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SUMMARY

Two chitinase(CTS)-encoding genes (cts) from Coccidioides immitis (Ci), a respiratory fungal pathogen of humans,
were cloned and sequenced. Both the genomic and cDNA sequences are presented. The transcription start points and
poly(A)-addition sites were confirmed. The ctsI gene contains five introns and a 1281-bp ORF which translates a
427-amino-acid (aa) protein of 47.4 kDa. The crs2 gene contains two introns and a 2580-bp ORF which translates a
860-aa protein of 91.4 kDa. The deduced CTS1 protein showed highest homology to the Aphanocladium album and
Trichoderma harzianum CTS (74% and 76%, respectively), while CTS2 showed highest homology to the CTS of
Saccharomyces cerevisiae (Sc) and Candida albicans (47% and 51%, respectively). The putative N-terminal sequence of
the mature CTS1 protein also showed 89% homology to the reported N-terminal sequence of a 48-kDa complement
fixation antigen (CF-Ag) of Ci which has demonstrated chitinase activity. The CF-Ag is a clinically important antigen
used in serodiagnosis of this fungal disease. CTS2 showed several of the conserved features of the Sc¢ CTS, including
putative catalytic and Ser/Thr-rich domains, and a C-terminal Cys-rich region. We propose that CTS1 and CTS2 of Ci
are members of two distinct classes of fungal chitinases, an observation not previously reported for a single fungus.

in differentiation of a multitude o uninucleate endo-
spores (approx. 2 pm diameter), still contained within the

INTRODUCTION

Coccidioides immitis (Ci) grows as a saprobe in alkaline
soil of the desert Southwest (Paggagianis, 1988). If air-
borne, infectious propagules (arthroconidia) of the sapro-
bic phase are inhaled by a susceptible host, the fungal
cells typically convert into large, multinucleate spherules
(> 20pm diameter). The parasitic phase cells subse-
quently undergo a process of segmentation which results
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maternal spherule. The spherule wall eventually ruptures
and the pathogen disseminates in the host by hematoge-
nous and lymphatic spread of the endospores (Cole and
Sun, 19835). Chitin is a major structural component of Ci
parasitic cell walls (Hector and Pappagianis, 1982). A
48-kDa protein with CTS activity has been isolated from
the culture filtrate of the parasitic phase of Ci and

kb, kilobage(s) or 1000 bp; NCBI, National Center for Biotech-
nology Information; nt, nucleotide(s); oligo. oligodeoxyribonucleo-
tide; ORF, open reading frame; PCR, polymerase chain reaction; R,
Rhizopus niveus, Ro, Rhizopus oligosporus; RT-PCR, reverse transcrip-
tion-polymerase chain reaction; Sc, Saccharomyces cerevisiae; Sm,
Serratia marcescens, Th, Trichoderma harzianum; T,,, melting temper-
ature; 1sp, transcription start point(s); UTR, untranslated region(s) X,
any aa.
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suggested to play a role in chitin remodeling and endo-
spore release (Johnson and Pappagianis, 1992). The
N-terminal sequence of this CTS has been determined
and shown to be identical to that cf the serodiagnostic
CF-Ag (Johnson et al, 1993). In addition, alignment of
the N-terminal sequence of this initially described Ci chi-
tinase (CTS1) with sequences of reported CTS has sug-
gested that the hydrolase is a member of a class of fungal
enzymes with homology to bacterial CTS (Blaiseau and
Lafay, 1992; Hayes et al., 1994). A second distinct class
of fungal CTS has been described, represented by Sc
(Kuranda and Robbins, 1991) and Ca (McCreath et al.,
1995), which shows protein sequence homology to certain
plant CTS (e.g., Cucumis sativis; Lawton et al., 1994). The
aims of this study were to isolate and characterize the
cts] gene which encodes the CF-Ag (CTS 1), and probe
the genomic library of Ci for presence of a second cts
gene (cts2) with homology to the plant-like class of chitin
hydrolases.

EXPERIMENTAL AND DISCUSSION

(a) Cloning and nt sequence analysis of cts7 and cts2
Degenerate sense and antisense oligo PCR primers
were designed on the basis of the reported N-terminal
sequence of the Ci CTS/CF-Ag (MPNYYPYV; Johnson
et al, 1993), and a consensus sequence (DIDWEYP)
derived from alignment of Bc CTSA1 (GenBank acces-
sion no. S46770), Sm CTSB (X15208), and Aa CHI1
(M57601). The PCR of Ci genomic DNA (strain C634)
yielded a prominent band of 515 bp, visible in the agarose

gel. The sequenced PCR product translated into a 151-aa
ORF and a 62-bp intron in the 5 region (Fig. 1A). A
73-bp intron at the 3’ end of the genomic sequence was
looped out of the PCR product as a result of hybridiza-
tion between the antisense primer and template DNA.
After alignment of the translated sequence of the PCR
product with the Aa CHII, the ORF showed 54.7% iden-
tity. We concluded that the PCR product was a fragment
of the Ci ctsI gene.

The PCR product was random hexamer primer-labeled
(Pan and Cole, 1992) and used to screen a Ci genomic
library. A positive clone was isolated and digested with
EcoRI+ BamHI to yield DNA fragments in the range
0.8-5.0kb. A 2.4-kb fragment which hybridized with the
labeled PCR product in a Southern blot (Pan and Cole,
1992) was isolated, subcloned into pBluescript II KS, and
subjected to sequence analysis. The nt sequence shown in
Fig. 1A includes the 515-bp PCR product. A cDNA clone
corresponding to the entire predicted coding region of the
gene was obtained by RT-PCR as described (Pan et al.,
1995). The cDNA was entirely sequenced and confirmed
that the genomic DNA contained five introns ranging in
size from 59 bp to 73 bp. Each intron contained conserved
5 GT, 3’ AG, and lariat sequences characteristic of fungal
introns (Ballance, 1986). The cDNA also confirmed the
location of the stop codon and identified the site for addi-
tion of the poly(A) tail. The primer extension assay (Pan
et al., 1995) resolved the position of the terminal Met and
putative tsp. The latter corresponds to nt — 100 from the
AUG start codon (Fig. 1A). The tsp is located 50 nt down-
stream from a transcriptional promoter consensus
sequence, TATATTA, in the 5" UTR.

Fig. 1. The nt sequence of the Ci cts! and deduced aa sequence. A: CTS1. The solid line below the nt sequence indicates the 515-bp PCR product
used to screen the genomic library. The dotted line near the 3' end of the nt sequence of the PCR product indicates a DNA loop-out siie which
resulted from hybridization between the antisense primer and template genomic DNA. The double lines and parentheses indicate the conserved 5'/3
and lariat sequences of the introns, respectively. A conserved block of aa (164-DGXDXDXE-171) reported to occur in other CTS are indicated by
boldface. The up d arrow indi the predicted ct ge site of the signal peptide. The square brackets locate a ial N-glycosylation site.
The open circle above nt — 100 indicates the putative tsp, the solid circle above nt 1871 locates the poly(A) tail addition sit2, and the asterisk identifies
the stop codon. The putative transcrip 1 promoter (Tata box) is boxed. Methods: The genomic library of Ci t:t1ain C735) was constructed
in AFIXII (Stratagene, La Jolla, CA, USA) as previously described (Wyckoff et al.. 1995). The nt of the d sense and
oligo PCR primers were as follows: 5-ATGCCMAAYTAYTAYCCHG {48-fold degeneracy) and GGRTAYTCCCAMTCDATRTC-3 (64-fold degener-
acy)(D,AorGorT:H.AorCorT: M,Aor C:R, A or G. ¥, C or T). The T, ranges for the two degenerate primers were 50-60°C and 54-64°C,
respectively. Isolation of DNA, Southein hybridization, and DNA seq g were performed as described (Pan et al., 1995). Sequence analysis was
performed using the program DNA Strider {Marck, 1988). Isolation of total RNA for RT-PCR was performed by the method previously reported
(Wyckoff et al.. 1995). The signal peptide cleavage site was predicted using the method of von Heijne (1986). B: CTS2. The solid line below the nt
sequence indicates the 664-bp PCR product used to screen the genomic library. The dotted line near the 5 end of the nt sequcnce of the PCR product
indicates a loop out which occurred by hybridization as described in A, except that in this case it involved the sense primer and template genomic
DNA. The conserved sequences of the introns are indicated by double lines and parentheses as explained in A. Conserved blocks of aa in the
N-terminal region (34-YWGQ-37; 188-LLSLG-122; 168-DGXDXDXE-175) reported to occur in other CTS are indicated by boldface. The upward
arrow indicates the predicted signal pep ge site. The square brackets locate potential N-glycosylation sites. The dashed line below the aa
sequence indicates the conserved Ser/Thr-rich domain. Seven conserved Cys residues in the C-terminal region are indicated in boldface enlarged type.
The open clrcle above nt — 123 indicatcs the putative tsp, and the solid circle above nt —2807 locates the poly(A) tail addition site. The putative
transcripti q (Tata box) is boxed, and the stop coden is indicated by an asterisk. Methods: Same as described in A. The nt
3 of lhc d sense and oligo PCR primers were as follows: 5-GTNTAYTGGGGNCARAAY (128-fold degeneracy; T,,=
58-68°C), and CTGCAGTARTTRTTRTARAAYTG (32-fold degeneracy; T,,=56-66C) (N, A or C or G or T, and see A).

)




175

ofEAEACTX

t ttcatt

AGGAGA A (0, AGATA X X
SGEVYLSDTHADTDKHYPGDKWDEPGNN\IYGCIKQHYLLK

KNNRNLKTLLSIGGWTYSPNFKTPASTEEGRKKFADTSLK

mmmmmmmmmf :asgertggggtttctceceatcttaaaggaatgerattaattettggggtegattt(ctaac) tigagagrag
LMKDLGFDGIDIDWE sesssvcccarensseasond

ACCCX TCAAAGC A gtatga agtatag
¥ PEDEIEXKQANDTFVLLULEKACRE
GCACTOGACGCGTACTCCGCARARCALCCC TCTTGCTCACTATTGCTTCACCGGCAG gtaagt: )
AL DAY SAKHPNGE KT KT FLLTTIH ASTP
catgctatag GICCCCAGAATTACARCAAGCTGAAA! -CTTGACTT ACCTCATCGCTTACGACTTCAGCGGCAGCTGGGACAARGTGTCTGGCCA
GPQNYNKLKLAEHDKYLDFWNLHAYDFSGSWDKVSGH
CATGTCCAACGTTTTCCOTTCGACARCAAR GO 7 AGTGACAAGGCCGTCARGGACTACATCAARGS "CCAGCC GTOCTS
MSNVFPSTT}\FESTPFSSDKAVKDYIKAGVPANKIVLGHP
ACTCTATGGGOGRGCATTTGCCTCGACCGATGGGATCGGCACTAGC T TCAACGG TG T TEGCGGAGGTTCTTGGGAGARCGE TGTCTGGGACTACAAAGACATGCCGCAGCARGGCGCTCA
LYGSRAFASTDGTIGTS ST FNGVGGGSWENGVYVWDYZXDMPOQQGATC9Q
GGTTACCGAAC "GCTGOGTC TATGACAAGAACAAACGCTACCTGATCAGC GORGC *CGAGTACATTAL
VTELEDTIAASYSYDE KNIE KR RYLTISYDTVZ XTIASaAGEKTE KA AIETYTITE KNG
A AGCAGCGACAAGAS e 2C gtaagtgcttt ga
M G G G MWWESSSDIXKTGIN E SIJLV G T
ccaacgag GTCGTCAAC “CGGCAAACTTGAGCAGCGCGAGARCGAGCTCAGCTATCCOGAGTCGGTC *CTC: tttgg
VVNGLGGTGI KULEOQRENETLSTYZPESVYDHN L XK NGHM P s %
act g t
ot Tgtet ctet tt :ataa:g
o
tttcc gcatt
-11
t ATGGGGCCAACT! TGCAGC GCTGTGTCCTCTC “CAGTCACTOGCTCTCAATCCCTAC
M G P TNI L A AFI AV SSLPFIQSTLA N P Y

A K 5 N L A T T T I Y
X o\ ACCALX A o VAEH L) & AATCTC IO COGACCARGECCCCGOCGGA C GGG A AR T T T G A AR AR T GCCCGATI G

CCATTAGCGARACTTTTCA mmcmAmmmmmmmmmm
PLAKLFIGLPASKSAAAKEDYLTPGEATKIVST\'HAKYPAEC
ACTTTTGGTGGTATGATCCTCTGGGAAGCARCTGCATCGCGAGAACAATAAGC TTGGOGGACTTCCA'

T FGGMMVWEU BATASENNIEKLGGLZPYADIMEKEVLLRCOCDTZPDTZPZP?PT
AGTACTGTTACARGTACCACATCTGCCTCGACTTCAACCCAGACTTCATCTCAAAGCACTACTA “CARGACTTTGTCGGCTTCTACGACCCOGAGCAGTCCGAGTACTGTGTCG
S TVTSTTSASTSTQTSSQSTTMETI KTLSASTTPSSPSTVS
CCARGTTCARCAATGCAGACAACCTCTACTGGTTCAACTTCCAT TGTCACAAC CARGAGCCACCATCAACAACAATCTCCACAAGGTCAGCTTCCACTGAGCCTGTA
PSSTMOQTTSTGSTSTIETUYVTTRSOQEZPPSTTTISTRSASTETZPUV
ACAACGAGAAGTCAAGAGCCACCATCAACCACAATCTCCACAAGGTCAGCTTCCACTGAGACTGTGACGAL AAGAGCCACCATCAACCACAATCTCCACATGGTOGGCCTCC
T TR SQEUPZPSTTI1ISTRSASTETVTTRSQEZPZPSTT®TTISTWSAS
ACTGARACTAGTACAAGCAGCCAGGATTICACCATCCACGACAATTTCGACGARSTCTCCGCCCACTGGCACTGTCACARL \TTTACCCTCARCGACCATCTCTACGAGA
T ETSTS S QDSPSTTZISTUEKSAPTGTVTTRSOQDLPSTTTISTTEP
TCICCTGAGACTGAAACTGAGACTGCAACAAL. ACCGTCAATTACTCTCTCTACAAGGTCTTCCTCCGCTGAGACTGTATCAAC AGCATTCATCGTCT
S PETETETATTZE XSQ®®SPSITLSTRSSSAETYSTRSQEHSSS
ACARCAATTTCAACGAAGTCTGCACCAACTGAGACTGGTACGACAAGTGAACATTCAACATCAATGCCTOTO TCTACGAGATCGOCTTCCACOCAGAL CAGAAT
T T I STKSAPTETGTTSEHSTSMPVSTRSASTETVITRS SO QN
TCAGATTCTCAATCAATGACAGTCTCTACARGATCGCCTTCCACC ACAAC AAGGTTCGCCATCAGAGACATTTTCAACCAAGTCTGTTCC "CATX
S DS QSMTVSTRSPSTESITTRSQGSPSETTFSTZE KRSV PVDTTI
TCAACTGAATTGCCTTCTCAAACGCCAACAACGATTATAACGGGAACACCTTCTGATCC TG TATCAGCCCOGACCACCACGGTTOCTCCCAATOCTACOCTGACGUTCGOCCCATCTTCC
S TELPSGQTPTTITITGTZPSDZPVSAPTTTOTVPPINP TILTLATFS S
TSUACARCAGARGACCGCACCACAATCACTACTATAATCACCACATCCTACGTCACTGTC TETCCCACTGGC T TTACCACGGTCACARTAACATACACCACCACCTACTGOCOGGAGACC
S TTEDRTTITTIITT SYVTVEPTGEFTTVTITYTTTYGPET

GCTTCGCTCACGCCARCTCAGCCCCCTATTCCGGGAGC TCCAGCCCCTCCACCAGATGGCTGRACAAL AATTG TCACCG TG TGCCCCCAGTGOGCOCCARCGUCARCT
ASL'I‘PTQPPIPGAPAPPPDGWTTIVTVC;'QCAPTPTTITL
\TCCAATTAAGAACGTGARAGCCT!
T VPT.RSAFLPARTETRPVYVTVVPYVPENTPIZKNVEPSESGTDTF
\TACRACAACCOGGTGGATTCCGATGTGARA'
VTVTTAAPATVTKTLEYNNPVDSDVNVQPTGGSSPVEFEG

"ARGAAGTATGGA’
SAMTVRSHDVVAKALITAGALCWDCSWGYNLLIC*

areet ACAT




176

The cts2 gene was cloned using the same strategy as
described above. Degenerate primers were designed on
the basis of aa consensus sequences derived from align-
ment of Sc CTS!1 (M74070), Ro CHI1 and 2 (D10157
and D10158, respectively) and Rn CTS (D10154).
The consensus sequences used were VYWGQN and
QFYNNYCS. In this case, the PCR product was approx.
660 bp which, after sequence analysis, translated into a
203-aa ORF and included a 55-bp intron (Fig. 1B). As
in ctsl, the PCR product of cts2 excluded a 61-bp intron
as a result of hybridization between the sense primer and
genomic template DNA. The translated sequence showed
35.3% identity to the aa sequence of the Sc CTS. The
ORF of the PCR product included a conserved aa
sequence (DGFDFDIE), which was identical to part of
the putative catalytic domain of the Sc CTS (Kuranda
and Robbins, 1991). We concluded that the PCR product
is a fragment of the Ci cts2 gene. As above, the PCR
product was used as a probe to isolate the full length cts2
gene. A clone was isolated and digested with
EcoRl+ BamHI to yield fragments in the range of
1.5-5kb. A 2.8-kb fragment which hybridized with the
labeled PCR product in a Southern blot was subcloned
and sequenced (Fig. 1B). The cDNA clone obtained by
RT-PCR was entirely sequenced and proved to be iden-
tical to the genomic sequence except that the latter
included two introns of 61 and 55 bp. The introns demon-
strated the same conserved sequences as described for
ctsl. The location of the stop codon, site of the poly(A)
tail addition, position of the terminal Met, and putative
tsp (nt — 123 from the AUG start codon; Fig. 1B) were
confirmed. The ¢tsp was located 51 nt downstream from
a transcription promoter consensus sequence, TATAGA,
in the 5 UTR.

(b) Analysis of the deduced aa sequences of CTS1 and
CTS?

The cts] ¢cDNA contained a single ORF encoding a
predicted 427-aa protein of 47397 Da and pl of 5.80. A
single potential N-glycosylation site (N-X-S/T) was iden-
tified (Fig. 1A). Comparison of the Ci aa sequence with
proteins in the GenBank database revealed highest sim-
ilarity among certain fungal and bacterial CTS, including
Aa (Blaiseau and Lafay, 1992), Th (Hayes et al.,, 1994),
and Bc (Watanabe et al, 1990). Percent similarities
(based on conservative aa substitutions) and percent
identities between Ci and Aa are 744% and 49.9%,
respectively; for Ci and Th are 75.5% and 49.1%; and
for Ci and Bc are 48.9% and 28.6%. A conserved block
of aa was identified that contained invariant Asp and Glu
residues (Fig. 1A) implicated in the catalytic mechanism
of fungal and bacterial CTS (Watanabe et al, 1990,
McCreath et al., 1995). The ORF of the Ci protein also

contained a 35-aa sequence in the N-terminus region
(aa 18-52; Fig. 1A) which - 1owed 8,.7% identity to
the N-terminal sequence of the Ci (strain Silveira)
CTS/CF-Ag reported by Johnson et al. (1993). The pre-
dicted cleavage site of the Ci protein in Fig. 1A based on
the Von Heijne (1986) rule was between residues 17 and
18, which corresponded to the N-terminus of the CF-Ag.
The minor differences between the two aa sequences may
reflect Ci strain variation (ie., strain C735 vs. strain
Silveira). Results of these sequence comparisons support
our conclusion that cts! encodes the serodiagnostic
CF-Ag, which has been reported to be a CTS and is
related to the bacterial class of chitin hydrolases. The
genomic and deduced aa sequences of the Ci ctsl gene
and CTS1 were deposited in GenBank (accession No.
L41663).

The cts2 cDNA contained a single ORF encoding a
predicted 860-aa protein of 91390 Da and pl of 4.98. Two
potential N-glycosylation sites were identified (Fig. 1B).
Comparison of the Ci aa sequence in the region of the
putative catalytic domain (aa 22-239; Fig. 1B) with pro-
teins in the GenBank revealed a similarity of 43-51%
with fungal and plant CTS (Table 1). Several features of
this Ci protein showed striking homology to the Sc and
Ca CTS. The Ci protein has several conserved blocks of
aa throughout the N-terminal region, iacluding the
invariant Asp and Glu residues (DGXDXIYXE) identified
in Ci CTS1 as part of the putative CTS catalstic domain
(Fig. 1B; Milewski et al., 1992). The Ci protein also con-
tains six invariant Cys residues which have been sug-
gested to be involved in correct folding of the catalytic
domain (McCreath et al., 1995). The putative catalytic
domain of the Ci CTS (aa 22-239) is followed by a vari-
able region (i.e, no evident homology to fungal/plant
CTS; aa 240-345), and then by a conserved Ser/Thr-rich
domain (aa 46-682; Fig. 1B). This region shows approx.
55% of the aa encoded by either Ser or Thr, which is
comparable to the Sc CTS (Kuranda and Robbins, 1991).

TABLE 1

Sequence similarities and identities between C. immitis CTS2 and CTS
of other organisms

Sequence source® Similarity® Identity
(%) (%)
Saccharomyces cerevisiae (Sc) 46.9 284
Candida alhicans CHT2 (Ca) 46.7 287
Candida albicans CHT3 (Ca) 514 31
Cucumis sativis (Cs) 430 209

* CTS sequences of Sc, Ca and Cs (cucumber) obtained from Kuranda
and Robbins (1992), McCreath et al. (1995) and Lawton et al. (1994),
respectively.

® Based on alignment of conservative aa substitutions.



The Ser/Thr-rich domain has been suggested to serve as
a potential site for O-mannosylation. The native Sc
homolog of this Ci protein has been shown to be highly
glycosylated. In the Sc CTS, the Ser/Thr-rich domain is
followed by a Cys-rich, high-affinity chitin-binding region
(Kuranda and Robbins, 1991). This samic putative region
of the Ci protein contains seven Cys residues (Fig. 1B)
but no sequence homology to the equivalent region of
the Sc¢ CTS. These data support our conclusion that cts2
encodes a chitinase (CTS2) with homology to the
fungal/plant class of chitir hydrolases. The genomic and
deduced aa sequences of the Ci cts2 gene and CTS2 were
deposited in GenBank (accession No. L41662).
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