Protein Sciencé2000, 9:544-551. Cambridge University Press. Printed in the USA.
Copyright © 2000 The Protein Society

The X-ray structure of a chitinase from the pathogenic
fungusCoccidioides immitis

THOMAS HOLLIS;! ARTHUR F. MONZINGO! KARA BORTONE}! STEPHEN ERNST,
REBECCA COX? anp JON D. ROBERTUS

LInstitute of Cellular and Molecular Biology, Department of Chemistry and Biochemistry, University of Texas, Austin, Texas 78712
2Department of Clinical Investigation, Texas Center for Infectious Disease, San Antonio, Texas 78223

(RecerveEp November 10, 19991NAL REvisioNn December 13, 199%ccepTED January 7, 2000

Abstract

The X-ray structure of chitinase from the fungal patho@eccidioides immitifias been solved to 2.2 A resolution. Like

other members of the class 18 hydrolase family, this 427 residue protein is an eight-sigindealrel. Although

lacking an N-terminal chitin anchoring domain, the enzyme closely resembles the chitinaseen@tia marcescens

Among the conserved features are theespeptide bonds, all involving conserved active site residues. The active site

is formed from conserved residues such as tryptophans 47, 131, 315, 378, tyrosines 239 and 293, and arginines 52 and
295. Glul71 is the catalytic acid in the hydrolytic mechanism; it was mutated to a GlIn, and activity was abolished.
Allosamidin is a substrate analog that strongly inhibits the class 18 enzymes. Its binding to the chitinase hevamine has
been observed, and we used conserved structural features of the two enzymes to predict the inhibitors binding to the
fungal enzyme.
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Fungal infections constitute a major problem in human pathogenendemic diseases in America. Diagnosis of the disease and mon-
esis. These run from relatively benign but stubborn skin infectionstoring of its prognosis has been carried out largely through the
like ring worm, to life-threatening lung infections like coccidioi- development of serologic test®appagianis & Zimmer, 1990
domycosigSan Joaquin Valley fevecaused byCoccidioides im-  The primary Coccidioidesantigen was identified as a chitinase
mitis (Cole & Kirkland, 1993. Fungal infections can be particularly (Johnson & Pappagianis, 1992nd a specific monoclonal anti-
dangerous in immuno-compromised patients, like those with HIVbody has been raised againstolan & Cox, 199]. Molecular
infections. The severity of such fungal infections, particularly from cloning revealed that the fungus expresses two chitinases, called
Candida CoccidioidesCryptococcusandHistoplasmosishas been  CTS1 and CTS2Pishko et al., 1995 Cloning of the gene for the
extensively reviewe@ampel, 1996; Minamoto & Rosenberg, 1997  principle Coccidioidescomplement fixing antigen revealed it to be
Chitin is an insoluble3-1,4-linked polymer of N-acetylgluco- identical with CTS1, and it was described as the/c@Rinase
samine(NAG) vital to fungal cell wall integrity. Mutations that protein (Yang et al., 1996 For this paper, we will refer to the
inactivate chitin synthase genes can lead to a loss of fungal via€occidioides immitichitinase-1 molecule as CiX1.
bility (Bulawa & Osmond, 1990 In addition to chitin synthases, CiX1is a 427 residue protein that is found both in the cytoplasm
fungi code for several chitinases that are also required for celand expressed on the cell surface—consistent with its antigenicity.
growth (Kuranda & Robbins, 1991 In essence, fungi need chi- Based on amino acid sequence similarities, the enzyme is a mem-
tinases to disrupt existing cell walls as part of normal cell division.ber of glycohydrolase family 18, together with chitinases from
Because chitin is not a component of mammalian cells, this dif-other fungi, as well as bacteria and a few plafitenrissat &
ference is potentially exploitable in the design of specific antifun-Bairoch, 1993 The similarity among members of this family is
gal agents. Presently, the best-known inhibitor is the antibiotidllustrated in Figure 1. It compares the CiX1 amino acid sequences
allosamidin, a glycoside derived fro@treptomycegNishimoto  with two other fungal chitinase3richoderma harzianuniGarcia
et al.,, 199}; it inhibits Candida chitinase with aK; of 5 uM et al., 1994 andAphanocladium alburtBlaiseau & Lafay, 1992
(Milewski et al., 1992. and a bacteria chitinase froBerratia marcescenderrakis et al.,
Coccidioides immitids the causative agent of coccidioidomy- 1994. The similarity among the fungal enzymes is strong, exhib-
cosis(San Joaquin Valley fevierone the of the most widespread iting roughly 50% sequence identity. The bacterial enzyme se-
quence is about 25% identical with the fungal enzymes. It is clear
Reprint requests to: Jon Robertus, Institute of Cellular and Molecular[hat these enzymes are homologs, although the bacterial enzyme

Biology, Department of Chemistry and Biochemistry, University of Texas, has & 120-residue amino terminal domain, not found on the fungal
Austin, Texas 78712; e-mail: jrobertus@mail.utexas.edu. enzymes, which is thought to act as a chitin binding anchor. The
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Results and discussion

Chi-ci MRFLIGALLTLQTLVQASSMSSMPNYYPVPEAPAEGGFRSVVYFVNWAIYGRGHNPQDLK
Chi-th MLSFLGKSVALLAALQATLSSPKPGHRRASVEKRANGYANSVYFTNWGIYDRNFQPADLV
Chi-aa MLSFVKKSIALVAALQAVTALATPISSEAGVEKRGSGFANAVYFTNWGIYGRNFQPADLP . . . .
Chi-sm  TASDATEIVVADTDGSHLAPLKEPLLEKNKPYKQNSGKVVGSYFVEWGVYGRNFTVDKIP Amino terminus characterization
70 0 H ' H H
Chi-ci  ADQFTHILYAFANIRD SOy LSDTHADIGK-HY Edman sequencing of purified CiX1 revealed that the amino ter-
Chi-th ASDVTHVIYSFMNLOA --DGTVISGDTYADYEK-HY i i — - - - - - - - - -
M an e vommon S e minal residues were Tyr Pro-Val-Pro-Glu Ala.Pro Ala-Glu-Gly
Chi-sm  AQNLTHLLYGFIPICGGNGINDSLKEIEGSFQALQRSCQGREDFKVSIHDPFAALOKAQK Gly-Phe-Arg-Ser-Val. This corresponds to residues 27—41 of the
chitinase gene sequent¥éang et al., 1996
100 110 120 130 140 150
Chi-ci PGDKWDE PGNNVYGCIKQOMYLLKKNNRNLKTLLSIGGWTYSPNFKT PASTEEGRKKFADT
Chi-th ADDSWNDVGTNAYGCVKQLFKVKKANRGLKVLLSIGGWTWSTNFPSAASTDANRKNFAKT
Chi-aa AGDSWNDVGTNAYGCVKQLY LLKKQNRNMKVMLSIGGWTWSTNFPARASSAATRKTFAQS H i
Chi-sm GVTAWDDPYKGNFG---QLMALKQAHPDLKILPSIGGWTLSDPF-FFMGDKVKRDREFVGS StrUCture determ|nat|0n
X-ray diffraction data were collected to 2.2 A resolutit89.7%
160 170 180 190 200 . .
Chi-ci  SLKLMKDLG-FDGIDIDWEYPE--------- DEKQANDFVLLLKACREALDAYSANHPNG completé on the native CiX1 crystals and to 2.5 A op-4ydroxy-
Chi-th AITFMKDWG-FDGIDIDWEYPA-— --DATQASNMILLLKEVRSQRDAYAAQYAPG . . . . .
Chi-aa  AVGFMKDWG-FDGIDIDWEYPA----—--—- DATOAONMVLLLOAVRSELDSYRAOYAKG  MercuribenzoatéPHMB) derivative. The data collection informa-
Chizsm  VKEFLOTWKEFDGVDIDWEFPGGKGANPNLGSPODGETYVLLMKELRAMIDOLSAE=-TG tjon) js summarized in Table 1. Difference Patterson analysis of the
10 220 230 240 250 260 PHMB derivative revealed a single mercury site with modest phas-
Chi-ci KKFLLTIASPAGPQONYNKLKLAEMDKY LDFWNIMAYDFSGSWD-KVSGHMSNVEFPSTTKP |ng pOWer.
Chi-th YHFLLTIAAPAGKDNYSKLRLADLGQVLDY INLMAYDYAGSFS-PLTGHDANLFNNPSNP
Chi-aa  HHFLLSIAAPAGPDNYNKLKFAELGKVLDYINLMAYDYAGSWS-NYTGHDANIYANPONP We also used molecular replaceméMiR) methods to phase the
Chi- . . . . .
1-sm RKYELTSAISAGKDKIDKVAYNVAQNSMDHIFIMSYDEFYGAFDLKNLGHQTALNAPAWKP C|Xl data. The ref|nement Of the C|X1 model was Carned out in
270 280 250 200 310 22 rounds, as described in Materials and methods. After the final
Chi-ci  ESTPFSSDKAVKDYIKAGVPANKIVLGMPLYGRAFASTDG------ IGTSFNGVGGGSWE round of refinement, a total of 392 amino acid residues had been
Chi-th NATPENTDSAVKDY INGGVPANKIVLGMPIYGRSFONTAG IGQTYNGVGSGSWE . . .
Chi-aa  NATPYNTDDAVQAYINGGVPANKIVLGMPIYGRSFOQTEG IGKPYNGIGSGSWE fit corresponding to sequence numbers 36 through 427. Residues
Chi- — . e . .
i-sm D-TAYTTVNGVNALLAQGVKPGKVVVGTAMYGRGWTGVNGYQNNIPFTGTATGPVKGTWK 27 to 35‘ |dent|f|ed by Edman SequenCIng, are appal’ently in thel’-
120 130 240 350 360 370 mal motion and could not be seen in the density maps or positioned
Chi-ci  NGVWDYKDMP----OQGAQVTELEDIAASYSYDKNKRYLISYDTVKIAGKKAEY ITKNGM in the model. In addition, 241 water molecules with discrete elec-
Chi-th AGIWDYKALP----KAGATVQYDSVAKGYYSYNSATKELISFDTPDMINTKVAYLKSLGL . . " .
Chi-aa  NGIWDYKALP----KAGATVKCDDTAKGCYSYDPSTKELISFDTPAMISTKVSWLKGKGL tron density and in position to hydrogen bond to polar protein
Chi-sm NGIVDYRQIAGQFMSGEWQYTYDATAEAPYVFKPSTGDLITFDDARSVOAKGKYVLDKQL atomS were added tO the model The ﬁnal mOdel Wormctor
was 17.6%, and the freewas 25.8%. The RMS bond deviation of
380 390 400 410 420
Chi-ci GGGMWWESSSDKTGNESLVGTVVNGLGGTGKLEQRENELSYPESVYDNLKNGMPS i i i 1ati i
Chi-th GGSMFWEASADKKGADSVIGTSHRALGG---LDTTQONLLSYPNSKYDNIKNGLN the mo_del from Idea“ty 1S 0007 A’ and the deVIatlo_n n l?ond
Chi-aa  GGTMFWEASASKKGSDSLISTSHOGLGS---QDSTONYLDYPNSKYDNTKKGMN angles is 1.36 The Ramachandran plot has 91% of residues in the
Chi-sm  GGLFSWEIDADN---GDILNSMNASLGNSAGVQ--—----—-——=—=—--—————

most favorable region, 8.1% in additional allowed space, 0.9% in
Fig. 1. Comparison of class 18 chitinase primary structures. The segenerously allowed space, and none in the disallowed space. There
quences correspond @. immitis T. harzianum, A. albumandS. marce-  are fourcis peptide bonds at Phe71, Tyr172, Pro326, and Glu379.

scensrespectively. The numbering corresponds to@Gh@nmitissequence. ; _ : ;
All sequences begin at residue 1 exc&tmarcescensvhich begins at ;galljrgiifhrg\(l)vje?% Fc electron density map for a region of the

121. Invariant residues are shown in bold.

Structure description

Figure 3 shows a backbone trace of CiX1 viewed down the axis of

X-ray structure for thSerratiachitinase has been solvéBerrakis ~ the barrel. Figure 4 is a representation of the secondary structure

et al., 1994. It shows the chitinase enzyme is an eight strandedRrrangement and nomenclature used in this description. The eight

B/a-barrel,(Ba)s, while the N-terminal domain is a discrete unit parallel 8-strands that form the core of the enzyme are labeled S1

with a -sandwich configuration. The class 18 chitinases differ int0 S8. As in all(Ba)s barrels, strand 8 is hydrogen bonded to

sequence and structure from the class 19 chitinases, like those frofifand 1. In generaj3/a-barrel structures are such that a given

many higher plant§Hart et al., 1995that have a structural rela- B-strand is followed by am-helix “return stroke.” There is no

tionship to lyzozymegMonzingo et al., 1996 a-helix on the return betwegBrstrands 1 and 2, and as a result, no
Hevamine is a plant chitinase, from family 18, which is more

distantly related to the fungal enzymes. The 273 residue protein is

substantially smaller than CiX1 and shows only 14% sequence

identity with it. The X-ray structure for hevamine has been solvedTable 1. Data collection statistics for CiX1

(Terwisscha van Scheltinga et al., 19%6d also exhibitd Ba)g

structure. Hevamine has been complexed with allosamidin, and

analysis of the structure led to the notion that the mechanism Ogesolytion(A) 22 25

Native PHMB

cleavage for chitin may proceed by anchimeric assistance throughmerge(%) 12.2 15.6
an oxazoline intermediat@erwisscha van Scheltinga et al., 1995 Ry (last shell (%) 21.3 39.2
In this paper, we describe the high resolution molecular strucid/o, 10.3 7.1
ture of the CiX1 enzyme. This is the first structure of a chitinasel/o (last shell 5.19 4.76
from a fungal source and should serve as the archetype for Hnique reflections 20,899 14,669
variety of related enzymes, many of which may be targets forRedundancy 6.0 5.5
Completenesg%o) 99.7 99.7

antifungal inhibitor design. A model is proposed for binding the
substrate analog allosamidin.
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is marked by labels SmX24 to mark the N-terminus and SmX145,
conveniently displayed near the C-terminal region of this unique
domain. Val159 of SmX begins the formal hydrogen bonding pat-
tern for the first sheet of the core. CiX1 lacks the amino terminal
domain, and its amino terminus corresponds to a leader sequence
and is probably processed away during maturatigang et al.,
1996. The exact cleavage site is unknown, but our clone expresses
residues 27 to 427. Residues 27-35 cannot be seen, but Gly36 is
visible and leads to S1, which formally begins with residue 39.
Arg39 of CiX1 superimposes with Val159 of SmX and can be said
to define the beginning of the structurally conserved catalytic core
domain.

As seen in Figure 5, the two core domains are generally super-
imposable over the majority of thgBa)s barrel. Figure 1 shows
there are a few multiresidue differences between the proteins. SmX
has four insertions of note, and their locations are labeled in Fig-
ure 5. These include a 26 residue insertion in the loops between
S2a and S2b, a nine-residue insertion between S4 and H4, a six-
Fig. 2. Electron density map for a section of the final CiX1 model. The _reSIdue insertion between S7a and S7b’. and fogr-reSI.due I.nsemon
map is an LBEST-weightedr — F, map contoured at the Qlevel. The " the loop between S7b and S7c. The first two |nser_t|0ns_ interact
superimposed model is part of tpebarrel, strands 5 and 6. The strand on With one another and contribute to one wall of the active site cleft.
the left shows residues 207 to 212, which is at the top. The right-handBecause no substrate analogs have been complexed to CiX1 or to
strand includes residues 231 to 236, which is at the top. SmX, we cannot state that the insertion plays no role in substrate

binding. However, its position is far from the likely catalytic site,

and it seems unlikely that the insertions effect enzyme activity in
helix has been labeled as 1. However, residues 45-65 have sora@y important way. The other insertions appear to have no func-
helical character and contain at least three shgyh8lical loops.  tional consequence either. CiX1 has a slightly elongated C-terminal
For example, the carbonyl oxygen of Val45 receives a hydrogenail compared with SmX, which lies on the bottom of the molecule
bond from the amido nitrogen of Ala48, and residues 46 and 4%ar from the active site; this tail is shown as a thick gray line in
bond with 49 and 50, respectivelys£ls bonded to Ngin a second  Figure 5.
310 loop, and Qg bonds with N3 in a third. CiX1, like most class 18 glycohydrolases, contains a number of

There are twa-helices following strand 2, and these are labeledcis peptide bonds. One involvesia Pro, that is, the bond between
H2a and H2b. These two helices appear to stack and resemblenget325 and Pro326. In addition, there are three noneRrbonds.
continuous helix with a bulge looped out. To illustrate this stack-These are between Ala70 and Phe71, Glu171 and Tyr172, and
ing, it should be noted thatgand Qg from the top of H2a form  Trp378 and Glu379. All three of thesis bonds are conserved in
a-helix-like interactions with the bottom of H2b, receiving hydro- SmX (Perrakis et al., 1994 and the first and third bonds are
gen bonds from hbgand Nygo, respectively-Strands S3 through  conserved in hevamin@erwisscha van Scheltinga et al., 1996
S8 are each followed by return helices labeled H3 through H8is important to note that the residues involved in the three non-
respectively. A short helix near the carboxy terminus of CiX1 is proline cis bonds all play an important part in the architecture of

labeled H9. the catalytic site of CiX1.
In addition to theB-sheet of the coregB-structure is formed
within several connecting loops of the barrel. The connection be- . ) )
tween S2 and H2 contains an antiparallel two-stranded sheet |é[he CiX1 active site
beled S2a and S2b. The connection between barrel strand S7 apdoteins belonging to the class 18 family of chitinases have two
H7 contains a more elaborate and structurally distinct domain irsignature sequences, as seen in Figure 1 corresponding to CiX1
the form of a modified Greek key. As shown in Figure 4, this residues 127-132 and 163-173. These residues lie along barrel
domain contains fives-strands labeled S7a through S7e. Table 2strands 3 and 4 of the class 18 chitinaéesrwisscha van Schel-
identifies the amino acid residues of the various secondary struainga et al., 1996and help form the active site cleft on the car-
tural elements in the protein. boxyl end of thg8-barrel. The clustering of these and other conserved
residues make the active site cleft of CiX1 easy to identify. To aid
in the structural analysis, we wanted to position the substrate an-
alog allosamidin, seen crystallographically in the plant chitinase
The amino acid sequence of CiX1 is about 25% identical to that ohevamine(Terwisscha van Scheltinga et al., 199#to the CiX1
the C-terminal domain of SmX. Figure 5 shows a least-squaresctive site. Although there is only 14% amino acid identity be-
superposition of CiX1(thick line) and SmX(thin line); the RMS  tween CiX1 and hevamine, the two proteins are homologous and
distance between 353 equivalent @toms is 1.8 A. SmX has a can be superimposed in a least-squares sense with an RMS dis-
distinct N-terminal3-sandwich domain, thought to serve as a chi- tance of 2.9 A between 205 equivalent @oms. The position of
tin anchor, that is missing in CiX1. This domain is about 140 allosamidin with respect to the overall enzyme structure is indi-
amino acids in length. SmX residues 141 through 158 act as aated in Figure 3A, the ribbon representation of CiX1.
flexible linker joining the N-terminal domain to the cataly@iebarrel Figure 6 shows the binding of allosamidin in more detail. The
domain. This region is shown as a thin black line in Figure 5 andinhibitor is represented by the thickest bonds. Key residues from

Comparison of CiX1 and SmX
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Fig. 3. The backbone trace of CiXA: A ribbon drawing of the enzyme. The position of allosamidin is shown in heavy black bonds,
and the position of the Glu171 side chain is also indicaBedA Ca trace of CiX1, with marker residues labeled by their amino acid

sequence number.

Fig. 4. A cartoon representation of CiX1 secondary structural elements.
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Table 2. CiX1 secondary structure similar to that seen in the hevamine complex. AspPd€vamine
Asn184 and Tyr239(hevamine 188can make hydrogen bonds

B-Strand Residues a-Helix Residues  ith the substrate analog, while Tyr4Bevamine & and Phe71
s1 39-46 H2a 84-01 (he_vamlnt_a 32 contribute to the actlye site geometry. The |nte_r-
s2 65-70 H2b 107-119 _actlons_ with sugars at the nonreducing end of the substrate dlff_er
s3 123-128 H3 143-161 0 detail between the two enzymes. For example Trp47, shown in
sS4 165-170 H4 175-199 dashed bonds, is invariant in the larger class 18 hydroldSgs1)
S5 207-212 H5 223-230 and appears to serve as a platform to bind these sugars. The
S6 232-239 H6 268-280 corresponding residue in hevamine is GIn9, which binds to the
s7 285-292 H7 356-371 N-acetyl group of the last sugar rin@erwisscha van Scheltinga
S8 373-379 H8 389-399 et al., 1995. In addition to Trp47, specifically illustrated in Fig-

H9 418-425  yre 6, there are several other residues, conserved in the Cix1
S2a 73-75 homologs, that are in a position to interact with the substrate.
S2b 78-81 These include Arg52, Trp131, Thrl32, Arg295, Trp315, Tyr293,
S7a 295-300 and Asp321. o _ _
S7b 318-320 The side-chain positions in Figure 6 are those seen in the CiX1
s7c 331-335 apoprotein X-ray structure, and the allosamidin position is based
s7d 340-346 solely on the mathematical operator relating theg®sitions of res-
S7e 349-354 idues conserved between the CiX1 and hevamine barrels. No effort

has been made to refine the inhibitor complex using energy func-
tions or other methods to optimize protein—ligand interactions. We
suspect that the CiX1 conformation does change upon allosamidin
binding because all our efforts to soak the inhibitor into CiX1 crys-
hevamine are shown as the thinnest bonds, while their homolog&ls resulted in cracking. Nevertheless, this docking experiment is
from CiX1 are intermediate. The labels correspond to CiX1 resi-very likely to indicate those amino acid groups that participate in
dues. The oxazolium rin¢suspected transition state anglogsts  binding the substrate analog, especially near the cleavage site.
on Trp378(Trp255 in hevaming Glu1l71(hevamine 12Yis the As mentioned, Glul171 is near the position in the active site cleft
catalytic acid and is poised near the scissile bond of a polysacchdhat would be occupied by the susceptible glycosidic bond of a
ride substrate, which would continue off to the upper left in the natural substrate. The class 18 chitinases are known to act through
figure. Asp169 is the analog of hevamine 125, which may form ana mechanism that retains the anomeric configuration of the product
ion pair with the positively charged nitrogen of the oxazolium ring. (Armand et al., 1994 Such retaining enzymes are often thought to
In CiX1, the carboxylate is rotated away to hydrogen bond toact through a double displacement mechanism, like hen lysozyme
Tyr43; presumably in a real complex, it would rotate to a position(Blake et al., 196Y. This mechanism requires two catalytic groups,

Fig. 5. A superposition of CiX1 and SmX. CiX1 is traced in thick bonds, while SmX is in thin bonds. SmX has a 120 residue chitin
anchoring domain, shown at lower left as a thin black line, which is absent in the CiX1 molecule. The remainder of the chain is a thin
gray line. The C-terminal residues of CiX1, 406—427, are missing in SmX, and are shown as a thick gray line.
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D169

i

D240

Fig. 6. A model of allosamidin and conserved residues from the CiX1 active site. Allosamidin is shown in the thickest bonds, CiX1
side chains are shown as intermediate bonds, and their hevamine homologs are the thin bonds. The labels correspond to CiX1 residues.

an acid to protonate the leaving group, and a carboxylate to sta=onclusions

bilize a suspected oxyc_arbo_nlum |_nterr_ned|ate. The acid group Ils—ungal infections are a major health issue, and the development of
thought to be Glul71 in CiX1. Site-directed mutagenesis of a

. o . antifungal agents is an area of intense research. Enzymes involved
bacterial class 18 chitinase shows that the homologous residue IS . . ) o :
) - in fungal cell wall metabolism, including chitinases, are a logical
crucial to enzyme activitf Watanabe et al., 1993Because no S .
second mechanistic aroun could be identified in the hevamin target for inhibitor design. We have solved the X-ray structure of
group %he first fungal chitinase. It is likely that the chitinase fra

structure, it was hypothesized that class 18 enzymes do operate tI%mitisis a good model for the enzyme from other fungal species.

doulple d|§placement b.Ut use a mechamsm that involves anch Fhe inhibitor allosamidin has been observed in the plant chitinase
meric assistance. That is, during catalysis the carbonyl oxygen Y evamine compl - :
plex. We made an analogous model for binding this

the C2 N-acetyl group forms a bond to C1 forming an oxazoline . .

. . . . . substrate analog into the fungal enzyme. It suggests that the active

intermediateg Terwisscha van Scheltinga et al., 1995his mech- o - .

anism is supported by molecular mechanics calculatiBnameld snte_|s formed only by residues conserved in the fungal enzyme
family. Glu171, by analogy to other class 18 glycohydrolases, is

et_ al_., 1998 Th? oxazoline group of aIIosamldln_ Is thought to thought to be the catalytic acid. Site-directed mutagenesis, con-
mimic the transition state of the proposed hydrolytic reactiber- . . . -
verting the amino acid to Glin, eliminates any detectable enzyme

vylsscha \(an Scheltinga et al., 199&hich would account for its activity, consistent with this hypothesis.
tight binding.

The structure of CiX1 and the model of allosamidin binding
shown in Figure 6 are consistent with the conservation of theyaterials and methods
sighature sequences and the proposed roles for many of these
re_sidues. The first signature sequence appears to inter_act direct&/ryStaI structure determination
with the substrate where Trpl31 contacts the oxazoline group.
Thr132 is in position to form a hydrogen bond with the C6 hy- CiX1 was expressed as a fusion with glutathione S transferase as
droxyl of the N-acetyl glucosamine in the middle of the inhibitor. described earliefHollis et al., 1998. Purified CiX1 was subjected
The second signature sequence does not appear to make maigyautomated N-terminal Edman sequencing at the Protein Se-
direct contacts with the substrate but does provide the suspectegtiencing Center at the University of Texas. The crystallization of
catalytic acid, Glu171. The oxazoline ring interacts with the sideC. immitis chitinase and the data collection of the native and
chains of Phe71, Glu171, and Trp378, all residues that are involvefi-hydroxymercuribenzoat®®HMB) data sets, using an RAXIS IV
in cis peptides. Presumably these residues are crucial to preserviridgtector on a Rigaku RU-200 generator with double-focusing mir-
the correct peptide geometry for binding and catalysis. rors, have been described previougollis et al., 1998.

The primary amino acid sequence of CiXfang et al., 1996
was aligned with that of th&erratia marcesanshitinase, SmX
(Jones et al., 1986using CLUSTAL V(Higgins et al., 1992 The
To confirm that Glul71 of CiX1 is indeed a key active site resi- following models based on the SmX crystal structRrotein
due, we used site-directed mutagenesis to convert it to a gluteaData Bank(PDB) entry 1CTN (Perrakis et al., 1994wvere used:
mine (E171Q. We used the hydrolysis of 4-methylumbelliferyl (1) residues 158-558 of the SmX structure with loop 195-220 and
B-N,N’,N"-triacetylchitotrioside, which releases a fluorescent prod-several smaller loops deletédbbreviated SmX, (2) SmX' with
uct, to measure chitinase activitHollis et al., 1997. The data, the CiX1 sequence substitutd@) SmX' with alanine substituted
not shown, indicated that conversion of Glul71 to the neutraffor all residues, and4) SmX with alanine substituted for all
amide completely inactivating the enzyme, in agreement with mu+esidues except conserved hydrophobic residues. Rotation and trans-
tagenic data for a bacterial enzyri@atanabe et al., 1993This lation searches and Patterson correlation refineligninger, 199D
strengthens the notion that both the overall structure and also theere done with the four models using X-PLGRrunger, 1992
mechanism are conserved between fungal and bacterial represdpoer all four models, the 80 or so highest peaks from the rotation
tatives of the class 18 enzymes. function were analyzed to determine their Patterson correlation.

Analysis of the E171Q mutant
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The best Patterson correlation for the three models of Swibh mon secondary structural elements, namely@Hmarrel, were cor-
substituted sequences corresponded to the same rotation angleslated between the two proteins. The same rotation and translation
The refined Patterson correlation for these models was 0.04matrices were used to position the allosamidin coordinates from
30-39% higher than next best correlation. The best Patterson cothe hevamine complex into the CiX1 space. Least-squares super-
relation for the unsubstituted SmXnodel corresponded to a dif- positions were done using subroutines from the graphics program
ferent set of rotation angles, and it had a lower correlation valueTOM or O (Jones, 1982 MOLSCRIPT was used to make Fig-
of 0.03. ures 3 and FKraulis, 199).

Using the rotational orientation that yielded the best Patterson
correlation with the three sequence-substituted models, translatioBoccidioides immitis chitinase site-directed mutagenesis

searches were done in both enantiomorphic space groui2s2P4 Site-directed mutagenesis was performed on active site residue

and P42,2. Al th_ree models gave the same highest translatloneluﬂl_ A QuikChange Site-Directed Mutagenesis Kit by Strata-
function peak of five to seven standard deviations above the mean

with the P42,2 search. In the R2,2 search, all three models gave gene(La Jolla, California was used to create a one base-pair

. . ; hange resulting in the mutation of a glutam lutamin
the same highest translation function peak of 10-11 standard dec- ange resulting in the mutation of a glutamate to a glutamine at

L ! position 171. DNA sequencing confirmed that the mutation was
viations above the mean. Thefactor for the best translation . .
solution in P42,2 for the CiX1 sequence-substituted model was present and that no undesirable mutations had occurred. The E171Q
1 - e . . ~ _
0.52. A difference Fourier of the PHMB derivative data using mutant was purified in the same manner as the wild-type. A fluo

. : n how th ivity of chiti i I,
phases from the translated CiX1 sequence model returned an eig sg:; V(\:Izsaspsear)flol:rsneed dt%:in(; tr:eeéf;lg OmuCtart“fﬁhaE? dstﬁtearesults
_?t:é'iiredx:\sl's\t;?h: aezk(;f\,\;:I:;goggi?t?g:?)?%?stfggknown Hg Slt(?hdicate that there was almost a complete loss of activity as com-

) . ; . r he wild- hitin Its not shown

This initial model, which consisted of residues 40-3380 pared to the wild-type chitinasieesults not shown
residueg was refined using the slow cooling protocol of X-PLOR
(Bruinger, 1992 The refined model had a workirRtfactor of 0.35
and anRyee of 0.50(5-3.0 A). To facilitate manual rebuilding of The coordinates have been deposited with the Protein Data Bank.
the model, a difference map and &,2— F. map, weighted to  The ID code is 1D2K.
eliminate bias from the model, were prepared. A difference map of
the forrr?(F0 — Fo)acac Was calculated using X-PLOR. To prepare Acknowledgments
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