Letter to the Editor

Are dust mite allergens more
abundant and/or more stable
than other Dermatophagoides
pteronyssinus proteins?

To the Editor:

Understanding the characteristics that differentiate allergens
from nonallergens remains a perplexing question in allergy
research. General features such as protein stability and abundance
from source are frequently cited as likely determinative factors.
However, rigorous statistical comparisons of allergens versus
nonallergens on genomic and proteomic scales are lacking. In this
study, the house dust mite Dermatophagoides pteronyssinus (DP)
proteome was evaluated using RNA-seq methods as a proxy to
assess the abundance of all proteins in this source. In addition,
the thermodynamic stabilities of 656 nonallergens and 19
allergens were evaluated using a combined chemical denaturation
and mass spectrometry approach. The results showed that when
expression and stability are considered in combination, the
allergens are a statistically different population from other DP
proteins. The allergens are more stable and more highly
expressed. The combination of high levels of transcription and
stability for the major allergens Der p 1, Der p 2, and Der p 23
is rare (<2% of all DP proteins) but not unique.

Although it has been hypothesized that allergens are the
abundant and/or stable proteins from an allergen’s source,
experimental evidence to support or refute such hypotheses is
lacking. To address the question of allergen abundance,
the transcriptome of the house dust mite DP was analyzed with
RNA-seq technologies (see this article’s Online Repository at
www.jacionline.org). All 19 DP allergens in the official Allergen
Nomenclature database of the World Health Organization and the
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International Union of Immunological Societies (www.allergen.
org) were identified in the transcriptome. Fig 1 shows the relative
abundance (fragments per kilobase per million reads [FPKM]) of
the DP allergen transcripts compared with DP as a whole. Clearly,
the allergens as a group are more highly expressed than the norm.
In fact, many are outliers in the quartile analysis of the DP
transcriptome. However, there are still hundreds of other
transcripts with similar abundance. There is a positive correlation
of 0.4 for protein abundance versus RNA transcription levels in a
well-studied murine system.' This correlation indicates that using
RNA-seq to infer protein levels is not rigorously accurate, but the
general conclusions for the levels of allergens and nonallergens
are likely valid. Relative transcription levels for the allergens
were similar to homologues in D farinae (r = 0.59).%

The stability of allergens is frequently addressed in the context
of food allergens and generally refers to resistance to low pH and
digestive enzymes. Recent studies have suggested that the
stability of Bet v 1 to endolysosomal digestion in dendritic cells
is important for sensitization.” Here, a mass spectrometry—based
proteomics technique was used to evaluate the chemical
denaturant-induced equilibrium-unfolding properties of 656 DP
proteins, and the 19 DP allergens all derived from mite extract,
except for a recombinant Der p 23." Connecting the protein
identifications with RNA-seq data shows that the nonallergen
proteins span a wide range of RNA expression values, and trend
toward the more highly expressed proteins (Fig 1, A-C). The
stabilities of the DP proteins are reported as the concentration
of guanidinium chloride at the transition midpoint of the chemical
denaturation curve (GNDY2), which is directly related to
thermodynamic stability (Fig 1, D and E). More stable proteins
have higher GNDY2 values. Based on testing with purified Der p
1, the GNDY2 values of the protease allergens (groups 1, 3, 6,
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FIG 1. Analysis of DP proteome and protein stability measurements. Histograms and box plots of relative
expression (FPKM) of all DP transcripts (A), DP proteins studied for stability (B), and DP allergens (C). Panels
D and E show histograms of the stability data for nonallergens and allergens, respectively, overlayed with
Gaussian fits to the distribution. Panel F compares the Gaussian fit of stability data for the nonallergens

(blue) with the allergens (red).
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FIG 2. Two-dimensional histograms of stability and relative expression for DP. Data are presented as a bar
chart (A) or as a contour plot (B). Numerical labels indicate allergen groups. Three black circle sizes (large,
medium, and small) correspond to the allergen importance rankings of major, mid-tier, and minor/“needs
further study,” respectively.® Dashed and dotted lines are the means for the nonallergen and allergen

groups, respectively.

and 9) were adjusted lower by 0.4 to account for additional
stability from added protease inhibitors (see this article’s Online
Repository at www.jacionline.org). A comparison of the set of
allergens (GNDY2 = 1.8 * 0.7) to the nonallergens
(GNDY2 = 1.5 %= 0.5) shows that the allergens trend toward
greater stability. These distributions exhibit significant overlap,
but a ¢ test reveals that they are statistically different (P = .026;
Fig 1, F).

The 2-dimensional histogram in Fig 2, A, shows that there is a
Gaussian-like distribution of abundance and stability for the 656
DP proteins. Fig 2, B, shows the same data as a contour plot and
adds the abundance and stability data for the set of allergens for
comparison. The allergens cluster primarily in the quadrant
corresponding to high stability and high abundance. Hotelling’s
T” statistic was used to test whether the allergen group differed
from the nonallergen group with respect to GNDY2 and log
(FPKM) simultaneously.” The difference is significant
(P < .0001), where the value of T2 is 34.8, which is equivalent
to an F statistic of 17.7 with 2 and 672 degrees of freedom.

Considering the major allergens, Der p 1, Der p 2, and Der p 23,
the stability of Der p 1 is slightly less than the mean for DP
proteins, but it is exceptionally highly transcribed. In contrast,
Der p 23 is not as highly expressed but extremely stable, whereas
the measurements on Der p 2 appear in between the other 2. The
major allergens were analyzed to see whether they were
substantially different from the rest of the allergens. They are
all reasonably close to the group of allergens, falling within the
85th percentile of the distribution of allergens. However, they are
significantly distinct from the group of nonallergens. The
probability of obtaining the Der p 1 GNDY2 and log (FPKM)
values for proteins in the nonallergen population is 0.015; for Der
p 2, the probability is 0.0002; and for Der p 23, the probability is
less than 0.0001. To reiterate, the properties of the allergens are
rare, but considering the size of the DP transcriptome they are not
unique.

The results of this study have important implications for
understanding the factors that lead to sensitization. Other
influences on sensitization include additional environmental

exposures, adjuvants (natural’ and anthropogenic®), genetic sus-
ceptibility,” and a modern hygienic lifestyle.'’ A limitation of
this protocol is that these studies were performed with whole
mite extract to sample the maximum number of RNA transcripts
and proteins for stability assays. Because allergens are found in
both whole bodies and fecal pellets,'' human exposures are at
least partially represented in the whole body extracts used here.
Future studies will attempt to quantify the amount of DP proteins
in dust mite fecal particles and samples of house dust to better
compare the allergens and nonallergens to which humans are
exposed. Understanding the biophysical properties of the mite
proteins involved in human exposure will lead to a better
understanding of why the human immune system consistently de-
velops an allergic response to less than 0.1% of the DP proteome.
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METHODS

DP mite material

DP was cultured at room temperature on diet A as described.”" As food
became depleted, mites of all active life stages that migrated onto the lids
were collected by aspiration onto a 38-mm stainless steel mesh and were killed
by freezing. Once food was completely consumed, the spent culture was
frozen to kill the mites. Both mites and spent culture were lyophilized before
use.

DP aqueous extract

Aqueous mite extract was prepared from the mite material described above
using methods adapted from Arlian and Morgan." The extract was prepared
in sterile Dulbecco’s PBS without protease inhibitors and frozen before the
analysis below.

DP nucleic acids

Mites were collected as indicated above from culture lids and surface
sterilized as described for scabies mites.”> Genomic DNA was isolated from
living mites of all active stages using the Wizard SV genomic DNA purifica-
tion system. To enable proper digestion of mite tissues using this kit, mites
were ground in digestion buffer using a Dounce homogenizer.

RNA was isolated from living surface-sterilized mites using the Direct-zol
RNA MiniPrep w/TRI-reagent The sample prep was similar to that for DNA
with approximately 50 mg of live mites being ground in 500 pL of TriReagent
on ice.

RNA-seq analysis

A de novo reconstruction of DP RNA-seq data as described™ was used for
the prediction of open reading frames with Transdecoder 2.0.1.%> A predicted
proteome of 26,692 proteins was generated, and of these, 25,446 had an FPKM
of 1.0 or more; these were used in our analysis. This compares to 16,376 genes
reported for the draft of the D farinae genome.™®

Supplement to denaturation analysis

The mass spectrometry—based proteomics analyses performed here
identified a total of 1579 proteins from the predicted DP proteome. Based
on the predicted expression levels, the proteins span almost 4 orders of
magnitude of FPKM values. In addition, all 19 DP allergens officially
recognized by the World Health Organization and the International Union of
Immunological Societies were observed. (Including all species of mites, there
are currently 36 groups of mite allergens in the allergen nomenclature
database of the World Health Organization/the International Union of
Immunological Societies.) Eighteen of the DP allergens were studied for
their denaturation behavior from extract including the major allergens Der p 1
and Der p 2. The other major allergen Der p 23 was not detected in the
proteomic analysis of the extract but the chemical denaturation behavior of a
purified recombinant protein construct of Der p 23%* was characterized using a
tryptophan-modification protocol similar to that used in the proteomic
analysis. One of the 2 tryptophan residues in Der p 23 remained unreacted
even at high denaturant concentrations (eg, 7 mol/L GND), suggesting that
the protein is remarkably resistant to chemical denaturation. Thus, for the
statistical analyses performed in this work, Der p 23 was assigned the highest
level of GNDY2, 3.5 mol/L, assayed in the proteomewide analysis.
Recombinant Der p 1 expressed in Pichia pastoris and Der p 5 expressed in
Escherichia coli"" were compared with the natural allergen in the lysate to
verify the methodology. The GNDY2 value determined for recombinant Der
p 5 using a methionine-modification protocol® was similar to that measured
in the lysate, but Der p 1 was more stable in the lysate analysis. As a known
cysteine protease, we reasoned that the increased stability of Der p 1 in the
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lysate analysis was due to the presence of protease inhibitors that were added
to the lysate sample before the proteomewide analysis (see below). Indeed, an
analysis of the recombinant Der p 1 in the presence of the protease cocktail
described below revealed a 0.4 mol/L stabilization.

The chemical denaturant—induced equilibrium-unfolding properties of the
proteins in the mite extract (prepared in sterile Dulbecco’s PBS) were
evaluated using the so-called hybrid SPROX protocol, which has been
previously described.”” Aliquots (20 wL) of 5.7 mg/mL mite extract
containing 1 mmol/L 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF),
0.01 mmol/L pepstatin A, 0.02 mmol/L leupeptin, 0.015 mmol/L E-64, and
0.05 mmol/L bestatin (ie, the so-called protease inhibitor cocktail) were
incubated in increasing concentrations of guanidinium chloride (0, 0.5, 1.0,
1.5, 2.0, 2.5, 3.0, and 3.5 mol/L) for 2 hours before initiating the chemical
modification reactions in the hybrid SPROX protocol, which included the
hydrogen peroxide-mediated oxidation of methionine residues and the
dimethyl (2-hydrogen-5-nitrobenzyl)sulfonium bromide modification of
tryptophan residues. The chemical modification reactions and subsequent
quantitative  bottom-up proteomics analyses were performed as
previously described, except that the chemically modified methionine- and
tryptophan-containing peptides were not used in the analysis.”” GNDV values
were determined only for the wild-type methionine- and wild-type tryptophan-
containing peptide probes assayed in the hybrid SPROX protocol. This helped
eliminate potential artifactual stability changes that the chemical modification
might introduce. The GNDY2 values were determined using a JAVA-based
program, developed in-house, to fit the chemical denaturation data sets to a
4-parameter sigmoidal equation using a nonlinear least squares analysis. In
some cases, multiple GNDY2 values were determined for a given DP protein
because multiple methionine- and/or tryptophan-containing peptide probes
from different regions of the protein were assayed. The distributions of
GND% values shown in Fig 1, D-F, were generated using only 1 GNDY2 value
per protein. In cases in which multiple GNDY2 values were generated for a
given protein (eg, the stabilities of multiple folding domains within the protein
were determined), the largest GNDY2 value detected for the protein was used in
statistical analyses. The lysate-determined GNDY2 values for Derp 1, 3, 6, and
9 (all proteases) were also adjusted to account for the artifactual stability
increase due to the presence of the protease inhibitor cocktail. Based on results
obtained for Der p 1 (see above), the measured GNDY2 values were reduced by
0.4 mol/L.
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