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known function. His-tagged forms of the mature SchS21 and 
SchS34 proteins were separately overexpressed in  Escherich-
ia coli  and purified using Ni-NTA columns (0.5 mg/l yield). 
 Conclusions:  Based on Western blots, the expressed pro-
teins were similar in molecular weight and bound to the re-
spective monoclonal antibodies to SchS21 and SchS34 pro-
teins from  S. chartarum . Interactions with human sera IgE 
confirmed the expressed forms of SchS21 and SchS34 as nat-
urally occurring allergens.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 There is an association between respiratory illness and 
indoor fungal contamination that is based on occupant 
reports for both symptoms and, with few exceptions, ex-
posure assessments  [1] . Expert panels from the United 
States National Academy of Science in 2000 and 2004 and 
Health Canada in 2004 found that mold and dampness 
were associated with increased upper respiratory disease 
and with increased asthma in mold-sensitive asthmatics. 
This prompted our interest in using sera from atopic in-
dividuals to screen fungal proteins. This process has in-
volved a survey of many sera and fungal strains from 
across North America to ensure that the proteins detect-
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 Abstract 

  Background:    SchS21 and SchS34 are proteins from  Stachy-
botrys chartarum sensu latto  that are antigenic in goats, mice 
and humans. Monoclonal antibodies to these proteins react 
with spores of  S. chartarum  and  S. chlorohalonata  but do not 
cross-react with a diverse taxonomic and ecological array of 
other fungi.  Methods:  Based on partial sequences of the 21- 
and 34-kDa proteins, obtained from tandem mass spectra 
and Edman degradation, degenerate primers were designed 
for touchdown PCR and the resulting amplicons were se-
quenced. Subsequently, inverse-PCR was used to obtain ge-
nomic DNA sequences encoding SchS21 and SchS34. RT-PCR 
products were sequenced to predict the mature protein se-
quences of SchS21 and SchS34. Based on the speculation 
that SchS21 protein was a DNase, the enzymatic properties 
were investigated.  Results:  Sequences of 435 and 666 bp in 
length were obtained from SchS21 and SchS34 cDNAs. The 
SchS21 open reading frame encodes a mature protein of 144 
amino acids, while that of SchS34 is 221 amino acids in 
length. SchS21 is a secretory, alkaline, Mg-dependent exode-
oxyribonuclease, while SchS34 is a secretory protein of un-
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ed were common antigens for multiple atopic individuals 
and unique to the fungi concerned  [2–6] . Such proteins 
produced by indoor molds that are antigenic in humans 
may be relevant to human respiratory illness.

  Spores as well as spore and hyphal fragments  [7, 8]  
contain many proteins that are common to many fungi 
 [9] . Atopic individuals typically react to more than one 
fungus and thus produce antibodies to many of these 
common proteins  [2, 4, 10] . In this context, there have 
been a number of reports of proteins from  Stachybotrys 
chartarum   sensu lato  to which antibodies in sera from 
atopic patients bind. The list includes 65-, 52-, 50- and 
48-kDa proteins; assays with the latter 2 proteins re-
vealed antibodies that were present in  1 80% of sera 
screened  [11–13] . Subsequent analyses demonstrated that 
the 48-kDa protein is homologous to many fungal cellu-
lases. Proteins of 34 and 21 kDa were also discovered us-
ing the screening process described above. Among the 
multiple fungi examined, these two proteins were pres-
ent only in  S. chartarum sensu   lato   [5, 6] , both occur in 
cell filtrates and are glycosylated at an approximately 
15% weight ratio  [5] . SchS34 was shown by immunogold 
staining to be mainly present on the surface of spores and 
spore/hyphal fragments  [14] . A partial sequence of the 
21-kDa protein based on Edman degradation and tan-
dem mass spectra indicated that the protein is related to 
an extracellular DNase from  Nectria haemolytica . Partial 
sequences of the 34-kDa protein were similar to a hypo-
thetical protein of unknown function from  Gibberella 
zeae   [5] . Antibodies to these proteins have been success-
fully used for the development of immunological meth-
ods for detecting  S. chartarum  in environmental samples 
 [6] .

  In this paper, we report the use of inverse PCR and RT-
PCR to obtain the cDNA sequences encoding SchS21 and 
SchS34. Both proteins were expressed in  Escherichia coli  
and were indistinguishable from SchS21 and SchS34 pro-
teins isolated from  S. chartarum  based on Western blot 
analyses. Additionally, information is reported on the en-
zymatic activity of SchS21.

  Materials and Methods 

 Sequence Determination and Protein Expression 
 The strategy for DNA sequence determinations of SchS21 and 

SchS34 involved three PCR steps. The first step used degenerate 
primers, designed from partial protein sequences, to amplify and 
obtain DNA sequences of internal portions of each gene. In the 
second step, inverse PCR was done with self-ligated genomic 
DNA fragments as the template and using primers designed from 

the internal DNA sequences obtained in step 1. From step 2, ge-
nomic DNA sequences were obtained for both genes. In the last 
step, reverse transcription of mRNA was followed by PCR (RT-
PCR) to obtain cDNAs of both genes.

  Degenerate Primer Design and PCR
    Partial sequences of SchS21 and SchS34 were obtained by tan-

dem mass spectrometry with an in-gel digestion using a Z-spray 
Q-TOF Mass (Micromass) in positive ion mode (BMSL, Univer-
sity of Western Ontario) and by Edman degradation (Sick Kids 
Hospital, University of Toronto)  [5] . Degenerate primers were de-
signed from these peptide sequences and using conserved cDNA 
sequences of proteins that aligned to the mass-based sequences 
( tables 1 ,  2 ). The details of the primers used are given in  table 3 . 
Touch-down PCR was used  [15]  to reduce non-specific reactions 
by decreasing annealing temperatures from 63 to 58   °   C in the first 
10 PCR cycles, followed by 30 cycles with an annealing tempera-
ture of 58   °   C. Functional degenerate primer combinations used in 
these touch-down PCRs were S21-N-F/-M-R and S21-N-F/-C-R 
for amplifications within the SchS21 gene and SchS34-a-F/-e-R 
for amplification within the SchS34 gene. The PCR template used 
was 100 ng of genomic DNA extracted using the UltraClean TM  
Microbial DNA Isolation Kit (MO BIO Laboratories, Inc.) from  S. 
chartarum  DAOM 235557 mycelium stored at –80   °   C. The trans-
lated partial protein sequences from PCR fragments were then 
compared with the available partial peptide sequences from tan-
dem mass spectra, Edman degradation and aligned proteins for 
confirmation.

  Inverse PCR 
  S .  chartarum  genomic DNA was digested separately with the 

endonucleases  Pst I,  Bam HI or  Eco RI (Invitrogen) for 1 h at 37   °   C. 
The digested samples were purified with a Qiaprep spin miniprep 
kit (Qiagen) to eliminate the restriction enzyme, and DNA con-
centration was determined using a Nanodrop instrument (Ther-
mo Scientific). The digested genomic DNA was diluted to 2 ng/ � l 
and ligated with T4 DNA ligase at room temperature overnight 
for self-ligation. After heating at 65   °   C for 10 min to denature the 
ligase, the self-ligated DNA sample was used as the template for 
inverse PCR. Touchdown PCR was again applied as described 
above for inverse PCR. The primers used for inverse PCR ampli-
fications were SchS21-In-F/-In-R and SchS34-In-nR1/-In-nF1 for 
SchS21 and SchS34 genes, respectively ( table 3 ).

  RT-PCR 
 Total RNA was purified from –80   °   C frozen  S. chartarum  my-

celium using the TRI �  reagent (Sigma). Purified RNA (200 ng) 
was used for first-strand cDNA synthesis using 2.5  �  M  poly-T 
primer ( table 1 ), 2 m M  DTT (Sigma), 2.5 m M  dNTP mix and 1  � l 
MMLV reverse transcriptase (New England Biolabs) at 42   °   C for 
90 min. The primer pairs SchS21-N-F/-C-R and SchS34-N-F/-C-R 
( table 3 ) were used to amplify the cDNA regions that correspond-
ed to the entire, mature SchS21 and SchS34 proteins, respectively, 
with the above first-strand cDNA synthetic product used as tem-
plate. The RT-PCR conditions incorporated an annealing tem-
perature of 58   °   C and 45 cycles.

  DNA Cloning 
  Taq  polymerase (Bioshop) was used in all PCR and amplicons 

were purified after electrophoresis in 1.5% agarose gels using a 
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Table 1. S chS21 peptide fragment sequences from MS data and Edman degradation with BLAST results

Peptide fragment B LAST analyses

number sequence mass, Da prim ary hit bit score E value

1 TYFDVSA(L/I)VN
PTDHDNVK

678.30 (3+) DNase1 CAB63906
(M. anisopliae)

49 5!10–5

2 VTFWT(L/I)DNVDR 762.38 (2+) DNase1 CAB63906
(M. anisopliae)

28.6 73

3 ASVTFWTLDNVDRTLV N-terminal DNase1 CAB63906
(M. anisopliae)

35.8 0.49

Table 2. S chS34 peptide fragment sequences from MS data and Edman degradation

Peptide fragment B LAST analyses

number sequence mass, Da primar y hit bit score E value

1 (L/I)DAGPGTTGVR 522.28 (2+) hypothetical protein CBF82099
(Aspergillus nidulans FGSC A4)

24.0 138

*2 YPASSTSK 687.86 (2+) hypothetical protein ABY87952.1
(S. elegans)

21.0 1,147

3 SDVVSTAR 586.96 (2+) hypothetical protein ABY87952.1
(S. elegans)

24.0 147

4 (L/I)FYQDGTAEE(L/I)R 721.3 (2+) hypothetical protein ABY87952.1
(S. elegans)

31.6 0.92

5 GFHLVVDVTDPSAD Int N-term hypothetical protein ABY87952.1
(S. elegans)

32.5 0.51

Table 3. P rimer names, sequences and purpose in this study

Primer name Sequences Purposes

S21-N-F GTCACCTTCTGGACCCTCGATAAYGTNGAYCGCACC fragment sequence
S21-M-R GTCNGTGGGRTTGACGATGGCNGAGACRTCGAAGTANG fragment sequence
S21-C-R CGTCRGGSAGSYAGTAGSMGTTGTYGCARGGG fragment sequence
SchS21-In-F GTCCAATTCGGCGGCTGGAACG inverse PCR
SchS21-In-R GGGATAGGCATACCAGTTGCCTACC inverse PCR
Schs34-a-F CAACGSATCTTCTAYCAGAACGGMACMGCNGARGAG fragment sequence
SchS34-e-R CKCSGAGACATCCTYRTAGCACTKRGAGTYGGCRGCAAACTYGTG fragment sequence
SchS34-In-nR1 TGGACTGGGCGTAGCGGATC inverse PCR
ScHS34-In-nF1 CCCGAGGATGCTACGCC inverse PCR
PolyT TTTTTTTTTTTTTTTTTTTTTTTTTVN RT-PCR
SchS21-N-F GCCACCATGGCGTCCGTGACCTTCTGGACTCTTG whole cDNA
SchS21-C-R GAAGGTCAAGCCGGTGGATCCGG whole cDNA
SchS34-N-F ACCATGGGCCCCATCGCCTCTCGCCAG whole cDNA
SchS34-C-R AGGGCCGTACTCGCTCCAGTTGAGG whole cDNA
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QIA quick Gel Extraction Kit (Qiagen). PCR fragments were li-
gated to the PCR2.1 TOPO TA cloning vector using the manufac-
turer’s instructions (Invitrogen) and sequenced with M13F and 
M13R universal primers by a CEQ TM  8000 Genetic Analysis Sys-
tem in CAREG, University of Ottawa. RT-PCR products were 
cloned into the pET101 vector (Invitrogen) for further protein 
overexpression in  E. coli  BL21-CodonPlus(DE3)-RIL cells (Strata-
gene).

  Homology Analysis 
 Basic Local Alignment Search Tool (BLAST; National Center 

for Biotechnology Information, http://www.ncbi.nlm.nih.gov) 
searches were carried out for the mass-based sequences of SchS21 
and SchS34 trypsin-digested fragments and from Edman degra-
dation sequences. Protein sequences were acquired from the non-
redundant reference database at SwissProt (Swiss Institute of Bio-
informatics). The alignments of SchS21 and SchS34 with their re-
spective homologous proteins were done by T-COFFEE (http://
tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi)  [16, 17]  
with mature protein sequences (without signal peptide in the
N terminus). Signal peptide analyses were performed using the 
SignalP program (http://www.cbs.dtu.dk/services/SignalP/) with 
proteins homologous to SchS21 and SchS34.

  SchS21 and SchS34 Overexpression, Purification and 
Characterization 
 Expression of SchS21 and SchS34 proteins from the pET101 

vector (Invitrogen) in host strain BL21-CodonPlus(DE3)-RIL was 
induced using 0.2 m M  IPTG and allowed to continue overnight at 
23   °   C. The preparation of inclusion body and the purification of 
expressed proteins were as previously described  [18] . The purified 
expressed SchS21 and SchS34 proteins were then characterized by 
12% SDS-PAGE with SeeBlue �  Plus2 Pre-Stained Standard (Invi-
trogen). Protein bands were visualized with GelCode Blue Stain 
Reagent (Pierce) according to the manufacturer’s instructions. 
The identity of expressed SchS21 and SchS34 proteins was con-
firmed with immunoblots using the previously reported mono-
clonal antibodies 4G10 (specific for SchS21), 12D3 (for SchS34), 
anti-His antibody (Invitrogen) or representative human sera from 
USA patients shown to be IgE/IgG positive by Immunocap  [5, 19] . 
Nonatopic human serum from Sigma (S2145) was used as a nega-
tive control. The corresponding secondary antibodies used were 
anti-mouse IgG (for 4G10, 12D3 and anti-His) and anti-human 
IgE, conjugated with alkaline phosphatase. BSA was loaded be-
side lanes with SchS21 or SchS34 proteins in all immunoblot ex-
periments as the negative control. The secondary antibodies were 
detected by incubating membranes with BCIP/NBT (Sigma) for 
5–10 min as above.

  Enzyme Activity 
 DNase Activity Assays 
 Purification of native SchS21 and SchS34 from  S. chartarum 

sensu stricto  DAOM 235557 was done after Xu et al.  [5] . DNase 
activity of SchS21 was assayed for exodeoxyribonuclease activity 
using the linear  � -DNA and for endodeoxyribonuclease activity 
using circular PCR2.1 plasmid DNA as the substrates  [20] . Both 
 � -DNA and circular plasmid DNA were dissolved in TE buffer (50 
m M  Tris-HCl buffer at pH 7.5 with 1 m M  EDTA). The assays were 
performed separately in 50- � l reaction volumes with 10  � g/ml 
DNA, 0.5  � g/ml protein, 5 m M  calcium chloride and 5 m M  mag-

nesium chloride in 100 m M  glycine-NaOH pH 9 at 37   °   C. After 0, 
1, 2, 4, 6 and 8 h, the samples were electrophoresed in a 1% agarose 
gel and stained using ethidium bromide to qualitatively examine 
for DNA digestion.

  DNase activity was further monitored using the method of 
Choi et al.  [21] . Salmon testes dsDNA (Sigma) was dissolved in TE 
buffer (50 m M  Tris-HCl buffer at pH 7.5 with 1 m M  EDTA) and 
diluted to a 100  � g/ml working solution with Milli-Q water. 
SchS21 enzyme was diluted to 10  � g/ml with Milli-Q water. The 
DNase reaction was performed in 200  � l containing 10  � g/ml 
DNA, 0.5  � g/ml protein, 5 m M  calcium chloride and 5 m M  mag-
nesium chloride in 100 m M  glycine-NaOH pH 9 at 37   °   C. At spec-
ified times, each reaction was brought to room temperature by 
addition of 1.8 ml of 200 !  diluted PicoGreen reagent and fluo-
rescence intensity was measured with a Cary Eclipse Fluorescence 
Spectrophotometer (Varian) in a 3.5-ml quartz cuvette (1 cm path 
length) 5–10 min after the addition of the PicoGreen reagent. The 
excitation and emission wavelengths used were 480 and 520 nm, 
respectively. Control reactions containing no enzyme were used 
as negative controls in all experiments.

  SchS21 DNase activity in relation to 9 different cation solu-
tions was determined after Fraser  [22]  as follows. Separate ion 
solutions (5 m M ) of aluminum chloride (Al 3+ ), cobalt chloride 
(Co 2+ ), ferric chloride (Fe 3+ ), manganous chloride (Mn 2+ ), zinc 
sulphate (Zn 2+ ), cupric sulfate (Cu 2+ ), strontium chloride (Sr 2+ ), 
calcium chloride (Ca 2+ ) and magnesium chloride (Mg 2+ ) were 
each prepared in Milli-Q water. Reaction mixtures contained 10 
 � l salmon testes dsDNA (100  � g/ml), 10  � l of SchS21 enzyme (10 
 � g/ml), 20  � l of a 50 m M  cation solution, 20  � l 100 m M  pH 9 buf-
fer (glycine-NaOH), and the final volume was brought to 200  � l 
using ultrapure water. The reaction time was 4 h at 40   °   C. Optimal 
magnesium ion concentration for SchS21 activity was determined 
using 0.5, 2.5, 5.0, 7.5 and 10 m M  magnesium chloride in addition 
to 10 m M  calcium chloride. Divalent ion effects on SchS21 activ-
ity were determined using different calcium and magnesium 
chloride solutions. Reactions containing either 5 m M  calcium 
chloride, 5 m M  magnesium chloride, both 5 m M  calcium chloride 
and magnesium chloride (+ control) or no ion supplemented
(– control) were incubated for 5 h at 40   °   C.

  Optimal pH was determined across a pH 3–10 range (glycine-
HCl pH 3, K 2 HPO 4 -citric acid pH 4–5, Tris-HCl pH 6–8 and gly-
cine-NaOH pH 9–10), with incubation for 4 h in a shaking water 
bath (Fisher Scientific) at 37   °   C. Optimal temperature was deter-
mined following 6 h incubation at 5   °   C increments between 25–
55   °   C. The SchS21 reaction kinetics were determined by varying 
substrate DNA concentrations from 2, 3, 4, 5 and 6  � g/ml using 
an incubation time of 6.5 h at 37   °   C. All the tests were at least re-
peated in triplicate.

  Results 

 Sequence Determination and Protein Expression 
 Partial Amino Acid Sequences 
 The N-terminal amino acid sequences and internal 

fragment sequences of SchS21 and SchS34 proteins puri-
fied from SDS-PAGE were determined by Edman degra-
dation and by in-gel digestion followed by tandem mass 
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spectra ( tables 1 ,  2 ). SchS21 has the  N -terminal sequence 
of ASVTFWTLDNVDRTLV ( table 1 ; peptide 3) from Ed-
man sequencing. Two additional fragment sequences of 
TYFDVSA(L/I)VNPTDHDNVK ( table 1 ; peptide 1) and 
VTFWT(L/I)DNVDR ( table  1 ; peptide 2) were deter-
mined by tandem mass spectra with in-gel digestion;
the latter peptide 2 fragment corresponds to the Edman 
degradation sequence. BLAST analysis  [23]  of all three 
SchS21 peptide sequences obtained showed highest scores 
with a fungal DNase1 protein from  Metarhizium aniso-
pliae  var.  anisopliae  (CAB63906.1), and peptide 1 showed 
similarities with other fungal extracellular proteins
such as hypothetical protein FG06779.1 from  G. zeae 
 (XP_386955.1). These  M. anisopliae  and  G. zeae  amino 
acid sequences were 88% similar to each other, suggesting 
a shared homology to SchS21 (data not shown).

  Four internal peptide sequences (peptides 1–4;  table 2 ) 
and an internal N-terminal sequence (peptide 5) were ob-
tained from purified SchS34 protein. Of significance, 
peptides 3, 4 and 5 obtained for SchS34 had highest scores 
with ABY87952, a hypothetical protein from  Stachy-
botrys elegans . Peptide 2 is relatively short and its se-
quence showed homology to ABY87952 with a relatively 
high E value. However, taken together, the multiple frag-
ment matches between SchS34 and ABY87952 suggested 
that these proteins were homologous.

  The SchS21 and SchS34 peptide sequences as well as 
the conserved regions of the putative SchS21 and SchS34 
homologs identified by sequence alignment were used in 
the design of the respective degenerate primers for SchS21 
and SchS34 ( table 3 ). After sequencing of the touchdown 
PCR products, approximately 50% of SchS34 and 70% of 
SchS21 continuous sequences were revealed (data not 
shown).

  cDNA Sequence of SchS21 and SchS3 
 Using the above PCR fragment sequences, inverse 

PCR primers were designed ( table 3 ). Inverse PCR was 
done to obtain genomic DNA sequences of the genes en-
coding SchS21 and SchS34. For this, genomic DNA was 
separately digested with the restriction enzymes  Pst I or 
 Bam HI or  Eco RI and the restriction fragments were self-
ligated for use as inverse PCR templates. The largest in-
verse PCR amplicons were then ligated to PCR2.1 and 
sequenced. Based on the sequences from the inverse PCR 
amplicons, the genomic sequences encoding SchS21 and 
SchS34 from  N -terminal first amino acids to the stop co-
don were inferred. RT-PCR was subsequently done with 
 N -terminal forward primers and C-terminal reverse 
primers based on these inverse PCR sequences ( table 3 ; 

SchS21-N-F/-C-R and SchS34-N-F/-C-R). RT-PCR prod-
ucts were sequenced to reveal the cDNA sequences of the 
mature SchS21 and SchS34 proteins (without the extra-
cellular protein signal peptide). Comparisons of the ge-
nomic and cDNA sequences indicate that neither SchS21 
nor SchS34 contain introns (data not shown). Mature 
SchS21 and SchS34 proteins are predicted to comprise 
144 and 221 amino acid residues and to have molecular 
weights of approximately 16 and 24 kDa, respectively. 
These sizes are in accordance with SchS21 and SchS34 
isolated from  S. chartarum  that, with posttranslational 
glycosylation (15% by weight), were determined to be 21 
and 34 kDa by SDS-PAGE, respectively  [5] . The predicted 
amino acid sequences of SchS21 and SchS34 contained all 
fragments characterized from tandem mass spectra and 
Edman degradation ( tables 1 ,  2 ; boxes in  fig. 1 ,  2 ), which 
confirm the correct identities of both cDNAs.  Figures 1  
and  2  show the nucleotide and predicted amino acid se-
quences of SchS21 and SchS34 cDNAs that have been de-
posited in GenBank as GQ258854 and GQ258855.

  The inverse PCR products obtained did not extend 
into the 5 �  untranslated region of either gene. However, 
signal peptide analyses of the homologous proteins to 
SchS21 (DNase1 from  M. anisopliae,  CAB63906) and 
SchS34 (hypothetical proteins FG06779.1 from  G. zeae 
 and ABY87952 from  S. elegans ) suggested the unpro-
cessed forms of these proteins contain an  N -terminal sig-
nal sequence. By inference, both SchS21 and SchS34 may 
contain signal sequences which would be consistent with 
the observations that both SchS21 and SchS34 are local-
ized to the extracellular fraction. In addition, the amino 
acid sequences of SchS21 and SchS34 contained 1 and 4 
putative  N -glycosylation sites, respectively (dashed boxes 
in  fig.  1 ,  2 ). Glycosylation is a co- or posttranslational 
modification that is common to secreted and membrane 
proteins.

  Similar to BLAST analysis of its peptide fragments, 
BLAST analysis of the full-length SchS21 sequence had 
significant similarity values (E values  ! 1  !  10 –27 ) with a 
DNase from  M. anisopliae  and several hypothetical pro-
teins from other filamentous fungi. These included the 
hypothetical protein FG06779.1 from  G. zeae PH-1  
(XP_386955.1, E value 3  !  10 –48 ), DNase1 protein from 
 M. anisopliae  var.  anisopliae  (CAB63906.1, E value 4  !  
10 –47 ), extracellular putative DNase from  Nectria haema-
tococca  (AAD53090.1, E value 1  !  10 –39 ), hypothetical 
protein BC1G_02922 from  Botryotinia fuckeliana  
(XP_001558258.1, E value 2  !  10 –32 ), hypothetical pro-
tein from  Sclerotium sclerotiorum  1980 (XP_001591044.1, 
E value 5  !  10 –31 ) and unnamed protein product from 
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 Podospora anserina  (E value 6  !  10 –27 ). T-COFFEE was 
used to compare the SchS21 sequence with these protein 
homologs ( fig. 3 ). All of these proteins are secretory pro-
teins based on sequence analysis by SignalP. Strong iden-
tity is evident over 136 residues between SchS21 and each 
of these sequences, ranging from 46  (P. anserina)  to 66% 
( M. anisopliae ;   data not shown).

  Similarly, BLAST analysis ( fig. 4 ) showed that the full-
length SchS34 sequence has significant matches with hy-
pothetical proteins from  S. elegans  (ABY87952.1, E value 
5  !  10 –96 ) and  G. zeae  (XP_386306, E value 9  !  10 –60 ). 
As with SchS34, these homologs are predicted to be secre-
tory proteins based on SignalP analyses (data not shown). 
The predicted amino acid sequence of SchS34 shares 74% 
identity over 221 residues with the homolog from  S. ele-
gans  and 49% identity over 211 residues with the  G. zeae  
homolog.

   Expression of SchS21 and SchS34 
    The overexpressed SchS21 and SchS34 proteins were 

localized in inclusion bodies (data not shown) and solu-
bilized with 6  M  guanidine hydrochloride. His-tagged 
SchS21 and SchS34 were purified from  E. coli  by Ni-NTA 
column affinity chromatography and subsequently de-
termined to be 34 and 30 kDa by SDS-PAGE, with yields 
of 0.5 mg/l for both. Western blots verified that these ex-
pressed proteins were detected by the respective SchS34- 
and SchS21-specific antibodies ( fig. 5, 6 ); monoclonal an-
tibody 12D3 and anti-His both bound to the expressed 
form of SchS34 ( fig. 5 b), and monoclonal antibody 4G10 
and anti-His both bound to the expressed form of SchS21 
( fig. 6 b). Also using Western blots, the expressed forms of 
SchS34 and SchS21 protein reacted when representative 
IgE/IgG positive human sera  [5, 19]  were used as the pri-
mary antibody and anti-human IgE was used as the sec-

  Fig. 1.  SchS21 cDNA and deduced amino 
acid sequences. The peptide sequences 
from tandem mass spectra and Edman 
degradation characterization are boxed. 
The putative site(s) of glycolysis is identi-
fied with a dashed box. Translation termi-
nation codon is indicated with a dash. 
  Fig. 2.  SchS34 cDNA and deduced amino 
acid sequences (labeling as for fig. 1). 

  1  

  2  
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  Fig. 3.  Amino acid sequence alignment of 
SchS21 (last line) with the sequences of ho-
mologous proteins belonging to a subfam-
ily of putative fungal extracellular secreted 
DNases. Identical ( * ), highly similar (:) and 
similar (.) amino acids across all sequences 
are indicated below alignment. Gene Bank 
accession numbers of the homologous pro-
teins are shown at left of each sequence and 
are from the following species (top to bot-
tom):  P. anserina ,  S. sclerotiorum ,  B. fuck-
eliana ,  N. haematococca ,  M. anisopliae ,  G. 
zeae , and  Stachybotrys chartarum  (SchS21). 

  Fig. 4.  Amino acid sequence alignment of 
SchS34 (last line) with the sequences of hy-
pothetical homologous proteins. Labeling 
as for figure 3, with proteins from follow-
ing species (top to bottom):    G. zeae ,  S. ele-
gans ,  S. chartarum  (SchS34).         
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  Fig. 5.  Western blot analyses of SchS34 protein over-expressed in    E. coli  cells.  a  Coomassie Brilliant Blue (CBB)-
stained gel of SchS34 overexpressed in DE3-RIL host cells and purified by Ni-NTA.  b  Western blot of purified 
expressed SchS34 with anti-His and 12D3 as the primary antibody and anti-mouse IgG as the secondary anti-
body.  c  Binding to SchS34 protein by IgE from each of 4 atopic individuals human sera labeled across top. Lanes 
labeled ‘Control’ in  b  and  c  were loaded with BSA as a negative control protein. The arrows show the position 
of the expressed SchS34 protein. Values at left in each panel indicate molecular weights in kDa.             

  Fig. 6.  Western blot analyses of SchS21 overexpressed protein in    E. coli  cells.  a  Coomassie Brilliant Blue (CBB)-
stained gel of SchS21 protein overexpressed in DE3-RIL host cells and purified by Ni-NTA.  b  Western blot of 
purified expressed SchS21 with anti-His and 4G10 as the primary antibody and anti-mouse IgG as the second-
ary antibody.  c  Binding to SchS21 by IgE in sera from each of 2 atopic individuals labeled across top. The control 
lanes in  b  and  c  are loaded with BSA as a negative control protein. The arrows show the position of expressed 
SchS21 protein which is inferred to migrate as a dimer based on size. Labeling is as in figure 5.             
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ondary antibody ( fig. 5 c,  6 c). Indicative of their specific-
ity, none of these above-listed antibodies bound to BSA, 
which was used in all Western blot experiments as a neg-
ative control. Likewise, binding artifacts from human se-
rum can be ruled out since primary antibodies from non-
atopic human serum did not bind to either of the ex-
pressed SchS34 or SchS21 proteins based on Western 
blots (data not shown). Overall, the Western blot data 
with monoclonal, anti-His and human sera indicates that 
both SchS34 and SchS21 proteins represent common hu-
man allergens.

  Enzyme Activity 
  SchS21 DNase Characterization 
  After 4 h incubation,  � -DNA largely disappeared when 

incubated with SchS21 protein isolated from  S. charta-
rum  ( fig. 7 a). No low molecular weight fragments were 
observed in the agarose gels, suggesting that SchS21 is an 
exodeoxyribonuclease. This was further confirmed when 
it was observed that little or no degradation of circular 
plasmid DNA occurred after 8 h incubation with SchS21 
( fig. 7 b).

  The greatest DNase activity by SchS21 was obtained 
when both Mg 2+  and Ca 2+  were included in the solution. 
Most of the activity (72%) was retained using only Mg 2+ , 

with an optimal value of 2 m M . DNase activity was not 
observed when SchS21 was assayed in the presence of 
Ca 2+  only ( fig. 8 a). This suggests that SchS21 is a Mg 2+ -
dependent exodeoxyribonuclease. Assays with any one of 
the other metal ions tested, including 5 m M  Cu 2+ , Zn 2+ , 
Sr 2+ , Mn 2+ , Fe 3+ , Co 2+  and Al 3+ , did not result in SchS21 
DNase activity (data not shown).

  Optimal DNase activity for SchS21 was observed at 
 circa pH 9 (ANOVA, Tukey Test, p  !  0.001;  fig. 9 a); pH 3 
to 6 resulted in no detectable activity (data not shown). 
This suggests that SchS21 is an alkaline DNase. Optimal 
DNase activity was at 45   °   C (ANOVA, Tukey Test, p  !  
0.001;  fig. 9 b). However, temperature effects were limited 
in the range of 35–50   °   C; at 35 and 50   °   C activity was circa 
80% of the optimum at 45   °   C. The K M  of Sch21 was 3.29 
 � g/ml, with a V MAX  of 0.17  � g/ml/min at pH 9 and 37   °   C 
( fig. 9 c).

  Discussion 

  S. chartarum sensu latto  readily grows on water-absor-
bent building materials such as paper faced-gypsum 
board and has been associated with various respiratory 
and non-respiratory problems  [24] . There is currently ad-

0 h 0.5 h 1 h 1.5 h 2 h 4 h 0 h 1 h 2 h 4 h 6 h 8 h
a b

0

20

40

60

80

100

R
e

a
c

te
d

su
b

st
ra

te
(%

)

+ Control – Control Ca Mg

Metal ions (5 m )Ma

–15

0

30

45

60

R
e

a
c

te
d

su
b

st
ra

te
(%

)

0

Mg concentration (m )++ Mb

2 4 6 8 10

15

  Fig. 7.  Effects of native SchS21 protein on 
linear  � -DNA and circular plasmid DNA. 
     a  Time course of digestion of  � -DNA by 
SchS21 protein. Lane 1,  � -DNA alone; 
lanes 2 to 6, digestion with SchS21 protein 
for 30 min, 1, 1.5, 2 and 4 h, respectively.
 b  Time course of digestion of circular plas-
mid DNA by SchS21 protein. Lane 1, circu-
lar plasmid DNA alone; lanes 2 to 6, diges-
tion of circular plasmid DNA with SchS21 
protein for 1, 2, 4, 6 and 8 h, respectively 
(see Materials and Methods). The arrows 
indicate open circle (top) and supercoiled 
(bottom) plasmid DNA.                   
  Fig. 8.  SchS21 DNase activity dependence 
on divalent ions.        a  Positive control con-
tained 5 m M  Mg 2+  and 5 m M  Ca 2+ , negative 
control solution lacked divalent ions, Ca 
assays contained 5 m M  Ca and Mg assay 
contained 5 m M  Mg 2+ .      b  Optimal Mg 2+  
concentration for DNase activity by native 
SchS21 protein.                   
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equate evidence to demonstrate that removing mold-
damaged building materials from buildings improves oc-
cupant health  [25] .

  Two proteins, SchS21 and SchS34, both human IgG/
IgE-binding antigens from  S. chartarum sensu latto ,   were 
fully characterized in this study. Both proteins are en-
coded by genes that lack introns and are predicted to en-
code peptides of 144 (SchS21) and 221 (SchS34) amino 
acids. The 21-kDa SchS21 has a pI of 3.9, and SchS34 has 
a pI of 4.2. Both proteins are secreted from the fungus and 
inferred to be glycosylated. There was no appreciable 
cross-reactivity of monoclonal antibodies raised against 
SchS21 and SchS34, and these antigens were not detected 
in the spores or mycelium from diverse fungi aside from 
 S. chartarum   [5] . These monoclonal antibodies have been 
used to measure the presence of these proteins in house 
dust and have a detection limit comparable to those for 
house dust mite allergens and the  Aspergillus fumigatus 
 allergen, Asp f1  [6] . SchS21 and SchS34 both occur pri-
marily in the culture filtrate and are therefore likely se-
cretory proteins, which is consistent with the SignalP 
characteristics of their respective homologs. The amino 
acid sequences of SchS21 and SchS34 contained 1 and 4 
putative  N -glycosylation sites, respectively. This is consis-
tent with a previous report that both SchS21 and SchS34 
comprised circa 15% carbohydrate  [5] . As suggested from 
the more limited sequences reported by Xu et al.  [5] , ho-
mology with CAB63906 from  M. anisopliae  suggested 
that SchS21 was a possible DNase. Further enzymological 
characterization from the present study showed that 
SchS21 is an extracellular Mg-dependent alkaline exode-

oxyribonuclease with an optimal temperature of 45   °   C, 
optimal pH 9.0 and  K  M  value of 3.29  � g/ml.

  DNase is an enzyme that catalyzes the hydrolytic 
cleavage of phosphodiester linkages in the DNA back-
bone. These enzymes can be divided into 2 classes: endo-
nucleases   that hydrolyse the deoxyribose phosphodiester 
backbone within the DNA strand and exonucleases   that 
hydrolyze the phosphodiester bonds at the DNA ends  [26, 
27] . Differing in their substrate specificities, chemical 
mechanisms and biological functions, a wide variety of 
DNases are known  [26, 28, 29] . An extracellular DNase 
(AAD53090.1) from  N. haematococca  was homologous 
and has similar properties to SchS21, such as a molecular 
weight of 20 kDa, isoelectric point of 4.2 and optimal 
temperature of 45   °   C  [5, 20] . However, maximal activity 
for SchS21 was pH 9.0 and SchS21 did not show appre-
ciable DNase activity in the acidic pH range, while the 
DNase from  N. haematococca  has a pH optimum of 
around 5.0–6.0. DNase activity from  N.   haematococca  in 
solutions containing various divalent cations was highest 
in Mn 2+  followed by Ca 2+   1  Co 2+   1  Mg 2+  with a maximal 
concentration of around 10 m M   [20] . In contrast, SchS21 
DNase showed a specific Mg 2+  dependency with maxi-
mum activity at a concentration of 2 m M . Other metal 
ions, including Ca 2+ , Cu 2+ , Zn 2+ , Sr 2+ , Mn 2+ , Fe 3+ , Co 2+  
and Al 3+  resulted in limited or no DNase activity. Inter-
estingly, the combination of Ca 2+  and Mg 2+  in the reac-
tion mix resulted in a higher SchS21 DNase activity than 
when only Mg 2+  was present. This suggests Ca 2+  may sta-
bilize a favorable active conformation of SchS21.
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  DNases comprise an essential family of proteins that 
maintain genomic stability and are involved in processes 
that include DNA repair, replication and recombination 
 [26, 27] . Some acidic DNases are also involved in other 
important cell cycle functions such as apoptosis, during 
which genomic DNA is degraded to oligonucleosomes 
 [30] . DNases from the extracellular fraction of filamen-
tous fungi also function in autolysis when fungal cells 
reach maximal dry weight  [31] . Other functions of DN-
ases of filamentous fungi, including that of  N. haemato-
cocca,  may also result in the stimulation of pathogenesis-
related genes and phytoalexin accumulation in plants  [20, 
29, 32] . The DNase from  N. haematococca  shares 58% 
identity with SchS21. Given that  S. chartarum  is a sapro-
phyte, it is more likely that the physiological function of 
SchS21 in  S. chartarum  is to degrade environmental 
DNA, and thus mobilize nitrogen for uptake.

  At present, we cannot suggest a function for SchS34 
despite having a complete mature protein sequence. In 
addition to being readily isolated from cell filtrates, this 
protein is localized on the surface of conidia and hyphae 
of  S. chartarum  based on immunogold staining  [14] , so its 
function is evidentially extracellular in nature. SchS34 
shares 74% identity over 221 amino acids with the hypo-
thetical protein ABY87952 from  S. elegans , not including 
the putative signal peptide regions. ABY87952 was identi-
fied as an upregulated gene of unknown function from a 
screen for mycoparasite-related transcripts that are in-
duced when  S. elegans  interacts with  Rhizoctonia solani 
  [33] .

  The prevalence of human response to Schs21 and 
SchS34 proteins is not known. Most work on fungal al-

lergens has been conducted on fungi for which there is 
near universal exposure, such as to  Alternaria alternata , 
 A. fumigatus , and  Cladosporium herbarum . Among other 
implications, study of these common allergenic fungi is 
associated with inherently large numbers of patients with 
reactive sera. For example, just over 50% of the pre-
screened patients were shown to react to a 54-kDa anti-
gen from the indoor clade of  Penicillium chrysogenum   [4] , 
10% of sera originally tested were positive to the relevant 
34-kDa protein from  S. chartarum   [5] , and for  A. versi-
color , the comparable value was 20% of all prescreened 
sera tested positive  [2] .

  The expressed forms of proteins SchS21 and SchS34 
both reacted with representative human sera from pa-
tients who had a IgE/IgG positive response for  S. charta-
rum, Aspergillus  spp.  or Penicillium  spp. ( fig.  5 c,  6 c). 
These particular sera were also demonstrated to react 
with native Schs21 and SchS34 protein from culture fil-
trate, indicating that a common epitope(s) occurs in ex-
pressed and natural SchS21 and SchS34, despite the ab-
sence of posttranslational modifications in the expressed 
proteins. Therefore, these expressed proteins can be used 
in future research for T cell/B cell epitope mapping, and 
have potential applications in the development of new di-
agnostics.
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