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Abstract. Dermatophagoides farinae (Hughes; Acari: 
Pyroglyphidae) are the predominant source of dust mite 
allergens, which provoke allergic diseases, such as rhinitis, 
asthma and eczema. Of the 30 allergen groups produced by 
D. farinae, the Der f 3, Der f 6 and Der f 9 allergens are all 
trypsin‑associated proteins, however little else is currently 
known about them. The present study used in silico tools to 
compare the amino acid sequences, and predict the secondary 
and tertiary structures of Der f 3, Der f 6 and Der f 9 allergens. 
Protein sequence alignment detected ~46% identity between 
Der f 3, Der f 6 and Der f 9. Furthermore, each protein was 
shown to contain three active sites and two highly conserved 
trypsin functional domains. Predictions of the secondary and 
tertiary structure identified α‑helices, β‑sheets and random 
coils. The active sites of the three proteins appeared to fold 
onto each other in a three‑dimensional model, constituting 
the active site of the enzyme. Epitope analysis demonstrated 
that Der f 3, Der f 6 and Der f 9 have 4‑5 potential epitopes 
located in random coils, and the epitope sequences of Der f 3, 
Der f 6 and Der f 9 were shown to overlap in two domains 
(at amino acids 83‑87 and 179‑180); however the residues in 
these two domains were not identical. The present study aimed 
to conduct a biochemical and genetic analysis of these three 
allergens, and to potentially contribute to the development of 
vaccines for allergen‑specific immunotherapy.

Introduction

Dust mites are the predominant source of indoor allergens 
worldwide, and can exacerbate allergic diseases including 
asthma, rhinitis and dermatitis (1‑3). Studies regarding the 
biological, chemical and structural properties of dust mite 
allergens have been critical for advancing the diagnosis and 
treatment of allergic disease (4,5). In particular, allergens of the 
commonly found house dust mite Dermatophagoides farinae 
(Der f, Acari: Pyroglyphidae) have been extensively investi-
gated. In crude extracts of D. farinae >30 components have 
been identified that can induce human immunoglobulin (Ig)E 
antibodies (4,6‑7).

A total of 24 groups of dust mite allergens are currently 
listed in the International Union of Immunological Societies 
(IUIS) nomenclature dataset (http://www.allergen.org/). These 
allergens belong to various protein families, and three groups 
have been identified to possess trypsin activity: Group  3 
comprises trypsins; group 6, chymotrypsins; and group 9, colla-
genolytic serine proteases (8). Previous studies have suggested 
that Der f 3, Der f 6 and Der f 9 are capable of activating the 
kallikrein‑kinin system, which is involved in inflammation 
in normal human plasma (8‑10). In addition, Der f 3 has been 
shown to activate the complement system, resulting in the 
production of anaphylatoxins (11). Therefore, these allergen 
groups are likely important contributors to the hypersensitivity 
response produced by exposure to house dust mites.

Current research in immunotherapy for allergic disease is 
aimed at producing novel treatments that relieve the symptoms 
caused by hypersensitive responses  (12). Allergen‑specific 
immunotherapy (SIT) works by inducing the production 
of blocking antibodies, creating a shift toward a T‑helper 1 
response and inducing tolerance (13‑14). SIT is able to induce 
IgG antibodies, which compete with IgE for allergen binding, 
thus inhibiting activation of IgE‑dependent mast cells and 
basophils, and reducing IgE‑mediated allergic inflamma-
tion (15‑16). Conventional immunotherapies rely on crude dust 
mite extracts, however SIT is more successful with recombinant 
mite allergens (17). The use of recombinant allergens requires a 
good understanding of their structures and functions, in order 
to determine how they bind IgE and elicit an allergic response. 

To improve understanding regarding the contributions of 
Der f 3, Der f 6, and Der f 9 to the allergenicity of D. farinae, 
the present study used a bioinformatics approach to compare 
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amino acid sequences and predict their physiochemical char-
acterizations, secondary structures, tertiary structures and 
B‑cell epitopes. These analyses may aid the future develop-
ment of SIT for Der f allergens.

Materials and methods

Sequence retrieval. The amino acid sequences of Der  f 3, 
Der f 6 and Der f 9 were retrieved from the International Union 
of Immunological Societies (IUIS) nomenclature database (18) 
and the National Center for Biotechnology Information protein 
sequence database (accession nos. BAA09920.1, AAF28423.1 
and AAP35067.1, respectively). Signal peptide sequences were 
removed from the present analysis.

Physiochemical characterization. Physiochemical character-
istics, including theoretical isoelectric point (pI), molecular 
weight, number of positively and negatively charged residues, 
extinction coefficients, instability index, aliphatic index and 
grand average of hydropathicity (GRAVY), were predicted 
using ExPASy ProtParam (19).

Primary and secondary structure analysis. DNAMAN 
version  6.0 software (Lynnon, Corp., Pointe‑Claire, QC, 
Canada) was used to align the protein sequences. Prediction 
of transmembrane helices within the proteins was performed 
using the TMHMM  2.0 server  (20). Predictions of the 
secondary structure (α‑helices, β‑sheets and random coils) 
were made using the Jpred 3 secondary structure prediction 
server  (21). The active site and functional domains of the 
proteins were predicted using ExPASy PROSITE (19).

Three‑dimensional (3D) model building and evaluation. 
Homology modeling and molecular dynamics were used to 
construct 3D structures of Der f 3, Der f 6 and Der f 9. Selecting 
an appropriate template is a critical stage to certify the quality 
of the final 3D structure. A Protein Basic Local Alignment 
Search Tool (BLASTP) online server (22) search, with default 
parameters, was performed against the Protein Data Bank 
(PDB), in order to identify suitable templates of Der f 3, Der f 6, 
and Der f 9 for homology modeling. Following the BLASTP 
search, appropriate templates for generating 3D models of the 
proteins were selected, based on a high score, lower e‑value 
and maximum sequence identity. BLAST results that indicated 
potential templates for modeling were PDB ID: 1A0J_A for 
Der f 3, which displayed 32% amino acid sequence identity; and 
PDB ID: 1DST_A and PDB ID: 4D8N_A for Der f 6 and Der f 9 
respectively, which displayed 32 and 34% amino acid sequence 
identities. Prediction of the 3D structure of Der f 3, Der f 6 and 
Der f 9 was conducted using the homology‑modeling program 
MODELLER version 9.12, as previously described (23,24). 
Following alignment of the query and template proteins, and 
removal of potential errors, loop refinement was performed 
using the loop optimization method of MODELLER 9.12. The 
predicted structures were saved in PDB format, and energy 
minimization was performed using the GROMOS96 force field 
in Swiss‑PdbViewer, in order to rectify unfavorable clashes and 
improve the stereochemical quality (25).

Model evaluation is important to verify the quality of the 
3D model. Therefore, PROCHECK (26) was used to evaluate 

the quality of the predicted models by Ramachandran plot 
assessment. Furthermore, model verification was performed 
using the overall quality factor (ERRAT)  (27) and Verify 
3D (28) programs. Superimposition of the query and template 
structures, and visualization of the generated 3D models was 
performed using UCSF Chimera 1.8 (29).

B‑cell antibody epitope prediction. Amino acid sequences of 
Der f 3, Der f 6 and Der f 9 were submitted to Immune Epitope 
Database and Analysis Resource (IEDB) (30), ABCpred (31) 
and BepiPred (32) servers, in order to predict the possible 
linear B‑cell epitopes with the default threshold. IEDB uses a 
collection of methods to predict linear B‑cell epitopes, based 
on sequence characteristics of the antigen using amino acid 
scales and hidden Markov models (HMM). BepiPred predicts 
the location of linear B‑cell epitopes, with a core epitope 
threshold set at 0.35, using a combination of HMM and a 
propensity scale method. ABCpred predicts B‑cell epitopes in 
an antigen sequence, and was the first server developed based 
on the recurrent neural network (machine‑based technique), 
using fixed‑length patterns with a default threshold of 0.51. 
The predicted epitope regions were mapped to the predicted 
secondary and 3D protein structures, and DNAMAN 6.0 was 
used to generate a multiple‑sequence alignment to identify the 
epitope regions of Der f 3, Der f 6 and Der f 9.

Results

Physiochemical characterization of Der  f 3, Der  f 6 and 
Der f 9. A comparison between the physiochemical charac-
teristics of Der f 3, Der f 6 and Der f 9, as predicted using 
ProtParam, is presented in Table I. Der f 3 and Der f 6 were 
shown to possess similar characteristics; whereas fewer 
similarities were observed with Der f 9. The pI values indi-
cated that Der f 9 is an alkaline protein, and Der f 3 is more 
acidic, as compared with Der f 6. Extinction coefficients of 
Der f 3, Der f 6 and Der f 9 depended on the molar extinc-
tion coefficients of Tyr, Trp and Cys residues. Stability of 
Der f 3, Der f 6 and Der f 9 was investigated by analyzing 
the instability, aliphatic and GRAVY indices of these three 
proteins. The instability index value was lowest for Der f 6, 
therefore Der f 6 is likely to be the most stable of the three 
allergens. The aliphatic index is defined as the relative 
volume occupied by aliphatic side chains (alanine, valine, 
isoleucine and leucine); and all three proteins were predicted 
to be fat‑soluble. The GRAVY index indicated that all three 
proteins were also hydrophilic.

Protein sequence alignment and active site prediction. Protein 
sequence alignment was performed using the default param-
eters of DNAMAN 6.0. Der f 3, Der f 6 and Der f 9 exhibited a 
45.61% sequence identity. Prosite prediction demonstrated that 
Der f 3, Der f 6 and Der f 9 each contain an active site which 
is formed of a catalytic triad of histidine, aspartate and either 
serine or cysteine (Fig. 1). In addition, two sequence‑specific 
trypsin functional domains of Der f 3, Der f 6 and Der f 9 
(XTAAHC and XXCXGDS(C)GGPXV; bold indicates active 
site amino acid residues), which surround the histidine and 
serine/cysteine active sites, were shown to be highly conserved 
in the proteins (Fig. 1, domains Ⅰ and Ⅱ).
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Secondary structure prediction. The amino acid sequences of 
Der f 3, Der f 6 and Der f 9 were submitted to TMHMM 2.0, 
which is capable of predicting transmembrane helices. The 
three proteins were not predicted to contain any transmem-
brane helices, and localization was predicted to be outside of 
the membrane. Secondary structure prediction, using Jpred 3, 
demonstrated that the three proteins contain α‑helices, β‑sheets 
and random coils (Fig. 2). The largest number of residues was 
observed in the random coils, followed by the β‑sheets and 
the α‑helices. More residues were detected in the α‑helices of 
Der f 3, as compared with Der f 6 and Der f 9. In addition, more 
residues were detected in the β‑sheets of Der f 6, as compared 
with Der f 3 and Der f 9 (Table II).

3D model building, ref inement, and evaluation. 3D 
structures of Der  f 3, Der  f 6 and Der  f 9 were generated 
using MODELLER  9.12 with the following templates: 
PDB  ID:1A0J_A, 1DST_A and 4D8N_A, respectively. 
The three models were viewed using Chimera  1.8, and a 
Ramachandran plot analysis of the models was conducted using 
PROCHECK. Analysis of the models indicated a high prob-
ability of confirmation, with 99.5, 100 and 100% of residues of 
Der f 3, Der f 6 and Der f 9, respectively, in the allowed region 

of the Ramachandran plot (Fig. 3). It is generally accepted 
that if 90% of residues are present in the allowed region of 
a Ramachandran plot, the model is reliable. Verification of 
the 3D analysis demonstrated that 94.85, 84.42 and 89.78% of 
the Der f 3, Der f 6 and Der f 9 residues, respectively, had an 
average 3D‑1D score of <0.2, thus indicating that the three 
models were compatible with their sequences. Furthermore, 
the ERRAT of the models of Der f 3, Der f 6 and Der f 9 were 
81.860, 82.297 and 84.722, respectively. These results suggest 
that all computationally‑generated models in the present study 
are considered to be of good quality and suitable for structural 
analysis.

The predicted 3D structures of Der f 3, Der f 6 and Der f 9, 
like the secondary structures, were shown to contain α‑helices, 
β‑sheets and random coils; however, the number of amino acids 
of these three structure elements differed slightly between the 
3D and secondary structures. The percentage of overall amino 
acids located in α‑helices was 6.90 (two domains), 12.17 (four 
domains) and 10.27% (three domains) in Der  f 3, Der  f 6 
and Der f 9, respectively; whereas the percentage of amino 
acids in β‑sheets was 27.59 (13 domains), 26.96 (13 domains) 
and 30.80% (12 domains), respectively (Fig. 4). 3D structure 
overlap of the Der f 3, Der f 6 and Der f 9 proteins identified 

Table I. Comparison of physiochemical characteristics of Der f 3, Der f 6 and Der f 9 allergens of Dermatophagoides farinae.

Parameter	 Der f 3	 Der f 6	 Der f 9

Accession no.	 BAA09920.1	 AAF28423.1	 AAP35067.1
Number of amino acids	 232	 230	 224
Total number of atoms	 3439	 3491	 3334
Formula	 C1087H1710N302O349S10	 C1094H1738N298O349S12	 C1053H1672N290O329S9

Molecular weight (u)	 24913.9	 25034.3	 23947.1
Arg+Lys	 21	 22	 17
Asp+Glu	 26	 25	 13
Theoretical pI	 5.36	 5.81	 8.68
Extinction coefficients	 38765‑38390	 35785‑35410	 35785‑35410
  (M‑1cm‑1 at 260 nm)
Instability index	 30.14	 29.24	 32.69
Aliphatic index	 82.28	 80.04	 88.84
GRAVY	‑ 0.284	‑ 0.369	‑ 0.016

pI, isoelectric point; GRAVY, grand average of hydropathicity.

Figure 1. Amino acid sequence alignment of Der f 3, Der f 6 and Der f 9 allergens of Dermatophagoides farinae. Active sites are indicated by '▲' and epitopes 
are indicated by '♦'. The trypsin functional domains are contained in domains I and II, and overlapping epitopes are present in domains A and B.
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more overlapping in the α‑helix and β‑sheet domains, as 
compared with the random coil domains. The three active 
sites of Der f 3, Der f 6 and Der f 9 were shown to completely 
overlap within the 3D structure, and fold onto each other to 
constitute the active site of the enzyme (Fig. 4).

The predicted secondary and 3D structures of Der f 3, 
Der f 6 and Der f 9 had slightly different compositions. Peptides 
103‑105 coiled into a β‑sheet in the predicted secondary 
structure of Der f 3; however, this was not observed in the 3D 
structure prediction. In Der f 6, peptides 109‑110 coiled into 
β‑sheets only in the predicted secondary structure; whereas 
peptides 45‑49 and 181‑183 coiled into α‑helices and 187‑190 

into a β‑sheet only in the predicted 3D structure. In Der f 9, 
peptides 104‑106 coiled into a β‑sheet only in the secondary 
structure; whereas peptides 40‑43 coiled into an α‑helix and 
164‑168 into a β‑sheet only in its 3D structure.

Predicted B‑cell epitopes. B‑cell epitopes of Der f 3, Der f 6, 
and Der f 9 were predicted using IEDB Analysis Resource, 
ABCpred and BepiPred, and were verified in the predicted 
secondary and 3D structures. Der f 3, Der f 6 and Der f 9 
were predicted to contain 5, 4 and 5 main potential epitopes, 
respectively, all located in random coils (Table III). Amino 
acid sequence alignment and overlapping 3D structures 
demonstrated an overlap in the epitopes of Der f 3, Der f 6 and 
Der f 9 (Fig. 1; domains A and B, peptides 83‑87 and 179‑180; 
Fig. 4D), however the residues in two overlapping epitope 
sequences were not identical. 

Discussion

Allergic diseases are one of the most common types of human 
disease. Besides avoiding allergen exposure, allergen‑specific 
immunotherapy (SIT) is the only curative treatment option (33). 
Patients respond to symptomatic pharmacotherapy, such as 
antihistamines and corticosteroids, however the majority of 
patients report inadequate symptom relief (34). SIT provides 
an alternative disease‑specific treatment, which induces toler-
ance to the allergen (35). SIT can result in long‑term remission 
of allergic symptoms and may reduce the chances of devel-
oping novel sensitization to other allergens (17).

Recently, the increased prevalence of allergic diseases has 
placed greater demand on diagnostic and therapeutic products; 
however, crude mite allergen extracts that are applied for diag-
nostic and therapeutic purposes do not meet the demand (36). 
Crude extracts include non‑allergenic antigens and ineffective 
concentrations of important allergens, resulting in numerous 
side effects (37). The use of recombinant allergens offers a 

Table III. B‑cell epitopes for Der f 3, Der f 6 and Der f 9 aller-
gens of Dermatophagoides farinae.

	 Predicted	 Peptide
Allergen	 epitope sequences	 numbers

Der f 3	 YDSMT	 77‑81
	 QEGSYSL	 129‑135
	 VS	 147‑148
	 DVA	 172‑174
	 GCARKGYP	 206‑213
Der f 6	 ES	 37‑38
	 QKAS	 50‑53
	 ESYEQDQTQ	 81‑89
	 KTQSGC	 175‑180
Der f 9	 DEASP	 46‑50
	 HSLYSSTTID	 76‑85
	 PFTPSANA	 96‑103
	 SKKQS	 169‑173
	 PSTCLSN	 197‑203

Table II. Secondary structure elements for Der f 3, Der f 6 and Der f 9 allergens of Dermatophagoides farinae.

Allergen	 α‑helices (%)	 β‑sheets (%)	 Random coils (%)

Der f 3	 5.60 (2 domains)	 29.74 (13 domains)	 64.66
Der f 6	 5.22 (2 domains)	 32.17 (14 domains)	 62.61
Der f 9	 4.91 (2 domains)	 30.36 (14 domains)	 64.73

Figure 2. Secondary structure elements of Der f 3, Der f 6, and Der f 9 allergens of Dermatophagoides farinae. α‑Helices are highlighted in black, β‑sheets 
are circled, and unlabeled sequence represents random coils.
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better prospect for the rational and accurate diagnosis and 
treatment of allergies. Pure and standardized recombinant 
allergens contain the majority of the IgE‑binding epitopes of 
an allergen source, and can be formulated to replace natural 
extracts (38). The use of recombinant allergens in diagnosis 
allows the exact identification of the molecules that are 
provoking the allergic reaction (37). Der f 3, Der f 6 and Der f 9 
allergens are currently listed in the IUIS nomenclature dataset, 
and developing recombinant allergens of these three proteins 
may contribute to the diagnosis and treatment of mite‑induced 
allergic diseases.

The results of the present study indicated that Der f 9 is 
alkaline, whereas Der f 3 and Der f 6 are acidic. Der f 3 and 

Der f 6 were shown to possess more similar characteristics to 
one another, as compared with Der f 9. These three proteins 
are 45.61% identical in amino acid sequence and contain three 
active sites: His, Asp and Ser/Cys, which are common resi-
dues constituting the active site of a protease. A 3D analysis 
indicated that these sites are likely to fold onto each other, 
constituting the active site of the enzyme. Furthermore, two 
trypsin functional domains were identified in Der f 3, Der f 6 
and Der f 9 (XTAAHC and XXCXGDS(C)GGPXV), which 
have high amino acid sequence identity and were shown to 
surround the His and Ser/Cys active sites.

Secondary and tertiary protein structures are important 
for the prediction of epitopes. α‑Helices and β‑sheets are two 

Figure 3. Ramachandran plot analysis of Der f 3, Der f 6, and Der f 9 allergens of Dermatophagoides farinae.

Figure 4. Homology‑modeled structures of Der f 3, Der f 6, and Der f 9 allergens of Dermatophagoides farinae. (A) Secondary structure of Der f 3 contains 
two α‑helices and 13 β‑sheets. Histidine, aspartate and serine formed into catalytic triad of active sites in Der f 3, which fold onto each other in the 3D 
model. (B) Secondary structure of Der f 6 contains four α‑helices and 13 β‑sheets. Histidine, aspartate and serine formed into catalytic triad of active sites 
in Der f 6, which fold onto each other in the 3D model. (C) Secondary structure of Der f 9 contains three α‑helices and 12 β‑sheets. Histidine, aspartate and 
cysteine formed into catalytic triad of active sites in Der f 9, which fold onto each other in the 3D model. α‑helices are shown in orange, β‑sheets in purple 
and random coils in gray. (D) 3D structural overlap of Der f 3, Der f 6, and Der f 9 revealed more overlapping in α‑helix and β‑sheet domains, whereas there 
was less overlapping in β‑turn and random coil domains. Active site residues of Der f 3, Der f 6, and Der f 9 overlapped completely in the 3D structure and 
folded onto each other to constitute catalytic triad of active sites. Der f 3 is shown in light brown, Der f 6 in light blue and Der f 9 in purple. The active sites 
and overlapping epitopes are shown in red.
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common secondary structures of protein, whose conforma-
tions are maintained by hydrogen bonds , rendering it unlikely 
for epitope sequences to be located within them. Conversely, 
random coils are located in the surface‑exposed region 
proteins, and often contain epitope sequences  (39). In the 
present study, the secondary and tertiary structures of Der f 3, 
Der  f  6 and Der  f  9 were predicted to contain α‑helices, 
β‑sheets and random coils. Epitope prediction identified 4‑5 
potential epitopes located in the random coils of each of the 
three allergens. Furthermore, the epitope sequences of Der f 3, 
Der f 6 and Der f 9 were shown to overlap in two domains. 
However, the amino acids in these two domains were not 
100% identical, this is likely a reflection of the <50% identity 
between Der f 3, Der f 6 and Der f 9 sequences.

In conclusion, the present study conducted a biochemical 
and genetic analysis of the Der f 3, Der f 6 and Der f 9 aller-
gens. The results may provide a basis for further studies of the 
allergenicity and function of these three allergens, and may 
contribute to the development of a vaccine for allergen‑specific 
immunotherapy.
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