene 

Size 

kbps 

% 

Identity 

human 

RBP1 

% 

Identity 

human 

RBP2 

% 

Identity 

human 

RBP5 

% 

identity 

Human 

RBP7 

RBP1 Frog 
Xenopus 

tropicalis 

Retinol 

binding 

protein 1 

B5DDV7 136 15,977 5.4 na 
*
172691:1,108,

808-1,122,761 

NM_ 

001142134 
4 (+ve) BC168424 na 14.0 80 55 54 55 

RBP2 Frog 
Xenopus 

tropicalis 

Retinol 

binding 

protein 2 

F7CHE7 135 15,767 5.6 na 
*
172691:1,113,

755-1,134,981 

XP_ 

002933389 
4 (+ve) BC135963 na 3.2 54 76 48 55 

RBP5 Frog 
Xenopus 

tropicalis 

Retinol 

binding 

protein 5 

H9GCR4 135 15,710 7.7 na 
*
343218:125,4

72-141,949 

XM_ 

002941215 
4 (-ve) na na 5.4 52 77 62 44 

RBP1A 
Zebra 

fish 
Danio rerio 

Retinol 

binding 

protein 

1A 

A9JR93 138 16,263 4.7 na 
2:38,725,509-

38,732,245 

NM_ 

001114899 
4 (+ve) BC155566 na 6.7 74 52 48 50 

RBP1B 
Zebra 

fish 
Danio rerio 

Retinol 

binding 

protein 

1B 

na 132 15,091 5.2 na 
2:38,733,013-

38,740,708 

NM_ 

212895 
4 (-ve) BC107839 na 7.7 73 56 54 52 

RBP2 
Zebra 

fish 
Danio rerio 

Retinol 

binding 

protein 2 

Q6IVM1 135 15,806 6.7 
1KQ

W 

2:38,720,901-

38,721,992 

NM_ 

153004 
4 (-ve) BC062286 na 1.1 52 67 54 52 

RBP7 
Zebra 

fish 
Danio rerio 

Retinol 

binding 

protein 7 

na 135 15,725 5.7 na 
6:45,869,490-

45,870,291 

NM_ 

001128750 
4 (+ve) BC126798 na 0.8 54 58 50 67 

RBP 
Sea 

squirt 

Ciona 

intestinalis 

Retinol 

binding 

protein 

na 133 15,055 7.7 na 
*
140:237,248-

238,914 

XP_ 

002127826 
4 (-ve) BP006968 na 1.7 30 31 22 29 

RefSeq: the reference amino acid sequence; 
¹
predicted Ensembl amino acid sequence; na-not available; GenBank IDs are derived NCBI http://www.ncbi.nlm. 

nih.gov/genbank/; Ensembl ID was derived from Ensembl genome database http://www.ensembl.org; UNIPROT refers to UniprotKB/Swiss-Prot IDs for 

individual FABP-like proteins (see http://kr.expasy.org); pI refers to theoretical isoelectric points; the number of coding exons are listed; high % identities 

are shown in bold; high gene expression levels are in bold. 

 

 

 

 



 

Table 5. Mammalian FABP Pseudogenes 

 
Gene Animal Species % Identity Chromosome Strand Start End Span Exons 

FABP5 Human Homo sapiens 100 8 (+ve) 82,192,831 82,196,799 3,969 4 

FABP5.ps1 Human Homo sapiens 100 11 (-ve) 59,548,789 59,549,193 405 1 

FABP5.ps2 Human Homo sapiens 97 13 (-ve) 73,674,719 73,675,123 405 1 

FABP5.ps3 Human Homo sapiens 96 13 (+ve) 52,540,878 52,541,282 405 1 

FABP5.ps4 Human Homo sapiens 94 22 (-ve) 17,075,979 17,076,378 400 1 

FABP5.ps5 Human Homo sapiens 93 15 (+ve) 85,958,458 85,958,862 405 1 

FABP5.ps6 Human Homo sapiens 93 7 (+ve) ########### 152,140,026 399 1 

FABP5.ps7 Human Homo sapiens 92 15 (+ve) 83,713,120 83,713,520 401 1 

FABP5.ps8 Human Homo sapiens 92 2 (+ve) ########### 152,204,042 336 1 

FABP5.ps9 Human Homo sapiens 80 4 (+ve) ########### 159,947,675 381 1 

FABP5.ps10 Human Homo sapiens 77 5 (-ve) 95,308,748 95,308,993 246 1 

FABP5.ps11 Human Homo sapiens 75 13 (-ve) 92,832,971 92,833,111 141 1 

FABP5.ps12 Human Homo sapiens 69 5 (-ve) ########### 118,891,244 156 1 

FABP5.ps13 Human Homo sapiens 68 X (+ve) 76,983,344 76,983,472 129 1 

FABP5.ps14 Human Homo sapiens 82 X (-ve) 484,586 484,651 66 1 

Fabp5 Mouse Mus musculus 100 3 (+ve) 10,012,640 10,016,117 3,478 4 

Fabp5.ps1 Mouse Mus musculus 99 9 (+ve) 57,331,770 57,332,176 407 1 

Fabp5.ps2 Mouse Mus musculus 99 18 (-ve) 74,463,181 74,463,585 405 1 

Fabp5.ps3 Mouse Mus musculus 90 8 (-ve) 35,370,342 35,370,741 400 1 

Fabp5.ps4 Mouse Mus musculus 88 18 (+ve) 7,581,514 7,581,918 405 1 

Fabp5.ps5 Mouse Mus musculus 91 2 (-ve) ########### 119,704,139 279 1 

FABP5 Opossum 
Monodelphis 

domestica 
100 3 (-ve) ########### 152,220,163 4,652 4 

FABP5.ps1 Opossum 
Monodelphis 

domestica 
84 3 (+ve) ########### 319,293,990 225 1 

FABP5.ps2 Opossum 
Monodelphis 

domestica 
71 3 (-ve) 34,127,316 34,127,519 204 1 

FABP1 Guinea pig Cavia porcellus 100 *37 (-ve) 3,994,732 3,999,355 4,624 4 

FABP1.ps1 Guinea pig Cavia porcellus 81 *37 (+ve) 3,917,771 3,919,419 1,649 2 

FABP1.ps2 Guinea pig Cavia porcellus 81 *37 (+ve) 3,928,958 3,930,535 1,578 2 

FABP1.ps3 Guinea pig Cavia porcellus 85 *37 (-ve) 3,975,451 3,977,219 1,769 3 

FABP1.ps4 Guinea pig Cavia porcellus 89 *37 (+ve) 3,905,264 3,906,838 1,575 2 

FABP1.ps5 Guinea pig Cavia porcellus 87 *37 (+ve) 3,940,264 3,940,378 69 1 



 

 
See Table 1 for sources of FABP class 1 sequences; 

*
 shows identical residues for consensus FABP subunits; : similar alternate residues; dissimilar alternate 

residues; α-helices for vertebrate FABP1, FABP6 and FABP10 sequences are in black shading and white type face and numbered in sequence from the N-

terminus; β-sheets are in shaded grey and are in sequence from the N-terminus, as βA, βB etc.; bold underlined font shows residues corresponding to 

known or predicted exon start sites; exon numbers refer to human FABP1 gene exons; Ser-P refers to phosphorylated Ser56 residue; note the residues for 

human FABP1 which bind the hydrophobic fatty acid side chains and others binding the carboxylate fatty acyl group [89, 90]; note also the residues which 

bind cholate for chick FABP10 and regions of twin glycine residues for chick FABP6 and FABP10 [91, 92]. 

Figure 1. Amino Acid Sequence Alignments for Consensus Vertebrate Class 1 FABP1, FABP6 and FABP10 Sequences. 
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The predicted structures for human FABP1 and sea squirt FABP1 are based on Pdb AB2H for human 

FABP1 [82]; human FABP6 is based on Pdb101U [85]; and chicken FABP10 is based on Pdb 

1TVQ [91, 92]; obtained using the SWISS MODEL web site based on http://swissmodel.expasy. 

org/workspace/; the 3-D structures are from the N- to C-termini; α-helices (I and II) and β-sheets 

(A, B….J) are shown. 

Figure 2. Comparisons of Predicted Tertiary structures for human FABP1, human FABP6, chicken 

FABP10 and sea squirt FABP1. 

 
Derived from the AceView website http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/ [78]; shown 

with capped 5‘- and 3‘- ends for the predicted mRNA sequences; NM refers to the NCBI reference 

sequence; coding exons are in solid shading; the direction for transcription is shown as 5‘  3‘; 

see Table 1 for details; non-synonymous SNPs are shown, including identity, nucleotide 

substitutions observed and average heterozygosity for the variant allele in the human population 

investigated; data taken from human genome browser [77]. 

Figure 3. Structures and Major Transcripts for the Human FABP1 and FABP6 Genes. 
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With the exception of zebra fish FABP2, isoelectric points for the vertebrate FABP2 

proteins were within a narrow range (6.6-6.7), which is in contrast with the sea squirt FABP2 

homologue, with a higher pI (9.4). 

The predicted secondary structure for the consensus FABP2 sequence was examined 

(Figure 4A) using the known structure reported for human FABP2 [19]. The α-helix and β-

sheet structures were similar to those reported for human FABP1, with ten antiparallel β-sheet 

structures (designated as A, B …. J) which form two nearly orthogonal beta-sheets of 5 

strands each, and two α-helices near the amino terminus (designated as I and II) that 

connect these sheets [19]. A diagram of the predicted tertiary structure for the vertebrate 

FABP2 consensus sequence, based on the reported structure for human FABP2 [19], is shown 

in Figure 4B. Of particular interest were sheets βF and βH which contained the residues 

(Trp83 and Arg107) involved in binding the carboxylate fatty acyl groups linking the fatty 

acids to FABP2, and two N-terminal α-helices, which particitate in the transfer of fatty acids 

to and from cellular membranes [127]. A subsequent analysis of the fatty acid transfer 

mechanism from rat FABP2 to phospholipid intestinal membranes has shown that negative 

charges on the membrane surface and positive charges on the FABP2 surface may play a key 

role in this process [128]. The negatively charged carboxylate tail of a single C16:0 fatty acid 

ligand is located between the two FABP2 beta-sheets and is bound by electrostatic 

interactions involving Arg107, Gln116 and two water molecules in an ordered ‗bent‘ 

conformation [129]. Upon binding, the C16 fatty acyl chain resided in an ordered ‗cradle‘ of 

hydrophobic FABP2 amino acid side chains lining the inner surfaces of the orthogonal beta 

sheets [129]. In contrast, considerable backbone disorder was reported for the apo-FABP2 

protein, particularly for residues Lys30-Leu37 and Asn55-Asn57 [130]. This disorder 

order sequence for fatty acid binding was proposed as a mechanism to promote ligand 

binding, followed by capping of the fatty acyl-FABP2 complex by a helix capping box, which 

may then drive the process towards forming the stable binary complex. A highly ordered 

electrostatic network has been identified in support of this high affinity fatty acid binding 

mechanism [129-132]. In addition, temperature-induced conformational changes reported for 

rat FABP2 may explain why this protein exhibited enhanced flexibility in support of its fatty 

acid binding and intestinal transport role [133]. 

 

 

Gene Locations, Structures, Expression and Genetic Variation of 
Vertebrate Class 2 FABP Genes 

 

Table 2 summarizes the predicted locations for vertebrate FABP2 genes based upon 

BLAT interrogations of several vertebrate genomes using the reported sequences for human 

and rat FABP2 [18, 134] and the predicted sequences for other vertebrate FABP2 proteins 

and the UC Santa Cruz Genome Browser [77]. 

Figure 4A summarizes the exonic start sites for vertebrate FABP2 genes with each having 

4 coding exons, in identical or similar positions to those predicted for the human FABP1 

gene. These genes are separately localized on vertebrate genomes to those previously 

described for the FABP class 1 genes, with human FABP2, for example, being localized on 

chromosome 4, as compared with the FABP1 and FABP6 genes, on chromosomes 2 and 5, 

respectively (see Tables 1 and 2). 
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a 

 

 
b 

See Table 2 for sources of FABP class 2 sequences; α-helices for the consensus vertebrate FABP2 

sequences are in black shading and white type face and numbered in sequence from the N-

terminus; β-sheets are in shaded grey and are in sequence from the N-terminus, as βA, βB etc.; 

bold underlined font shows residues corresponding to exon start sites; exon numbers refer to 

human FABP2 gene exons [18]; the human FABP2 variant (55AT) is shown by the arrow; the 

residues for human FABP2 which bind hydrophobic fatty acid side chains (83W) and the 

carboxylate fatty acyl group (107R) are shown [127]; the predicted 3D structure is based on Pdb 

1KZW [83]. 

Figure 4. Amino Acid Sequence and Predicted Tertiary Structure for Consensus Vertebrate Class 2 

FABP2. 

With the exception of the human, rhesus monkey and platypus FABP2 genes examined, 

vertebrate FABP2 genes were transcribed on the plus strand, with each containing 4 coding 

exons (Table 2). 

Figure 5 shows the predicted structures for the major human FABP2 and mouse Fabp2 

transcripts, with each containing 4 exons, with exon 1 containing the 5‘-untranslated (UTR) 

region, and exon 4 containing an extended 3‘-UTR, particularly for the human FABP2 

transcript. Two predicted microRNA binding sites were identified for the human FABP2 

3‘UTR region (miR-132/212 and miR-374/374ab), which may repress translation of the 

FABP2 transcript and contribute to the regulation of FABP2 translation [135]. MiR-212 is of 

particular interest due to its reported function in intestinal epithelial cells, reducing expression 

of target genes and potentially contributing to alcohol-induced gut leakiness in alcoholic liver 

disease [136]. 
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According to AceView [78], the genes were moderately (for human FABP2, 0.3 times the 

average) or highly expressed (for mouse Fabp2, 1.3 times the average), principally in 

differentiated, villus associated, small intestinal epithelial lining cells, with a proposed role in 

the absorption of long chain fatty acids [18, 134]. 

Studies of the genetic variability of FABP2 genes in human and animal populations have 

supported linkages between FABP2 mutations and genetically inherited changes in fatty acid 

metabolism and susceptibility to related lipid diseases. Of major interest clinically is a 

relatively common human FABP2 variant (Thr54Ala substitution resulting from a GCT  

ACT single nucleotide polymorphism), with allelic frequencies of 74.4% (G nucleotide allele) 

to 25.6% (A allele) and an average heterozygosity of 0.38 +/- 0.21 [77]. 

These variants displayed different fatty acid binding properties and transport of fatty 

acids across cells, with the 54Thr form showing a higher tendency for absorption and/or 

processing of dietary fatty acids by the intestine as a result of a higher affinity for fatty acids 

[137]. 

This allele has been investigated in relation to several clinical conditions including 

regional adipose deposition [138]; elevated levels of fasting and postprandial plasma 

triglyceride in type 2 diabetes [139]; increased parental history of stroke and susceptibility to 

carotid atherosclerosis [140]; insulin resistance and higher level of fasting insulin [141]; and 

elevated levels of plasma cholesterol and low-density lipoprotein cholesterol [142]. 

Studies of knock-out Fabp2 mice (Fabp2
- 

/Fabp2
-
) have shown that the protein is not 

essential for dietary fat absorption, although significant changes in body weight and 

hyperinsulinemia were reported for these mice, in a gender specific manner [143]. Male 

Fabp2-/- mice showed elevated plasma triacylglycerol levels, exhibited hepatomagaly and 

gained more weight regardless of dietary fat content, whereas female Fabp2-/- mice gained 

less weight in response to a high fat diet and showed little change in liver mass. These results 

suggest that Fabp2 loss renders male mice sensitive to high fat diet-induced fatty liver [144]. 

 

 

V. Class 3 Fatty Acid Binding Proteins and Genes 
 

Alignments and Structures of Vertebrate Class 3 FABP Proteins 
 

Alignments of 25 human, other vertebrate and shark class 3 sequences demonstrated that 

these were >47% identical, suggesting that they are members of a single family of class 3 

FABP proteins (Table 3). In contrast, alignments of these sequences with human FABP1 and 

FABP2 sequences showed much lower identity levels (15-33%), indicating that these were 

distinct FABP family sequences. 

The amino acid sequences for vertebrate class 3 FABP proteins, FABP3, FABP4, 

FABP5, FABP7, FABP8, FABP9 and FABP12, contained between 132 and 140 (for human 

FABP12) residues whereas most vertebrate FABP class 3 sequences contained 132-134 

amino acids, with consistent molecular weights of ~ 15 kilodaltons (Figure 6; Table 3). 

Isoelectric points for the vertebrate FAB8 proteins were higher (9.5-9.8) than those for other 

vertebrate FABP class 3 proteins, which is consistent with previous reports for these being 

vertebrate myelin basic proteins (FABP8), and with their role in causing stacking of lipid 

bilayers [47]. 
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Derived from the AceView website http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/ [78]; shown 

with capped 5‘- and 3‘- ends for the predicted mRNA sequences; NM refers to the NCBI reference 

sequences; coding exons are in solid shading; the direction for transcription is shown as 5‘  3‘; 

see Table 2 for details; a non-synonymous SNP is shown for human FABP2, including identity, 

nucleotide substitutions observed and average heterozygosity for the variant allele in the human 

population investigated; data taken from human genome browser [77]; predicted miRNA binding 

sites for human FABP2 are shown within the extended 3‘UTR (untranslated region). 

Figure 5. Structures and Major Transcripts for the Human and Mouse FABP2 and Fabp2 Genes. 

The predicted secondary structures for the sequences for human FABP class 3 proteins 

were examined (Figure 6A) using the known structures for human FABP3 [145], FABP4 

[31], FABP5 [35], FABP7 [42], FABP8 [47] and FABP9 (PDB: 4A60; unpublished). The α-

helix and β-sheet structures were similar to those for human FABP1, with ten antiparallel β-

sheet structures (designated as A, B …. J), which form two nearly orthogonal beta-sheets 

of 5 strands each, and two α-helices near the amino terminus (designated as I and II) that 

connect these sheets [145]. Two of the class 3 FABP3 secondary structures (for FABP5 and 

FABP8) contained an additional short N-terminal α-helix with an as yet unknown function. 

Diagrams of the predicted tertiary structures for vertebrate FABP3 and FABP4 consensus 

sequences are shown in Figure 6B. Of particular interest was the βJ sheet containing two 

conserved residues, 127Arg and Tyr128, which form hydrogen bonds with two ordered water 

molecules, and are involved in binding the carboxylate fatty acyl groups to class 3 FABP 

proteins [145]. The two N-terminal α-helices may particitate in the transfer of fatty acids to 

and from cellular membranes or serve to ‗cap‘ the protein-fatty acid complex. Phe57, a 

predominantly conserved amino acid, has also been reported as a ‗lid‘ to regulate FABP4-

lipid binding by excluding water from the central binding cavity [31]. A fourth conserved 

amino acid (107Arg) may also contribute to lipid binding, particularly for FABP8, which is 

able to bind both monomeric fatty acids inside the protein cavity and membrane surfaces [47]. 

This latter property may explain a role for FABP8 (also called P2 myelin protein or PMP2) in 

contributing to the formation of myelin sheath structures within nervous tissue [146]. 

Structural studies of human muscle FABP3-fatty acid binary complexes have shown that 

the ligand adopts a U-shaped conformation close to the two helices, in binding a single fatty 

acid within a large interior cavity of the protein [145, 147, 148]. Studies of the adipocyte-

binding protein (FABP4) have shown that it is capable in binding one molecule of both fatty 

acid and retinoic acid, hence the name as a lipid binding protein [149-150]. The FABP4 

Tyr20 residue, which is conserved for all human class 3 FABP proteins, is subject to 

phosphorylation by an insulin receptor kinase. This reduces the fatty acid binding property for 

this protein and may contribute to important changes in fatty acid binding and transport 

following insulin treatment [151]. 
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See Table 3 for sources of FABP class 3 sequences; α-helices for the consensus vertebrate FABP3 

sequences are in black shading and white type face and numbered in sequence from the N-

terminus; β-sheets are in shaded grey and are in sequence from the N-terminus, as βA, βB etc.; 

bold underlined font shows residues corresponding to exon start sites; exon numbers refer to 

human FABP class 3 gene exons [18]; 20Tyr is identified as a phosphorylation site for human 

FABP3 and FABP4 [31, 145]; fatty acid binding sites are identified by arrows for FABP8/FABP12 

(107Arg) [47] and for all FABP class 3 structures (127Arg/129Tyr) [31, 35, 42, 47] and from Pdb 

4A60; the predicted 3D structures for human FABP3 and FABP4 are based on Pdb 1HMR and 

1TOU [35, 145]; the FABP4 nuclear localization signal (residues 22-32) and a disulfide bond for 

FABP5 and FABP8 (residues 120  127) are identified on the alignment sequence; fatty acyl 

carboxylate binding site within the C-terminal βJ strand is also identified. 

Figure 6. Alignments of Amino Acid Sequences for Consensus FABP Class 3 Proteins (a) and 

Predicted Tertiary Structures for Consensus Vertebrate Class 3 FABP3 and FABP4 (b). 

The human epidermal-type fatty acid binding protein (FABP5) and FABP8 have been 

shown to contain a disulfide bridge (Cys120 Cys127), which places these two class 3 

FABP proteins in a unique position with other FABP proteins examined [35, 47]. 

Brain fatty acid binding protein (FABP7) retains the overall structural features observed 

for other FABPs but is distinguished by its preference for polyunsaturated n-3 fatty acids, 

such as alpha-linolenic acid, eicosapentaenoic acid and docosahexaenoic acid (with 

dissociation constants [K(d)] from 28-53 nm), over polyunsturated n-6 fatty acids, linoleic 

acid and arachidonic acid [K(d) values from 115-206 nm] and particularly over saturated long 

chain fatty acids. 

This preference for polyunsaturated fatty acid binding by human brain FABP7 may be 

caused in part by an amino acid (Phe104) unique to this protein, which interacts with double 

bonds present in the lipid hydrocarbon tail [42]. A close structural relationship exists within 

the fatty acid binding cavity with other FABP class 3 proteins, including FABP3 [43]. 
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Gene Locations, Structures, Expression and Genetic Variation of 
Vertebrate Class 3 FABP Genes 

 

Table 3 summarizes the predicted locations for vertebrate class 3 FABP genes based upon 

BLAT interrogations of several vertebrate genomes using the reported sequences for human 

and rat heart FABP3 [22], human and mouse adipocyte FABP4 [149-150], human epidermal 

FABP5 [33-34], human and mouse brain FABP7 [41], human myelin basic protein FABP8 

(or PMP2) [45], mouse sperm FABP9 [152] and human and rat testis and retina FABP12 

[153], and the predicted sequences for other class 3 vertebrate FABP proteins and the UC 

Santa Cruz Genome Browser [77].  

Figure 6 summarizes the exonic start sites for consensus class 3 vertebrate FABP genes 

with each having 4 coding exons, in identical or similar positions. These genes are separately 

localized on vertebrate genomes (human, mouse, chicken and zebrafish genomes examined in 

Table 3). One group was located in a gene cluster, with the same order for three genomes 

examined: human chromosome 8: FABP5-FABP8-FABP9-FABP4-FABP12; mouse 

chromosome 3: Fabp5-Fabp8-Fabp9-Fabp4-Fabp12; and chicken chromosome 2: FABP5-

FABP8-FABP4 (FABP9 and FABP12 were absent from the chicken genome). In contrast, 

human, mouse and chicken FABP3 and FABP7 genes were localized outside these gene 

clusters.  

Figure 7 provides a diagram of the comparative locations for the vertebrate FABP class 3 

clustered genes for these and other genomes. Human, rhesus and mouse FABP5-FABP8-

FABP9-FABP4-FABP12 genes were localized within a 240-256 kbps region, but with the 

latter 4 genes more closely located (within ~ 88 kbps). These genes were also closely located 

on rat (chromosome 2) and horse (chromosome 9) genomes but on the opposite strand and in 

the reverse order. Two FABP4-like genes (also called FABP11A and 11B) [75] were also 

clustered on zebra fish chromosome 19. 

Figure 8 shows the predicted structures for the major human class 3 transcripts containing 

4 exons, with exon 1 containing a 5‘-untranslated (UTR) region and exon 4 an extended 3‘-

UTR, particularly for the human FABP3, FABP8 and FABP4 transcripts. FABP9 and 

FABP12 transcripts were exceptions, with shortened 5‘UTR and 3‘UTR regions reported. A 

predicted microRNA binding site was identified for the human FABP3 3‘UTR region (miR-

192/215), which may assist in regulating FABP3 translation [135]. MiR-192/215 is of interest 

due to its reported function as a positive regulator of p53, a human tumor suppressor, where 

downregulation plays a role in multiple myeloma development. 

According to AceView [78], five of these human FABP class 3 genes are significantly 

expressed in different tissues of the body: FABP3, 1.4 times the average gene, principally in 

heart and muscle [22-23]; FABP4, 3.1 times, principally in adipocytes and macrophages [28]; 

FABP5, 2.5 times the average, principally in the epidermis and squamous carconoma cells 

[33-34]; FABP7, 1.4 times the average, principally in brain, brain tumors and melanomas 

[41]; and FABP8: 3.8 times the average gene, principally in myelin sheath forming cells [45, 

146]. 
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See Table 3 for sources of vertebrate FABP class 3 genes; arrows refer to direction of transcription; 

note a common FABP5, FABP8, FABP9, FABP4 and FABP12 gene order and direction of 

transcription for human, rhesus and mouse genomes; the rat Fabp5 gene (
*
) and the cow genome 

FABP12 gene (
^
) were not mapped; the rat Fabp12, Fabp4, Fabp9 and Fabp8 gene cluster was on 

the positive strand but in the same order as for the human cluster; the chicken FABP class 3 gene 

cluster lacked the FABP9 and FABP12 genes; the zebra fish FABP gene cluster contained only the 

FABP4A and FABP4B genes. 

Figure 7. Vertebrate FABP Class 3 Gene Clusters. 

Other FABP class 3 genes were more restricted in their level of expression and tissue 

distribution, including FABP9, which has only been reported in late germ cells of the testis 

and epididymis [154-155]; and FABP12, which is expressed in rat retina and testis, and in 

retinoblastoma cell lines [153]. 

Studies of the genetic variability of class 3 FABP genes in human and animal populations 

have supported linkages between gene mutations and genetically inherited changes in fatty 

acid metabolism and susceptibility to related diseases. 

Genetic associations were reported, for example, between FABP3 polymorphisms and 

essential hypertension in a Japanese cohort of patients [156] and with bone mineral density 

and fracture risk [157]; variation of FABP4 and peroxisome proliferator-activated receptor 

gamma (PPARG) genes have been implicated in affecting insulin sensitivity and body fat 

composition in the body [158]; polymorphisms in the human FABP5 gene have shown 

association with type 2 diabetes in a non-hispanic white cohort of patients [159]; and FABP7 

polymorphisms sre associated with schizophrenia and bipolar disorder [160]. 

Studies of knock-out Fabp class 3 mice have reported that these proteins are not essential 

in the body, although different metabolic impacts are reported, depending on the gene being 

ablated. Studies of muscle fatty acid metabolism from Fabp3-/- mice showed a reduction in 

fatty acid metabolic rates [161] and a major defect in peripheral (nonhepatic, non-fat) long 

chain fatty acid utilization [162]. 

Male Fabp3-/- mice, however, also showed a lack of cold tolerence and lowered 

efficiency of fatty acid oxidation in brown adipose tissue, despite the availability of high 
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levels of adipose FABP4 protein activity, which suggested a determining role in brown 

adipose for tissue fatty acid oxidation efficiency [163]. 

Fabp4 knockout mice were protected against hyperinsulinemia and insulin resistance 

induced by obesity, and when examined on an apoE -/- background, showed delayed 

development of arteriosclerotic plaques [164]. Deletion of both Fabp4 and Fabp5 genes in 

mouse adipocytes led to the reduced expression of inflammatory cytokines in macrophages, 

whereas the same deletion in macrophages caused enhanced insulin signaling and glucose 

uptake in adipocytes. 

It would appear that overall impacts of these proteins (FABP4 and FABP5) on lipid 

metabolism depends on interactions between these two cell types [165]. Down-regulation 

studies of the human FABP5 gene in a retinal pigment cell line suggested that FABP5 

decreases cellular cholesterol levels and results in descreased apoB100 secretion and 

triglyceride accummulation [166]. Mouse Fabp5 knockout studies supported a key role for 

this fatty acid transport protein in maintaining the lipid barrier of the skin and reducing basal 

transepidermal water loss [167]. 

 

 

VI. Retinoid Binding Proteins and Genes 
 

Alignments and Structures of Vertebrate Retinoid Binding Proteins (RBP) 
 

Alignments of 29 human and other vertebrate RBP sequences demonstrated that these 

were >44% identical, suggesting that these are members of a single gene family of RBP 

proteins (Table 4). Comparisons of sequence identities of human RBP1 (also called cellular 

retinol-binding protein I or CRBPI ), RBP2 (cellular retinol-binding protein II or CRBPII), 

RBP5 (cellular retinol-binding protein III or CRBPIII) and RBP7 (cellular retinol-binding 

protein IV or CRBPIV) proteins with other vertebrate RBP proteins from the same protein 

group, however, exhibited higher levels of sequence identities: RBP1: 73-96%; RBP2: 67-

83%; RBP5: 62-83%; and RBP7: 67-89%, indicating that these are members of four distinct 

RBP-like gene families (Table 5). 

The amino acid sequences for vertebrate RBP proteins contained between 132 (for zebra 

fish RBP1B) and 138 (for zebra fish RBP1B) residues whereas most vertebrate RBP1 

sequences contained 134-135 amino acids, with consistent molecular weights of 15-16 

kilodaltons (Figure 9; Table 5). Isoelectric points for vertebrate RBP proteins were 

predominantly in the lower pI range (5.1-6.1) with the exception of human RBP7 and frog 

RBP5, which were higher (pI=7.7). 

The predicted secondary structures for the consensus sequences for human RBP proteins 

were examined (Figure 9A) using the known structures reported for human RBP1 and RBP2 

[68, 86], RBP5 [68] and RBP7 [71]. The α-helix and β-sheet structures were similar overall to 

those reported for the human FABP proteins, with ten antiparallel β-sheet structures 

(designated as A, B …. J) which form two nearly orthogonal beta-sheets of 5 strands each 

which accommodate hydrophobic ligands, and two α-helices near the amino terminus 

(designated as I and II) that connect these sheets [68, 71]. 
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Derived from the AceView website http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/ [78]; shown 

with capped 5‘- and 3‘- ends for the predicted mRNA sequences; NM refers to the NCBI reference 

sequences; coding exons are in solid shading; the direction for transcription is shown as 5‘  3‘; 

see Table 3 for details; non-synonymous SNPs are shown for human FABP3, FABP8 and FABP9 

genes, including identity, nucleotide substitutions observed and average heterozygosity for the 

variant alleles in the human population investigated; a predicted miRNA binding site for human 

FABP3 is shown within the extended 3‘UTR (untranslated region) data taken from human genome 

browser [77]. 

Figure 8. Structures and Major Transcripts for the Human FABP Class 3 Genes. 

Significant differences for the secondary structures were observed for RBP5, which 

contained a displaced and shortened αII helix in comparison with the other RBP proteins (see 

RBP5 structure in Figure 9B); and for RBP7, with an elongated βG-βH sheet structure, which 

was not readily apparent for the predicted three dimensional structure for this protein (Figure 

9B). 

Of particular interest for vertebrate RBP1, RBP2, RBP5 and RBP7 consensus sequences 

were the retinol binding sites reported for RBP2, including the βB sheet which contained a 

conserved residue (41Lys) and the βH sheet with the 109Gln residue, which form hydrogen 

bond linkages with retinol [68]. 

One of these residues (109Gln) has been substituted with 109His for the RBP5 and RBP7 

sequences, although this residue is not responsible for the distinctive absorption spectrum 

reported for RBP7 [71]. 

The two N-terminal α-helices may particitate in the transfer of retinoids to and from 

cellular membranes or may serve to ‗cap‘ the protein-fatty acid complex. Reported structures 

for human RBP2 and RBP4 have also identified a disulfide bond involving Cys213 and 

Cys218 residues [86] which was absent from the other RBP or FABP proteins. 
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See Table 4 for sources of RBP sequences; α-helices for the consensus vertebrate RBP sequences are in 

black shading and white type face and numbered in sequence from the N-terminus; β-sheets are in 

shaded grey and are in sequence from the N-terminus, as βA, βB etc.; bold underlined font shows 

residues corresponding to exon start sites; exon numbers refer to human RBP1 gene exons [170]; 

retinol binding sites are identified for RBP2 (41Lys and 109Gln), as well as and peptide chain 

turns by the arrows [68, 71] from Pdb 2RCQ; the predicted 3D structures for human RBP1, RBP5 

and RBP7 are based on Pdb1CRB [71], 1GGL [68] and 1LPJ [71]; note the shortened αII helix 

reported for RBP5 in both the alignment (A) and the predicted 3D structure (B). 

Figure 9. Alignments of Amino Acid Sequences for Consensus RBP Proteins (A) and Predicted 

Tertiary Structures for Consensus Vertebrate RBP1, RBP2, RBP5 and RBP7 Proteins (B). 

 

Gene Locations, Structures, Expression and Genetic Variation of 
Vertebrate RBP Genes 

 

Table 4 summarizes the predicted locations for vertebrate RBP genes based upon BLAT 

interrogations of several vertebrate genomes using the reported sequences for human RBP1 

[168], RBP2 [169], RBP5 [69] and RBP7 [71] and the predicted sequences for other 

vertebrate RBP proteins and the UC Santa Cruz Genome Browser [77]. Figure 9A 

summarizes the exonic start sites for vertebrate RBP-like genes with each having 4 coding 

exons, in identical or similar positions to those reported for human RBP1 [170] genes and 

predicted for the human RBP2, RBP5 and RBP7 genes. These genes were separately localized 

on vertebrate genomes to those previously described for the human RBP genes, with human 

RBP1 and RBP2, for example, being closely localized on chromosome 3 [170], whereas the 

RBP5 and RBP7 genes were localized on chromosomes 12 and 1, respectively (Table 4). The 
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proximate locations for vertebrate RBP1 and RBP2 genes were maintained for each of the 

mammalian, bird, frog and zebra fish genomes examined, including for a second copy of the 

RBP1 gene (RBP1A and RBP1B) on chromosome 2 of the zebra fish genome (Table 5) [171]. 

Figure 10 shows the predicted structures for the major human RBP1, RBP2, RBP5 and 

RBP7 transcripts, with each containing 4 exons, with exon 1 containing the 5‘-untranslated 

(UTR) region and exon 4 containing a 3‘-UTR. 

According to AceView [78], the human RBP1 and mouse Rbp1 genes were highly 

expressed (for human RBP1, 2.5 times the average and for mouse Rbp1, 2 times the average 

gene expression) in a wide range of tissues [172], whereas human RBP2, RBP5 and RBP7 

genes were more moderately expressed with a restricted tissue expression pattern: RBP2 (in 

small intestine and vaginal epithelium) [63, 64, 67, 169]; RBP5 (in heart, muscle and 

adipocytes) [62, 69]; and RBP7 (in kidney, heart and colon) [71]. This broad tissue expression 

for RBP1 is further supported by gene structural studies showing that the human RBP1 gene 

promoter resembles those for ‗housekeeping‘ genes, which are CpG rich and lack a traditional 

TATA box [170]. 

Indeed, human RBP1 and RBP4 gene promoters both contained CpG islands (CpG63 and 

CpG92, respectively), whereas RBP2 and RBP5 lacked a CpG island in the promoter region 

(Figure 10). Promoter hypermethylation has been reported for both RBP1 and RBP4, which 

may contribute to gene silencing or reduced expression during carcinogenesis: for RBP1, 

ovarian cancer [174]; prostate cancer [175]; nasopharyngeal carcinoma [176]; esophageal 

squamous cell carcinoma [177]; bladder cancer [178]; and larynx cancer [179]. The rationale 

for an association of carcinogenesis with CpG methylation is that RBP1 regulates intracellular 

retinoic acid homeostasis, which is involved in tissue differentiation and ‗normal‘ cellular 

growth and proliferation. Consequently, the loss of RBP1 gene expression may have reduced 

RBP1 protein levels and contributed to tumorigenesis [178]. 

Genetic variants for the RBP genes in human populations were examined and accessed 

from the dbSNP build 135 (ftp.ncbi.nih.gov/snp) [180]. These included the following which 

resulted in amino acid substitutions (see Figure 10): RBP1, Pro2Leu2 (in exon 1), with an 

average heterozygosity of 0.2; and RBP5, 19Asp  Asn (in exon 1) (0.29); 70Glu  Gln (in 

exon 2) (0.12); 113Gly  Arg (0.09) and 114Met  Leu (0.42) (both in exon 3). There have 

been no reports however describing any changes in RBP biochemical properties or clinical 

conditions arising from these amino acid substitutions. Studies of knock-out Rbp mice have 

enabled an examination of some of the differential roles for these RBP family members. An 

analysis of the visual cycle in Rbp1-/- mice showed that all-trans-retinol accumulated in 

neural retina in the absence of RBP1, but this did not result in a major impairment of visual 

pigment regeneration [57]. 

In addition, even though retinol and steady state retinoic acid levels were decreased as a 

result of RBP1 loss during development, RBP1-null fetuses did not exhibit abnormalities 

characteristic of a vitamin A-deficiency syndrome when these mice were fed a Vitamin A-

enriched diet [59]. 

These studies have concluded however that RBP1 plays an essential role for efficient 

retinyl ester synthesis and storage and is needed in young animals at times of insufficient 

dietary intake of Vitamin A. Rbp5-/- mice have been used to demonstrate that Rbp5 is 

specifically expressed in preadipocytes and regulates adipocyte differentiation, through the 

actions of the transcription factor PPARG [62]. 
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Derived from the AceView website http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/ [78]; shown 

with capped 5‘- and 3‘- ends for the predicted mRNA sequences; NM refers to the NCBI reference 

sequences; coding exons are in solid shading; the direction for transcription is shown as 5‘  3‘; 

see Table 4 for details; non-synonymous SNPs are shown for human RBP1 and RBP3 genes, 

including identity, nucleotide substitutions observed and average heterozygosity for the variant 

alleles in the human population investigated; note the presence of extended CpG islands for human 

RBP1 (CpG63) and RBP4 (CpG92) gene promoter regions; data taken from human genome 

browser [77]. 

Figure 10. Structures and Major Transcripts for the Human RBP Genes. 

 

VII. Gene Duplication Events 
 

Vertebrate FABP and RBP Gene Phylogeny and Proposed Duplication 

Events 
 

A phylogenetic tree (Figure 11) was constructed from alignments of vertebrate class 1-3 

FABP-like amino acid sequences and vertebrate RBP-like sequences with the predicted sea 

squirt (Ciona intestinalis) FABP1, FABP2, FABP3 and RBP sequences serving as ‗roots of 

branches‘ for the tree, in each case. The phylogram showed clustering into these 4 major tree 

‗branches‘ of vertebrate FABP-like and RBP-like sequences: 

 

● FABP1, one of three fatty acid binding protein sequences characterized by its major 

expression in vertebrate liver, from which at least 3 vertebrate (or invertebrate) 

FABP class 1 gene duplication events are proposed, generating vertebrate FABP1, 

vertebrate FABP6 and lower vertebrate FABP10; 

● FABP2, a second proposed ancestral fatty acid binding protein sequence 

characterized by its major expression in vertebrate intestinal epithelium and 

designated as class 2 FABP; 
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● FABP3, a third ancestral fatty acid binding protein, from which several tissue 

specific FABP-like class 3 genes have been apparently generated by FABP3-like 

gene duplication events; and 

● RBP, a proposed ancestral invertebrate retinol binding protein gene, from which at 

least 4 RBP gene duplication events are proposed, generating RBP1, RBP2, RBP5 

and RBP7 genes. 

 

Proposed evolutionary and gene duplication events for each of these class 1, class 2, class 

3 FABP-like genes and proteins and RBP-like genes and proteins are discussed below. 

 

Class 1 FABP Gene Phylogeny. Evidence for FABP10 Gene Loss in Higher 

Vertebrates 

A phylogenetic tree (Figure 11) was constructed from alignments of vertebrate class 1 

FABP-like amino acid sequences with the predicted sea squirt (Ciona intestinalis) FABP1 

sequence serving to ‗root‘ the FABP1 branch of the tree. This ‗branch‘ showed clustering into 

3 major groups of vertebrate class 1 FABP-like sequences: FABP1, a ‗likely‘ ancestral 

sequence based on its major expression in vertebrate liver [15, 17]; FABP6, a major class 1 

FABP-like protein in vertebrate ileum [18-20]; and FABP10, an FABP-like class 1 protein of 

wide tissue distribution in lower vertebrates, characterized by its consistently higher 

isoelectric points (Table 1) and originally designated as a basic liver FABP protein [17, 51-

53]. The class 1 FABP phylogenetic tree ‗branch‘ suggested an ancestral relationship between 

invertebrate FABP1 with the vertebrate class 1 FABPs, which is consistent with FABP1 being 

an ancient gene present throughout vertebrate evolution, and in the invertebrate sea squirt 

genome. Figure 11 also shows the number of times a clade (sequences common to a node or 

branch) occurred in the bootstrap analyses with replicate values of 90 or more (which are 

highly significant) for the 100 replicates undertaken in each case. Of particular interest are the 

nodes demonstrating highly significant separations for each of the vertebrate class 1 FABP 

gene family sequences (FABP1, FABP6 and FABP10) sequences during vertebrate evolution, 

which supports the distinct status for each of these genes. The appearance of two FABP1-like 

genes within the zebrafish genome is consistent with a previous report and suggests that this 

has occurred as a result of chromosomal duplication, given that these genes (FABP1A and 

FABP1B) are localized on separate chomosomes, and several precedents exist for 

chromosomal duplication in the evolution of this bony fish species [100]. There was however 

a major difference in the distribution of these gene families, with FABP10 observed only 

among lower vertebrate genomes, including representative bony fish, frog, lizard and bird 

genomes (Table 1). In contrast, both FABP1 and FABP6 genes were found among all 

vertebrate genomes examined, which suggests that the FABP10 gene has been eliminated 

from the vertebrate genome, prior to the evolutionary appearance of the mammalian common 

ancestor. 

The class 1 FABP gene ‗branch‘ phylogram suggested that at least three class 1 FABP 

gene duplication events have occurred within a common ancestral genome shared by all 

vertebrate genomes, presumably an invertebrate ancestral genome, based on the presence of a 

single class 1 FABP-like gene within the sea squirt (Ciona intestinalis) genome (Table 1) 

[55]. These gene duplication events may have occurred as a result of tandem duplication, 

retroviral duplication or duplication of whole or parts of chromosomes, as for other vertebrate 

genes previously examined [181-184]. 



Roger S. Holmes 162 

 
The tree (A) is labeled with the FABP- or RBP-like name and the name of the animal with the 4 major 

branches ‗rooted‘ using the worm (Caenorhabditis elegans) FABP1, FABP2, FABP3 and RBP 

sequences. Note the 4 major clusters corresponding to the FABP1, FABP2, FABP3 and RBP gene 

families. A genetic distance scale is shown. The number of times a clade (sequences common to a 

node or branch) occurred in the bootstrap replicates are shown. Only replicate values of 85 or more 

are shown, with values of 90 or more being highly significant with 100 bootstrap replicates 

performed in each case. A proposed sequence of gene duplication events is shown arising from an 

ancestral FABP/RBP-like gene. Arrows on the right diagram (B) are showing additional gene 

duplication events for zebra fish FABP1, FABP4 and RBP1 genes; for guinea pig FABP1 

pseudogenes; and for mammalian FABP5 pseudogenes; vertebrate FABP10 genes are missing 

from mammalian geneomes; FABP9 and FABP12 genes were observed only in mammalian 

genomes. 

Figure 11. Phylogenetic Tree of Vertebrate Class 1, Class 2, Class 3 FABP and RBP Amino Acid 

Sequences (A) and Diagram of Proposed FABP and RBP Gene Duplication Events during Vertebrate 

Evolution (B). 

The likely sequence of the class 1 FABP-like gene duplication events is summarised in 

Figure 11, although the data is not definitive on this issue and requires further analysis of 

representative vertebrate and invertebrate genomes in order to establish the gene order of 

appearance during FABP1 gene evolution. Five FABP1-like pseudogenes were observed in 

the guinea pig (Cavia porcellus) genome (Table 5), which may have arisen by partial FABP1 

gene duplication or via retroviral integration of a segment of cDNA into the relevant ancestral 

rodent genome. Previous phylogenetic studies of class 1 FABP-like proteins are limited [5, 

17], however these reports were consistent with mammalian and lower vertebrate class 1 

proteins being more closely related to each other than to class 2 and 3 FABP proteins. 
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There are no previous studies examining the phylogenetic relationships of class 1 FABP 

proteins from vertebrate genomes with an ancestral invertebrate FABP1 protein. 

 

Class 2 FABP Gene Phylogeny 

A second branch of the FABP/RBP phylogenetic tree (Figure 11) was constructed from 

alignments of vertebrate class 2 FABP-like amino acid sequences with the predicted sea 

squirt (Ciona intestinalis) FABP2 sequence serving to ‗root‘ the vertebrate FABP2 branch 

sequences. This FABP2 gene ‗branch‘ showed a single cluster of vertebrate class 2 FABP-like 

sequences, suggesting an ancestral relationship between the invertebrate FABP2 with the 

vertebrate class 2 FABPs. This is consistent with FABP2 being an ancient gene present 

throughout vertebrate evolution, as well as within the ancestral invertebrate genome. Figure 

11 shows the number of times a clade (sequences common to a node or branch) occurred in 

the bootstrap analyses with replicate values of 90 or more (which are highly significant) for 

the 100 replicates undertaken in each case. 

Of particular interest are the nodes demonstrating highly significant separations for the 

vertebrate class 2 FABP gene family sequences during vertebrate evolution, supporting the 

distinct status for this gene. It is proposed that FABP2, which encodes the major lipid 

transporting protein within vertebrate intestinal epithelial cells, has remained stable 

throughout vertebrate evolution, and has retained this essential intestinal lipid transport 

function. 

 

Class 3 FABP Gene Phylogeny. Evidence for Multiple FABP3-Like Gene 

Duplications during Vertebrate Evolution 

A ‗branch‘ of the FABP-RBP phylogenetic tree (Figure 11) was also constructed from 

alignments of vertebrate class 3 FABP-like amino acid sequences with the predicted sea 

squirt (Ciona intestinalis) FABP3 sequence serving to ‗root‘ the FABP3 branch of the tree. 

This ‗branch‘ showed clustering into 7 major groups of vertebrate class 3 FABP-like 

sequences: FABP3, a ‗likely‘ ancestral sequence for FABP class 3 based on its major 

expression in vertebrate heart and muscle [22, 129, 147]; FABP4, based on the sequence for 

the major adipocyte and macrophage FABP, which plays a key role as a lipid chaperone in 

these cells [149-150]; FABP5, based on the sequence for the major lipid binding protein in 

the epidermis and retinal pigment cells [33-34]; FABP7 and FABP8 (also called myelin P2 

protein), which are based on the lipid binding roles for these proteins in nervous tissue and 

the myelin sheath, respectively [45-47]; and testis lipid transport proteins, FABP9 and 

FABP12 [48-50]. 

Three of these class 3 FABP-like genes were identified within the zebra fish (Danio 

rerio) genome, FABP3, FABP4 and FABP7, for which multiple genes have been reported for 

the latter 2 genes, designated as FABP4A and FABP4B; and FABP7A and FABP7B (Table 3). 

Zebra fish FABP7 had been studied in terms of its regulation and expression during brain 

development, which identified the gene as a specific fatty binding protein in neural tissues, 

and is comparable to studies of FABP7 in humans and other mammals [185]. 

In the present phylogenetic study, however, evidence is obtained for duplicated FABP7 

genes, which are located on separate chromosomes: chromosomes 17 and 20 for FABP7A and 

FABP7B, respectively (Table 3), suggesting that these genes may have arisen from a 

chromosomal duplication event reported for the evolution of this teleost fish species [100]. 



Roger S. Holmes 164 

The class 3 FABP phylogram ‗branch‘ suggested that FABP5 and the duplicated zebra 

fish FABP7 genes were derived from an ancestral FABP3 gene (Figure 11), although further 

studies are required to clarify the gene lineages for the class 3 FABP genes. A recent study 

has investigated the transcriptional modulation of duplicated zebra fish FABP1 (liver and 

intestine), FABP4 (also called FABP11) (muscle) and FABP7 (brain, liver, muscle and 

intestine) genes by dietary fatty acids [75]. Differential induction of these duplicated genes 

were reported following dietary fatty acid feeding suggesting divergence in the gene 

regulation and induction of these genes. The FABP4A and FABP4B genes were closely 

located together on chromosome 19 (Table 3), suggesting that a previous tandem gene 

duplication event on an ancestral chromosome 19 may have been responsible for the 

appearance of duplicated FABP4 genes in this species. Moreover, the proposed ancestral 

FABP3 gene is also localized on this chromosome, which lends further support to an ancestral 

lineage for the FABP4 gene from the FABP3 gene. 

Other class 3 FABP genes have appeared at later stages of vertebrate evolution, 

apparently from successive FABP3-like gene duplication events, including the appearance of 

the brain FABP8 gene in the frog genome (absent in the zebra fish genome), and the testis 

FABP9 and FABP12 genes in marsupial and eutherian mammalian genomes (Table 3). These 

latter genes were notably absent in chicken, lizard and zebra fish genomes. 

 

 

Evidence for FABP5 Pseudogenes in Mammalian Genomes 
 

BLAT (Blast-Like Alignment Tool) analyses of vertebrate genome databases were 

undertaken using amino acid sequences reported for human FABP-like and RBP-like 

sequences to interrogate vertebrate genomes (Kent et al., 2002). The FABP-like and RBP-like 

genes identified for these genomes were recorded and examined with respect to gene and 

exonic structures, and their locations on the vertebrate chromosomes under investigation. All 

of the vertebrate FABP and RBP genes observed contained 4 coding exons (Tables 1-4), 

consistent with previous reports for these genes: FABP1 [15-17]; FABP2 [18-21]; FABP3 

[22-26]; FABP4 [27-32]; FABP5 [33-36]; FABP6 [37-40]; FABP7 [41-43]; FABP8 [44-47]; 

FABP9 and FABP12 [48-50]; and RBP1 [170]. 

Table 5 summarizes the results observed for human, mouse and opossum FABP5-like 

genes, with each of these genomes providing evidence for multiple FABP5-like pseudogenes, 

designated as FABP5.ps1, FABP5.ps2 etc. For example, in addition to the major human 

FABP5 gene localized on chromosome 8 which is upregulated in psoriatic skin [33, 35], at 

least 14 single exon FABP5-like pseudogenes were located on different chromosomes of the 

human genome, including 2 pseudogenes (designated as FABP5.ps13 and FABP5.ps14), on 

the X-chromosome (Table 5). Other primate and other mammalian genomes were examined 

for the presence of FABP5-like pseudogenes, with the following results: chimpanzee genome 

(Pan troglodytes), 14 FABP5 pseudogenes; orang-utan genome (Pongo abelii), 12 FABP5 

pseudogenes; gibbon genome (Nomascus leucogenys), 12 FABP5 pseudogenes; rhesus 

monkey (Macaca mulatta) genome, 6 FABP5 pseudogenes; mouse (Mus musculus) genome, 

5 Fabp5 pseudogenes (Table 5); and opossum (Monodelphis domestica) genome, 2 FABP5 

pseudogenes. Genomes from lower vertebrates, however, namely chicken (Gallus gallus), 

lizard (Anolis carolensis) and frog (Xenopus tropicalis), contained no FABP5-like 

pseudogenes, which are apparently restricted to mammalian genomes, particularly primates. 
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A likely mechanism for the generation of these mammalian FABP5 pseudogenes is by 

retrotranspositional duplication events for FABP5 cDNA sequences in the common ancestor 

leading to the appearance of eutherian mammals, with a second stage of FABP5.ps gene 

duplication in an ancestral genome leading to the evolutionary appearance of primates. 

 

 

RBP Gene Phylogeny 
 

A fourth branch of the FABP/RBP phylogenetic tree (Figure 11) was constructed from 

alignments of vertebrate RBP-like amino acid sequences with the predicted sea squirt (Ciona 

intestinalis) RBP-like sequence serving to ‗root‘ the vertebrate RBP ‗branch‘. This gene 

‗branch‘ showed a cluster of 4 vertebrate RBP-like sequences, suggesting that there is an 

ancestral relationship between invertebrate RBP and the vertebrate RBP sequences. This is 

consistent with RBP being an ancient invertebrate gene which undergoes a sequence of gene 

duplication events. Figure 11 also shows the number of times a clade (sequences common to a 

node or branch) occurred in the bootstrap analyses with replicate values of 90 or more (which 

are highly significant) for the 100 replicates undertaken in each case. Of particular interest are 

the nodes showing highly significant separations for the invertebrate RBP gene from four 

distinct vertebrate RBP genes, supporting the distinct status for each of these genes. In 

addition, it is likely that invertebrate ancestral RBP gene duplications formed 3 distinct RBP 

gene families in fish genomes (RBP1, RBP2 and RBP7), but with an additional tandem gene 

duplication for the zebra fish RBP1 gene, forming the RBP1A and RBP1B genes, which are 

closely located on chromsome 2 of the zebra fish genome (Liu et al., 2005). It is also 

proposed that a further RBP1 gene duplication event formed an ancestral vertebrate RBP5 

gene, identified in frog and higher vertebrate genomes (Figure 11). No evidence for the 

previously reported duplicated zebra fish RBP2 and RBP7 genes [171, 186] was obtained 

from the BLAT analyses undertaken on the zebra fish genome (Table 5). 

 

 

VIII. Metabolic Functions 
 

Specialized metabolic and biochemical roles have been established for many of the fatty 

acid-binding protein (FABP) and retinoid binding protein (RBP) family members: 

 

 

FABP Class 1 Proteins 
 

FABP1: facilitates intracellular free fatty acid transport in liver, kidney, small intestine 

and other tissues of the body, serves as a ligand for peroxisome proliferator-activated 

receptor-mediated transcription and in the uptake and metabolism of branched-chain fatty 

acids and bile acids [112, 118, 121]; 

FABP6: (also called gastrotropin) functions as the major intracellular bile acid carrier of 

ileal enterocytes [85]; and 
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FABP10: (also called Lb-FABP for basic liver FABP and found only in lower verebrates, 

such as birds, reptiles, amphibians and fish), plays a major role in binding and transporting 

bile acids [51, 52, 94]. 

 

 

FABP Class 2 Proteins 
 

FABP2: expressed at high levels in intestinal epithelial cells and plays a major role in the 

uptake of free long chain fatty acids following lipid digestion [128, 130, 134]. 

 

 

FABP Class 3 Proteins 
 

Vertebrate class 3 FABPs serve various specialized functions in tissues on the body, 

including: 

FABP3: predominantly located in heart, muscle and mammary tissue which serves to 

facilitate the uptake, intracellular transport and rapid metabolism of free fatty acids [145, 

162]; 

FABP4: performs a fatty acid transport role in adipocytes and participates in 

inflammatory cytokine production in macrophages [8, 28, 30, 165]; 

FABP5: predominantly located within epidermal cells and serves key functions in 

providing a skin lipid-barrier function and in lipid transport in other tissues, such as heart, 

intestine and adipocytes [33, 34, 166], and in promoting cell proliferation and invasion in cell 

carcinomas [36]; 

FABP7: a major brain fatty acid binding protein required for the establishment of the 

radial glial fiber system and maintenance of neuroepithelial cells during brain development, 

and which participates in the proliferation and invasion of melanoma cells [185, 187-189]; 

FABP8: commonly referred to as the myelin P2 protein or MyP2, acts synergistically 

with myelin basic protein to cause stacking of lipid bilayers in the myelin sheath [47, 146]; 

FABP9 and FABP12: novel, testis-specific members of the FABP class 3 family of 

proteins, for which direct functions have not been established, although FABP9 is located in 

the perinuclear theca of spermatozoa and may perform a role in the development of the sperm 

head [49, 50, 152]. 

 

 

RBP Proteins 
 

Retinol-binding proteins (RBPs), also referred to as cellular retinol-binding proteins 

(CRBP), perform specialized functions in the body, principally by serving as intracellular 

chaperones of retinol and other retinoids in a wide range of tissues [68, 71, 172]. At least four 

RBP genes have been identified in mammalian genomes, which are differentially expressed 

and perform overlapping, yet specialized functions, in various tissues. High binding affinities 

of both RBP1 and RBP2 for 9-cis-retinoids have been reported [190]. With the availability of 

multiple RBP gene expression in many tissues of the body, it is apparent that there is 

significant protein redundancy for retinol and retinoid delivery within the cell. 
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RBP1: expressed at the highest level (2.5 times the average gene expression for the 

human genome) and widely expressed throughout the body, whereas RBP2, RBP3 and RBP4 

are expressed in lower levels, and with a more restricted tissue distribution. Rbp1-/- deficient 

mice exhibited 50-80% lower levels of retinol and retinyl esters in neural retina although mice 

developed normally but with some significant changes in response times for the visual cycle, 

where RBP played a role in the transfer of retinol and other retinoids in key metabolic 

pathways [57, 60]. Hypermethylation and downregulation of the RBP1 CpG island promoter 

has been shown, however, to influence cancer progression which reflected an important role 

for RBP1 in retinoid delivery in this process [174, 175, 179]. 

RBP2: expressed at high levels in intestinal epithelial cells, which is subject to dietary 

induction in asssociation with RBP2 gene promoter activity via the PPARalpha/retinoid X 

receptor-alpha heterodimer and hepatocyte nuclear factor-4alpha [63-65]. Variation in RBP2 

expression has also been reported in the human endometrium in association with the menstral 

cycle [66]. Rbp2-/- deficiency impacts on developing mice have been studied without 

significant changes in developmental progress [60]. 

RBP5: expressed solely in heart, muscle, adipocytes and mammary tissue. For Rbp5-/- 

mice, a major reduction in retinoid levels in milk was reported resulting from an impairment 

in delivery and utilization of retinol by lecithin-retinol acyltransferase [70]. Downregulation 

of RBP5 was also associated with aggressive hepatocellular carcinomas, suggesting a role in 

tumor progression [191]. 

RBP7: human RBP7 expression has been reported in kidney, heart and colon [71] and 

wide tissue expression has been described for FABP7 in zebra fish tissues [73]. The encoded 

protein (RBP7) is characterized by a 10-20 times lowered affinity for retinol (K(d) ~ 200nm) 

than for RBP1, RBP2 and RBP5 [71, 190], although a specific role for vertebrate RBP7 has 

not been identified. 

 

 

Conclusion 
 

Comparative fatty acid binding protein (FABP) and retinol binding protein (RBP) amino 

acid sequences and structures and predicted locations and structures for the genes encoding 

these proteins (FABP and RBP) were examined using data from several vertebrate genome 

projects. Sequence alignments, key amino acid residues and conserved predicted secondary 

and tertiary structures were also studied, including lipid and retinol binding regions. 

Vertebrate FABP- and RBP-like genes usually contained 4 coding exons in conserved 

locations, supporting a common evolutionary origin for these genes. 

Phylogenetic analyses examined the relationships and evolutionary origins of these 

genes, supporting division into a separate gene class, with 4 RBP-like genes, RBP1; RBP2; 

RBP5; and RBP7, predominantly present throughout vertebrate evolution; and three FABP-

like gene classes: FABP class 1: FABP1, FABP6 and FABP10; FABP class 2: FABP2; and 

FABP class 3, with 2 groups: 3A: FABP4, FABP8, FABP9 and FABP12; and 3B: FABP3, 

FABP5 and FABP7. 

Several FABP/RBP gene evolutionary events are proposed: (1) ancient gene duplications 

within invertebrate genomes forming 3 major FABP (class 1, 2 and 3) genes and an RBP 

gene; (2) more recent gene duplications within ancestral vertebrate genomes forming multiple 
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FABP class 1, FABP class 3 and RBP vertebrate genes; (3) duplications within the zebra fish 

(Danio rerio) genome forming multiple genes for FABP1 and FABP7 (by chromosomal 

duplication); and FABP4 and RBP1 (by tandem duplication); (4) loss of the lower vertebrate 

FABP10 gene within the ancestral mammalian genome; and (5) retrotransposon gene 

duplications for mammalian FABP5 genes, generated FABP5 pseudogenes, particularly in 

primate genomes. 
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