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Abbreviations: EGF, epidermal growth factor; LDLR, low-
density lipoprotein receptor; FH, autosomal dominant form of familial 
hypercholesterolemia; HEGF, human EGF; cEGF, compliment C1r 
EGF; cbEGF, calcium binding EGF; ECM, extracellular matrix; 
ARH, autosomal recessive hypercholesterolemia; PCSK9, Proprotein 
convertase subtilisin/kexin type 9

Introduction
The epidermal growth factor (EGF)-like domain was first 

identified in pro-epidermal growth factor in 1983 and since then many 
proteins with EGF-like domains have been reported to be involved in 
pathogenesis.1,2 Pro-EGF is significantly related with oncogenesis.3,4 
Mutations of EGF-like domains in fibrillin-1, low-density lipoprotein 
receptor (LDLR), and coagulation factor IX (FIX) are the causes 
of Marfan syndrome, the autosomal dominant form of familial 
hypercholesterolemia (FH), and hemophilia B, respectively.5–8 EGF-
like domains are found in numerous secreted extracellular proteins, 
except for the endoplasmic transmembrane protein prostaglandin G/H 
synthase.9 Extracellular proteins are easily accessed by drugs and thus 
are good therapeutic targets, making studies of EGF-like domains 
medically significant.

Currently, 2,662 EGF-like domains are identified in about 640 
proteins in the SwissPro database.10 Most of these proteins are from 
animals but some are from plants and slim molds. Several proteins 
contain multiple EGF-like domains in tandem. For example, 
fibrillin-1 has 47 and Notch-1 has 36 EGF-like domains. EGF-like 
domains comprise a rich variety of amino acid sequences between 
conserved cysteine residues. The number and variation in EGF-like 
domain sequences complicates understanding the overall character 
of EGF-like domains.11 Dividing EGF-like domains into subfamilies 
would aid investigation of their functions.

This short manuscript reviews reports regarding a putative novel 
subfamily of EGF-like domains containing the amino acid sequence 
C-x-D-x(4)-Y-x-C (referred to as the DXXXXY motif in this review) 
and describes the characteristics of this motif. First, we describe the 
general properties of EGF-like domains, and then we review reports 
regarding the DXXXXY motif using information from the UniPro 

database. The DXXXXY motif shows a variety of functions in vitro 
and in vivo, and is found in several medically important proteins such 
as coagulation factors, low density lipoprotein receptor, and Notch 
related proteins. We conclude by discussing the significance of the 
DXXXXY motif in these proteins.

EGF-like domain
The EGF-like domain typically consists of 30-45 amino acids, 

including six cysteine residues that form three disulfide bonds. The 
domain has two β-sheets, with the major sheet at the N-terminus and 
the minor sheet at the C-terminus. The three disulfides are in the major 
sheet. In addition to the basic structure, distinct domain subtypes and 
post transcriptional modifications have been identified. 

Human EGF-like (hEGF) domain and compliment C1r 
(cEGF) domain

The two main types of EGF-like domains are the human EGF-like 
(hEGF) domain and the compliment C1r EGF-like (cEGF) domain. 
Wouters et al. discussed the differences between these two groups with 
regards to their amino acid sequences and biological characteristics 
based on their experimental data and database research.10 The two 
domains have clear differences in tertiary structure.12 Additionally, 
the 6th cysteine in hEGF is located in the β-turn of the minor sheet 
whereas the 6th cysteine in cEGF is located on the second strand 
of the sheet itself. There are 8-9 amino acids between the 5th and 
6th cysteines in hEGF but more than 10 amino acids between these 
cysteines in cEGF. Some proteins contain only hEGFs (e.g., Notchs), 
some proteins contain only cEGFs (e.g., LDLR), and some proteins 
contain both (e.g., fibrillins). The different functions of these two 
subtypes are poorly understood. 

Calcium binding

The calcium binding EGF-like domain (cbEGF) consists of 45 
amino acids and its consensus sequence is [DEQN]-x-[DEQN](2)-
C-x(3, 14)-C-x(3, 7)-C-x-[DN]-x(4)-[FY]-x-C.13 The affinity of this 
sequence for calcium is independent of differences between hEGF 
and cEGF. Calcium binding to cbEGF is critical for the functions 
of proteins. For example, fibrillin-1 contains 47 EGF domains, of 
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Abstract

The epidermal growth factor (EGF)-like domain is one of most common domains 
found in extracellular proteins and many proteins contain multiple EGF-like domains 
in tandem. Variations in the amino acid sequences of EGF-like domains make their 
study difficult and the characteristics of EGF-like domains are poorly understood. 
This mini-review introduces a putative subfamily of EGF-like domains with the 
consensus amino acid sequence C-x-D-x(4)-Y-x-C. This type of EGF-like domain in 
Del-1 and vitamin-K dependent coagulation factors has several features in common, 
such as increasing the efficiency of endocytosis-dependent transfection, attenuating 
cell adhesion, and inducing apoptosis. This motif is also found in other clinically 
important proteins such as Notchs, Notch ligands, and low-density lipoprotein 
receptor. Finally, translational research on this motif is discussed.
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which 43 belong to cbEGF, and mutations affecting calcium binding 
cause Marfan syndrome.7 These mutations increase susceptibility to 
proteolysis and thus calcium binding may help maintain the native 
conformations of these proteins.14

O-glycosylation

O-glycosylation modifications of amino acid residues have been 
reported in hEGFs, including Notch, and the functions of these 
modifications have been well studied in Notch EGF-like domains.15–17 
Typically, threonine and serine just before the 4th cysteine in EGF-
like domains are modified with O-fucose and the second serines after 
the 1st cysteine are modified with O-glucose. O-linked glycosylation 
by GALNT-11 is involved in determining left/right symmetry: 
glycosylation promotes the activation of Notch-1, possibly by 
promoting cleavage by ADAM17, modulating the balance between 
motile and immotile (sensory) cilia at the left-right organizer (LRO).14 
O-glycosylations on EGF-like domains 11, 12 and 13 contain both 
O-linked fucose and O-linked glucose which interact with residues 
in DLL4.18

β-hydroxylation

Post-translational hydroxylation of aspartic acid or asparagine to 
form erythro-β-hydroxyaspartic acid or erythro-β-hydroxyasparagine 
has been identified in several EGF-like domains. The consensus amino 
acid sequence for β-hydroxylation is C-x-[DN]-x(4)-[FY]-x-C.19 There 
is a one-to-one correspondence between the hydroxylation of aspartic 
acid and hEGF, and of the hydroxylation of asparagine and cEGF.10 
The significance of β-hydroxylation is poorly understood. Aspartic 
acid residues in the DXXXXY motifs of Notch are β-hydroxylated 
by aspartyl β-hydroxylase. Gene targeting of aspartyl β-hydroxylase 
for β-hydroxylation results in cleft palate and the fusion of digits. 
Additionally, in the presence of APC (adenomatous polyposis coli) 
mutations, gene targeting of aspartyl β-hydroxylase increases the 
number of polyps in intestines. The β-hydroxylation of Notch EGF-
like domains might suppress tumors.20 

DXXXXY motif
The consensus amino acid sequence for β-hydroxylation of 

EGF-like domains, C-x-[DN]-x(4)-[FY]-x-C, indicates four ways, 
DXXXXF, DXXXXY, NXXXXF, and NXXXXY. One sequence, 
C-x-D-x(4)-Y-x-C, may form a putative subfamily. The EGF-like 
domains from Del-1 and FIX increase the gene transfer efficiency 
of non-viral vectors via endocytosis in vitro and in vivo.21 The EGF-
like domains in Del-1 and FIX are hEGF and cbEGF types with the 
DXXXXY motif. The mutation of aspartic acid to asparagine or 
tyrosine to phenylalanine decreases the activities of Del-1. Other 
proteins containing the DXXXXY motif are discussed below.

Del-1

Del-1 is an extracellular matrix (ECM) protein expressed by 
embryonic endothelial cells.22 Over-expression of Del-1 enhances 
the remodeling of blood vessels in vasculogenesis.23 In adults, Del-
1 regulates leucocyte adhesion to pulmonary endothelial cells in 
inflamed tissues.24 Del-1 contains three EGF-like domains in the 
N-terminus and two discoidin domains in the C-terminus. The EGF-
like domains in Del-1 are all hEGF. The second EGF-like domain 
contains an RGD integrin-binding motif and the third EGF-like 
domain has a DXXXXY motif. Discoidin domains have been reported 

to bind to anionic phospholipids on the surface of cells.25

A recombinant version of the 3rd EGF-like domain of Del-1 
induces endocytosis, pinocytosis, and phagocytosis, attenuates cell 
adhesion to ECM, and induces caspase-dependent apoptosis in vitro 
and in vivo. 26–28 The EGF-like domain with a DXXXXY motif serves 
as a trans-element for these functions. Del-1 accumulates in ECM, 
and a domain for adhesion to ECM has been localized to the 1st 
discoidin domain.29 The adhesion activity of the 1st discoidin domain 
is significantly enhanced by the adjacent 3rd EGF-like domain. The 
EGF-like domain with a DXXXXY motif serves as a cis-element for 
this function. Based on the finding that the 3rd EGF-like domain and 
the 1st discoidin domain accumulate in ECM, induce apoptosis, and 
improve transfection efficiency, Kitano et al. treated tumor explant 
model mice with cDNA of the 3rd EGF-like domain and the 1st 
discoidin domain using a non-viral vector.30,31 The transgene product 
accumulated in ECM and induced apoptosis in tumors, indicating 
that such gene therapy can significantly suppresses tumor growth and 
improve life prognosis.

Coagulation factors VII, IX, and X

Coagulation factors VII (FVII), IX (FIX) and X (FX) are highly 
homologous vitamin-K dependent enzymes that are essential for 
coagulation.8,32 They have a γ-carboxyglutamic acid (Gla) domain at 
the N-terminus that is essential for binding to phosphatidylserine in 
the cell membrane. Two EGF-like domains are adjacent to the Gla 
domain. The 1st EGF-like domain is a hEGF and cbEGF domain 
with the DXXXXY motif and the 2nd is a cEGF but not a cbEGF 
domain.13 A peptidase domain that cleaves other coagulation factors 
is adjacent to the 2nd EGF-like domain. Mutation of FIX causes 
hemophilia B and mutation of the 1st EGF-like domain disrupts 
calcium binding and may cause hemophilia B.33 In the absence of 
calcium, the 1st EGF-like domain in FIX adopts a confirmation that 
locks the Gla domain in a fixed position, restricting movement of the 
Gla and cbEGF domains.34–36 Calcium binding to cbEGF induces a 
conformational change that may change protein function, such as 
enzymatic activity and binding to other molecules. For this function, 
the EGF-like domain with a DXXXXY motif serves as a cis-element.

A recombinant version of the 1st EGF-like domain of FIX 
suppresses cell adhesion to ECM, increases cell migration, and 
activates caspase-3.37 The 1st EGF-like domains of FVII and FX 
share these functions. The EGF-like domain with a DXXXXY 
motif serves as a trans-element for these functions. Additionally, 
the recombinant 1st EGF-like domain of FIX induces the exposure 
of phosphatidylserine and the clustering of lipid rafts in the cell 
membrane that likely contribute to endocytosis.38 Because coagulation 
factors are generally activated in wounds, these functions of the 1st 
EGF-like domains of coagulation factors may contribute to wound 
healing and immunological reactions.

There are three other vitamin-K dependent coagulation-related 
proteins: protein C, protein S, and protein Z. 32 They also consist of 
a Gla domain, an EGF-like domain, and a peptidase domain, similar 
to FVII, FIX and FX. However, they negatively regulate coagulation. 
Interestingly, protein C and protein S have an NXXXXY sequence 
instead of DXXXXY. Protein Z has a DXXXXY motif but is not a 
cbEGF.

Other proteins with the DXXXXY motif
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Other than Del-1 and vitamin-K dependent coagulation factors, 
there are several other proteins with the DXXXXY motif in EGF-like 
domains (Table 1). There are 31 proteins with the DXXXXY motif 
in the UniPro database and they can be categorized into 5 groups: 
ECM-associated proteins, vitamin-K dependent coagulation factors, 
Notch-related proteins, Lipoprotein transport-related proteins, and 
other membrane proteins. All contain between one to 12 DXXXXY 

motifs. Their associated domains are often involved in binding other 
molecules. The four amino acids residues between the aspartic acid 
and tyrosine in DXXXXY share several characteristics (Table 2). 
Many of the residues are aliphatic, non-polar, neutral amino acids and 
thus the DXXXXY motif should be hydrophobic.39

Table 1 List of proteins with the DXXXXY motif in ECG-like domains

# UniProtKB # ECM associated proteins No of DXXXXY motifs Associated 
domains

1 O43854 Dell 1 Discoidin

2 O75093 Slit homolog 1 protein 1

3 O94813 Slit homolog 2 protein 1 Laminin G, LRR

4 O75094 Slit homolog 3 protein 1 Laminin G, LRR

5 P35556 Fibrillin-2 1 TB

6 Q75N90 Fibrillin-3 1 TB

7 Q8TER0 Sushi, nidogen and EGF-like domain-
containing protein 

3 Sushi, Follistatin

8 Q4LDE5 Sushi, von Willebrand factor type A, EGF and 
pentraxin domain-containing protein 1 

2 Sushi

Vitamin K dependent coagulation factors

9 P08709 Coagulation factor V1I 1 Gla

10 P00742 Coagulation factor X 1 Gla

11 P00740 Coagulation factor IX 1 Gla

12 P22891 Vitamin K-dependent protein Z 1 Gla

Notch related proteins 

13 P46531 Notch 1 12 Ank

14 Q04721 Notch 2 10 Ank

15 Q9UM47 Notch 3 3 Ank

16 Q99466 Notch 4 2 Ank

17 Q00548 Delta-like protein 1 1 DSL

18 Q9NYJ7 Delta-like protein 3 1 DSL

19 Q9NR61 Delta-like protein 4 1 DSL

20 P78504 Protein Jagged-1 3 DSL

21 Q9Y219 Protein Jagged-2 1 DSL

22 Q8NFT8 Delta and Notch-like epidermal growth factor 
related receptor 

2 Follistatin

Lipoprotein transport related proteins 

23 P01130 Low-density lipoprotein receptor 1 LDLR-1

24 P98155 Very low-density lipoprotein receptor 1 LDLR-1

25 Q9NZR2 Low-density lipoprotein receptor -related 
protein 1B 1 LDLR-1

26 O60494 Cubilin 1 CUB

Other transmembrane proteins 

27 P82279 Protein crumbs homolog 1 4 Laminin G

28 Q51J48 Protein crumbs homolog 2 5 Laminin G

29 Q9ULB1 Neurexin I-alpha 1 Laminin G

30 Q9NYQ6 Cadherin EGF LAG seven-pass G-type 
receptor 1 1 Laminin G

31 Q727M0 Multiple epidermal growth factor-like domains 
protein 8 1 CUB, PSI

Table 2 Frequency of amino acids residues at the four positions between D and Y
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1st 2nd 3rd 4th

AA % AA % AA % AA % 

G 23 V 33 N 40 G 47

L 20 I 17 G % S 27

Q 20 P 10 A 8 T 8

  L 10 D 8   

The three most frequent amino acids are presented. AA, amino acid.

Notch-1 contains 36 EGF-like domains. Human and Xenopus 
Notch-1 have 12 DXXXXY motifs and mouse, zebrafish, and 
drosophila Notch-1 have 11 DXXXXY motifs mainly in a middle 
section of their extracellular domain. All EGF-like domains with the 
DXXXXY motif are hEGF, and 11 of 12 DXXXXY motifs are cbEGF 
in human Notch-1. Several proteins that are Notch ligands also have 
DXXXXY motifs and both Notchs, and their ligand proteins play 
critical roles in development, cancer, and angiogenesis. It is well 
documented that EGF-like domains 11-12 are necessary and sufficient 
for ligand binding.15,18,40 Additionally, a study in Drosophila suggests 
that EGF-like domains 24-29 are important in ligand-dependent 
receptor activation.41 However, the roles of the DXXXXY motifs in 
Notch-related proteins are poorly understood.

LDLR is essential for the uptake of LDL by hepatocytes via 
endocytosis. Mutations of LDLR cause the autosomal dominant 
form of familial hypercholesterolemia (FH) and autosomal recessive 
hypercholesterolemia (ARH).5,42 LDLR has an N-terminus LDL 
binding domain followed by three EGF-like domains that are all 
cEGF. The 1st EGF-like domain has the amino acid sequence 
GTNECLDNNGGCSHVCNDLKIGYECLC, an atypical cbEGF 
sequence, and contains a DXXXXY motif. The 1st EGF-like domain 
of LDLR plays an important role in pathogenesis of FH. Wild type 
LDLR is recycled and spared from degradation after endocytosis.43 
A mutant LDLR protein lacking the EGF-like domains is degraded 
in lysosomes after endocytosis, thereby resulting in a decrease in 
the levels of LDLR. The decrease of LDLR decreases the uptake of 
LDL by hepatocytes and increases the LDL concentration in serum. 
Proprotein convertase subtilisin/kexin type 9 (PCSK9) was originally 
identified as a protein that induces neuronal apoptosis and then was 
recognized as a key molecule in the regulation of serum LDL levels.44,45 
The binding of PCSK9 to the 1st EGF-like domain of LDLR increases 
the degradation of LDLR.46 The 1st EGF-like domain of LDLR serves 
as a switch of endosome with LDLR between degradation or recycle. 
Blocking antibody to PCSK9 is clinically used as a drug to treat FH.47

Conclusion
EGF-like domains with the DXXXXY motif in Del-1 and 

vitamin-K dependent coagulation factors share common functions. 
The DXXXXY motif may allow categorization into a subfamily 
containing the β-hydroxylation motif C-x-[DN]-x(4)-[FY]-x-C. 
Testing this hypothesis requires empirical examination of the functions 
of EGF-like domains with the DXXXXY motif in other proteins. The 
EGF-like domains in FIX and Del-1 have been found to be cis-acting 
elements that regulate the shapes and functions of adjacent domains. 
Additionally, they are trans-acting. The binding targets of EGF-like 
domains require further investigation. If the 1st EGF of LDLR has 
the same functions as the DXXXXY motif, then PCSK9 would be 
a binding partner of EGF-like domains. Trans-acting elements could 
have a clinical advantage from the perspective of administration 
routes. The EGF-like domain of Del-1 enables in vivo gene transfer 

into brain using a non-viral vector via endocytosis and efficiently 
improved the life prognosis of a mouse implant tumor model via 
apoptosis. In addition to their use as therapeutic reagents, EGF-like 
domains with the DXXXY motif are interesting as pathogenetic 
elements because Del-1, coagulation factors, Notch-related proteins 
and lipoprotein transport-related proteins are linked to the vascular 
system and diseases.22–24,48,49 Notch1 and coagulation factors have 
been reported to exert stimulatory influences on atherosclerosis. 
PCSK serves as an atherosclerotic factor via binding to DXXXXY 
motif of LDLR. Therefore DXXXXY motif could play an integral 
role in the pathogenesis of atherosclerosis. Further studies of the 
potential clinical utility of DXXXXY motif functions are required.
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