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In filamentous fungi, chitin is a structural component of morphologically distinct structures assembled during 
various phases of growth and development. To investigate the role of chitin synthase in cell wall biogenesis in 
Neurospora  crassa, we cloned a chitin synthase structural gene and examined the consequences of its 
inactivation. Using degenerate oligonucleotide mixtures designed on the basis of conserved sequences of the 
Saccharomyces  cerevis iae CHS1 and CHS2 polypeptides, a DNA fragment encoding a similar predicted amino 
acid sequence was amplified from N. crassa genomic DNA. This product was used to probe N. crassa libraries 
for a gene homologous to one of the yeast genes. Full-length genomic and partial cDNA clones were identified, 
isolated, and sequenced. The amino acid sequence deduced from a cloned 3.4-kb gene [designated chitin 
synthase 1 (chs-1)] was very similar to that of the S. cerevisiae CHS1 and CHS2 and the Candida albicans 

CHS1 polypeptides. Inactivation of the N. crassa chs-1 gene by repeat-induced point mutation produced 
slow-growing progeny that formed hyphae with morphologic abnormalities. The chs-1 RIP phenotype was 
correlated with a significant reduction in chitin synthase activity. Calcofluor staining of the ChS-/RIp strain 
cross-walls, residual chitin synthase activity, and the increased sensitivity of the C/1S-1 RIP strain to 

Nikkomycin Z suggest that N. crassa produces additional chitin synthase that can participate in cell wall 
formation. 
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Chitin is one of the most abundant natural polymers. 

The biosynthesis and deposition of chitin involves the 

sequential biotransformation of simple metabolites, po- 

lymerization of biosynthetic intermediates, and extru- 

sion of the product outside the plasma membrane (Cabib 

1987; Cohen 1987; Bartnicki-Garcia 1989). Although 

abundant in arthropods, some fungi, and other eukary- 

otes, chitin is absent from plant and mammalian species 

(Muzzarelli et al. 1986}. Thus, biosynthesis of chitin is 

an attractive target for the development of anti-pest/ 

anti-parasite drugs (Cohen 1987; Gooday 1989). 

Chitin synthase (UDP-2-acetamido-2-deoxy-D-glu- 

cose: chitin 4-[3-acetamidodeoxy-D-glucosyltransferase; 

EC 2.4.1.16) catalyzes the following reaction: 2n uridine- 

5'-diphospho-N-acetylglucosamine (UDPGlcNAc)--~ 2n 

UDP + [GlcNAc-~-(1 ~ 4)GlcNAc]n. 

Chitin synthase activity is associated primarily with 

the membranous fractions of the fungal cell (Gooday 

1977) and has been partially purified from yeast and fil- 

amentous fungi (Bartnicki-Garcia et al. 1978; Selitrenni- 

koff 1979; Kang et al. 1984; Leal-Morales et al. 1988). To 

date, two genes encoding chitin synthase polypeptides 
have been identified in Saccharomyces cerevisiae (Bul- 

awa et al. 1986; Silverman et al. 1988). Although chitin 

is believed to be an essential component of the cell wall, 

S. cerevisiae CHS1 has been shown to be dispensable 

(Bulawa et al. 1986; Cabib et al. 1989). CHS2 appears to 

be essential under certain conditions (Silverman et al. 

1988). In some genetic backgrounds and environmental 

conditions, however, disruption of CHS2 results in ab- 

normal morphology, not inviability {Bulawa and Os- 

mond 1990). CHSI and CHS2 of yeast have similar pre- 

dicted amino acid sequences. Chitin synthase-like se- 

quences have been deduced from the sequences of cloned 

fragments of other yeasts and several filamentous fungi 

(P. Robbins, pers. comm.}, establishing the widespread 

existence of this enzyme in fungi. Since the pioneering 

work of Glazer and Brown (1957) on chitin synthesis in 

cell-free preparations of Neurospora crassa, the bio- 

chemical characteristics of fungal chitin synthases have 

been documented extensively (Cabib 1987; Cohen 1987; 

Gooday 1977; Gooday and Trinci 1980). Nevertheless, 

there is relatively little information on the genes respon- 

sible for chitin biosynthesis in filamentous fungi. 
We have cloned, sequenced, and characterized a chitin 

synthase structural gene from N. crassa and designated it 

chs-1. We used the repeat-induced point (RIP)mutation 

process to inactivate the chromosomal chs-1 locus. 

Strains lacking a functional CHS1 have an abnormal 

growth pattern and morphology, in addition to exhibit- 
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ing reduced levels of chitin synthase activity. Our find- 

ings suggest that chs-1 expression is necessary for nor- 

mal cell growth and that N. crassa produces at least two 

chitin synthases. 

Results 

Cloning of the N. crassa chs-1 gene 

Several pairs of degenerate oligonucleotide primers were 

designed on the basis of conserved amino acid sequences 

predicted from the S. cerevisiae CHS1 and CHS2 genes. 

These primers were used in polymerase chain reactions 

(PCRs) in an attempt to amplify corresponding regions of 

N. crassa genomic DNA. To allow amplification of se- 

quences deviating slightly from the yeast consensus se- 

quence, reactions were performed under low-stringency 

conditions (1.5 min at 92~ followed by 35 cycles of 2 

min at 50~ 5 min at 60~ and 1 min at 92~ When the 

1280 and 1281 primer combination was used as a control 

mixture (Table 1; see Fig. 4, below), a single abundant 

-600-bp product was obtained. A product was unex- 

pected, as both primers were designed to anneal to the 

same DNA strand. Nonetheless, the amino acid se- 

quence predicted from the nucleotide sequence of the 

cloned -600-bp product showed striking similarity to 

those of both yeast chitin synthases. Subsequently, it 

was discovered that primer 1280 is complementary (with 

several mismatches) to a nucleotide sequence from an- 

other region of the N. crassa chs-1 gene (nucleotides 

Table 1. Synthetic oligonucleotides 

Oligo 
number a Use Sequence b 

1280 PCR 

1281 PCR 

1990 Primer extensJon 
(nucleotides 
697-673) 

2013 PCR 
(nucleotides 
675-698) 

2049 PCR 
(nucleotides Primer extension 
844-816) 

2050 PCR 

(nucleotides 
647-669) 

Sacl A A 

C G C AGATA TCTAGAGCTCAA TATGTA TCT G C G GA G 
C CT G CC 

Xba I T T 

Soel 
T A T G A T 

GTCGACTAGTC C"CFGTA C TC A AA G T'IcTG 

SaJ~ 

CTAGTGGATCCATCATAGCCGTCGC 

8amHI 

GACGGCTATGATGGATCCACTAGT 

8amHI 

GTTTTCGGAGAGGAAGGGACGTTGCGCAT 

F__~, 

CGCAACCATGGCGTACCACGGTC 

"Numbers in parenthesis designate nucleotide number and di- 
rection (based on the genomic nucleotide sequence presented in 
Fig. 3). Primers 1280 and 1281 were designed on the basis of 
conserved amino acid sequences, as marked in Fig. 4. Amino 
acid residues predicted to be encoded at the 5' and 3' ends of the 
product amplified using 1280 and 1281 (pCSl2J are underlined 
in Fig. 4. 

bMultiple lettering indicates oligonucleotide mixtures. Restric- 
tion sites for cloning PCR products are marked. 

1390-1411; see Fig. 3, below), thus explaining the origin 

of the -600-bp product. 

Using the -600-bp fragment (designated pCS 12, Fig. 1) 

as a probe, a single genomic and several overlapping 

cDNA clones were identified and isolated from N. crassa 

genomic (Orbach et al. 1986) and cDNA (Orbach et al. 

1990) libraries. From the genomic clone, 11-kb ApaI and 

4.3-kb BamHI fragments hybridizing to pCS12, contain- 

ing the entire chs-1 gene, were isolated and subcloned. 

These clones, designated pOYA5 and pOY30, respec- 

tively (Fig. 1), were used in further analyses. 

Sequence of chs-1 

A 4.4-kb segment of pOYA5, containing the chs-1 gene, 

was sequenced completely on both strands. The molec- 

ular organization of the genomic segment containing 

chs-1 is presented in Figure 2. The complete nucleotide 

sequence of chs-1 and the predicted amino acid sequence 

of the CHS1 polypeptide are presented in Figure 3. The 

chs-l-coding region was located by comparing the pre- 

dicted amino acid sequence with those of the two S. 

cerevisiae chitin synthases, using codon preferences of 

N. crassa. The nucleotide sequence immediately sur- 

rounding an initiation codon is believed to be important 

for efficient translation (Kozak 1986). The presumed 

chs-1 start codon segment (GCAACCATGG)is slightly 

different from the N. crassa consensus (A/GTCAA/ 

CAATGG) compiled for 20 genes (Roberts et al. 1988), 

but matches the sequence (GCCA/GCCATGG) con- 

served in higher eukaryotes (Kozak 1987). Two interven- 

ing sequences were tentatively identified on the basis of 

consensus 5'- and 3'-splice junction sequences (Orbach 

et al. 1986; Hager and Yanofsky 1990). The nucleotide 

sequence of a partial cDNA clone spanning 2.2 kb of the 

3' end of the gene and the untranslated region verified 

the nucleotide sequence of a major portion of the geno- 

mic clone, as well as the position and boundaries of the 

3' intron. The position and boundaries of the 5' intron 

were verified by analyzing the sequence of two reverse 

transcriptase-polymerase chain reaction (RT-PCR) 

products obtained with primer combinations 2049-2050 

and 2013-2049 (Table 1). A CCAAT box and polyadeny- 

lation signal sequence (Proudfoot and Brownlee 1976)are 

present (Figs. 2 and 3). The 5' end of the chs-1 transcript 

(Fig. 3) was determined (data not shown) by primer ex- 

tension techniques (Sambrook et al. 1989), using the 

primers shown in Table 1. The 3'-end designation was 

based on the common poly(A) addition site in two inde- 

pendent cDNA clones. 

Chromosomal  localization of chs-1 

Restriction fragment length polymorphism {RFLP) anal- 

yses were used to map chs-1. Of several restriction en- 

zymes used (BamHI, EcoRI, HindIII, KpnI, PstI, and 

XhoI), only XhoI and PstI revealed polymorphisms in the 

vicinity of chs-1 in N. crassa of Oak Ridge and Mau- 

riceville backgrounds. PstI was used to digest DNA from 

progeny of the "small cross" (Metzenberg et al. 1985). 
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Figure l. Clones and constructs used in this study, pCS 12 is a cloned N. crassa genomic DNA product amplified by low-stringency 
PCR. pOYA5 is an ApaI fragment obtained from the DNA of an individual plaque from the Orbach M1 N. crassa genomic library, 
identified after probing with pCS12, pOY30 is a 3.6-kb BamHI subclone of pOYA5, identified by hybridization with pCS12. It was used 
for construction of pOY301, pOY301 is pOY30 containing a 4.3-kb PvuII-SmaI fragment of pDH25, consisting of the hygromycin 
phosphotransferase gene driven by the A. nidulans trpC promoter region (Cullen et al. 1987]. 

Subsequent probing with a hexamer-labeled PstI digest 

of pOY30 located chs-1 between Fsr-9 and am, on link- 

age group V (data not shown). 

CHS1 amino  acid h o m o l o g y  

chs-1 encodes a predicted 961-residue polypeptide with a 

calculated mass of 107 kD and a pI of 8.8. The predicted 

amino acid sequence of N. crassa CHS1 is 37%, 39%, 

and 40%, identical to those of S. cerevisiae CHS1 and 

CHS2 and Candida  albicans CHS1, respectively (Fig. 4). 

The calculated pI of the entire N. crassa CHS1 polypep- 

tide is similar to those calculated for S. cerevisiae CHS2 

(pI = 9.1) and C. albicans CHS1 (pI = 8.7) but differs 

from the value calculated for the S. cerevisiae CHS1 

polypeptide (pI = 5.8). Nonetheless, the calculated pI 

value of the amino-terminal end 230 residues of the N. 

crassa CHS1 polypeptide (pI = 5.3) resembled more 

closely the calculated value for the amino-terminal re- 

gion of the S. cerevisiae CHS1 polypeptide (pI = 4.5) 

than that of the same region of CHS2 (pI = 10.4). Hydro- 

philicity analysis predicts a hydrophilic region at the 

amino terminus (spanning residues 1-230) and a hydro- 

phobic region at the carboxyl terminus (residues 560- 

961 of the polypeptide; Fig. 5). The presence of several 

putative membrane-spanning domains near the carboxyl 

1 2 3 4 

Figure 2. Molecular organization of chs-l. Schematic diagram 
of a portion of pOYA5 that includes the chs-1 gene. CCAAT, 
translation start, stop, and polyadenylation sequences are 
shown. (Shaded bars) Coding region; (open bars) noncoding re- 
gion. 

terminus is consistent with the membrane association of 

chitin synthase activity (Duran et al. 1975; Peberdy and 

Moore 1975). Two potential N-glycosylation sites are 

present (Pless and Lennarz 1977) at amino acid residues 

544 and 788 (Fig. 3). 

Funct ional  analysis  of chs- 1 

In view of the finding that CHS1 of S. cerevisiae is non- 

essential, we disrupted chs-1 of N. crassa. The gene was 

inactivated by using the RIP process (Selker 1990), which 

results in many premeiotic GC--* AT base-pair transi- 

tions in duplicated DNA sequences. A 4.3-kb fragment 

of chs-1 was transformed into a wild-type strain of N. 

crassa. The DNA used for transformation [designated 

pOY301 (Fig. 1)] consisted of pOY30 interrupted at the 

2258 Bali site (Fig. 3) by insertion of a 4.1-kb PvuI I -SmaI  

fragment, encoding an expressed hph gene isolated from 

pDH25 (Cullen et al. 1987). This construction permitted 

selection of transformants based on hygromycin resis- 

tance. One transformant (T-36), containing a single ec- 

topic copy of pOY301 (Fig. 6A), was crossed with another 

transformant (T-51), of the opposite mating type. Among 

the viable ascospores isolated from this cross, - 4 1 %  ex- 

hibited very slow growth. Southern blot analysis pro- 

vided evidence that in these progeny chs-1 had been sub- 

jected to RIP (Fig. 6A}; restriction sites were missing 

from both the resident and the ectopic chs-1 gene copies. 

One of the progeny cultures that had undergone RIP (chs- 

1Rn') was chosen for further analysis. The absence of 

chs-1 message, as determined by Northern blot analysis 

(Fig. 6B), provided additional evidence for the extensive 

alteration of the chs-1 gene in this strain. The absence of 

the chs-1 RNA was specific, as similar tub-2 RNA levels 

were detected in RNA samples from both the wild-type 
and chs-1 RIP strains. When the chs-1 RIP strain was 

crossed with a wild-type strain, a 1 : 1 ratio of wild-type/ 

chs-1 RIP progeny was observed; this is typical of single 

locus alterations. To demonstrate that the altered phe- 
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i0 30 50 70 90 

GCAGAAATTGGGTACCGGGCCCTCTC•AAAATCGAcCCACCCCCTCCATGCCCTGGGCTTCCGACCTAGAACAACCTATACCAACACCTCACTGACCGAC 

ii0 130 150 170 190 

CTGTTGCTCTCCTGTGATCTTGAAACCAGGTTTTTGCCATTTTGTGTTTGTTTTCTTTTCCCGCTCTGACCTTCACTCTCCAGGAAGCAGAGGGCATGTC 

210 230 250 270 290 

CTGTTAGCATCGACACGTCCTGTCCCGTCTCTCC.CTACCTTGGGCATCCTCCTATCGCTCGCCCGGCTTCACCCACTTTTCCTGCAGCATCTCGACGGCA 

310 330 350 370 390 

GCTTTGTGTTTGACCCGGAGAGTCTTTGCCAGCCACTTTGC~GTCTTGGATCCCCTCCAGCTGACATCCATTCCCGCCTCGCCAT~GTTTGCCTGCTACTC 
410 430 450 470 490 

TcTCTCCACGCCCAcCTATCCGGAGAGAGAAGGcCAGCCCCGCTGTTCCCTCTCTGCATCAGCACACCGCGACCATTTGCTTGACCTCTTGGCCGGCGAA 

510 530 550 570 * 590 

GGCGT TTCGACC~CCAACTC TCCATAATTGTCCGACAGTGAATACCT TAGT TGTAATCCGACT TC TC, C TC TAGCA TCATC TAGGCT TCACCAGTA 

610 630 650 670 690 

TTCGAGCTTTCTCTACATCCGC TCTTTCCAGCTTCTATTCCACGGTCCGCAACCATGGCG TACCACGGTCGGGGCGACGGCTATGATGGATCCAC TAGTT 

M A Y H G R G D G Y D G S T S Y 

710 730 750 770 790 

ACAAGA TCC TGC GG TGGGCACAACCAGG TAAG T TATCC CAGT TCC T TGTCAGGC AGCGA AAAC TCAAAACAC.CCA TT T TAA C~,_CUS~GTCG TGA TCCAG 

K I L R W A Q P G 

810 830 850 870 890 

GGGACCAGCACGACGATGCGCAACGTCCCTTCCTCTCCGAAAACCCTATGcCTTACGACAACGACCGCTTGGGCACCGATACC~CCTCCAGTCCGCCCTGT 

D Q H D D A Q R P F L S E N P M P Y D N D R L G T D T P P V R P V 

910 930 950 970 990 

C TCGGCGTA TAGC TTGACCGAATCCTATGCTCC TGGTGCTGGCACGACCCGAGCTGG TGTCGC TGTCAACCCTACCCCOC CACC TCACGGGGGT TA TGGC 

S A Y S L T E S Y A P G A G T T R A G V A V N P T P P ? }i G G Y G 

i010 1030 1050 1070 IC90 

GGCGGCGGCGTTAC'CAGTGGTGTCGATCAGC~C TACAACTACGGTGGTGAC TA TC, CGACGGATCCGGCCTACAGGATG TCCGCCATCGA TGAGGACGATA 

G G G V S S G V D Q G Y N Y G G D Y A T D P A Y R M S A ! D E D D S 

W L R R Q Q P N A A P T G G L K R Y A T R K V K L V Q G S V L S L 

1210 1230 1250 1270 1290 

TGAC TATCCCGTTCC TAGTGCTATTAGGAACGC TGTTCAGCCCAAGTACCGCGATGAGGAGGGCAACAACGAGGAGT TCTTCAAGATGCGTTACACTGCC 

D Y P V P S A I R N A V Q p K Y R D E E G N N E E F F K M g Y T A 
1310 1330 1350 1370 1390 

GCCACTTGCGATCCCAACGACT TTACGCTCAAGAACGGTTACGATT TGCGCCC TCGCATGTACAACAGACATACCGAGCTTC TCATCGCCATTACGTAC T 

A T C D P N D F T L K N G Y D L R P R M Y N R H T E L L I A I T Y Y 

1410 1430 1450 1470 1490 

ACAACGAAGACAAGGTCCTGC TC TCCAGAACGCTGCACTCCGTCATGACCAACATCCGCGA TATCGTAAACCTGAAGAAG TC TTCGT TC TGGAACCGCGG 

N E D K V L L S R T L H S V M T N I R D I V N L K K S S F W N R G 

1510 1530 1550 1570 1590 

AGGACCGGCGTGGCAGAAGATTGTCGTTTGCTTGGTT TTCGACGGTC TTGA TAAGACAGACAAGAATGTTC TCGACG T TC TGGCCACCATCGGTG T TTAT 

G P A W Q K I V V C L V F D G L D K T D K N V L D V L A T I G V Y 

1610 1630 1650 1670 1690 

CAGGATGGTGTCATCAAGAAGGACGTTGACGGCAAGGAGACTGTTGCACACATTTTCGAGTACACAAGTCAGCT T TCCGTCACACCAAA TCAGGCGCTCA 

Q D G V I K K D V D G K E T V A H I F E Y T S Q L S V T P N Q A L I 
1710 1730 1750 1770 1790 

TCCGGCCCGTGGATGACGGCCCGCAGACACTGCCCCC TG TGCAG TTCAT T T TC TCCC TGAAOCAGAAGAACACCAAGAAGA TCAA ZTCGCA 7 CG T TC<3C T 

R P V D D G P Q T L p p V Q F I F C L K Q K N T K K : N 5 H R W L 
1810 1830 1850 ! 873 i 890 

GTTCAATGCCTTTGGCCGTATCCTCAACCCCGAAGTATGCATTC~GTTGGATGCCGGTACCAAGCCCA~CCCCAGGTC~C~G7~G~C~C~TGGC,AGGG~ 

F N A F G R I L N P E V C I L L D A G T K P S P R S L L A L W E G 

1910 1930 1950 1973 1990 

T TCTACAACGATAAGGATC TTGGCGGTGC T TGCGGTGAAATTCACGCCATG TTGGGCAAGGC, CGGCAAAAAC, C 7GCq CAACC CC T TOG TCGCCG TCCAGA 

F Y N D K D L G G A C G E I H A M L G K G G K K L L N ? L V A V Q N 

2010 2030 2050 2070 2090 

ACTTCGAGTACAAGATTTCCAACATTCTCGACAAGCCGCTGGAAAGTC,CTTTTG•TTACGTT7CTGTGTTGCCAGG•GCC••C-fC•GCCTACCGTTTCAG 

F E Y K I S N I L D K P L E S A F G Y V S V L P G A F $ A Y R F R 

2110 2130 2150 2170 2190 

AGCCATCATGGGCCGGCCGCTGGAGCAATACTTCCACGGTGATCACACCCTGTCCAAGCTTTTGGC~CAAGAAGGGTA~A~;GG~ATGAACATTTTCAAG 

A I M G R P L E Q Y F H G D H T L S K L L G K K G 1 E G M N I F K 

2210 2230 2250 2270 2290 

AAGAACATGTTC T TGGCCGAAGATCG TAT TCTCTGCTTCGAAC TGGTCGCCAAGGCTGGCCAGAAATGGCATC TGAGCTACA TCA AGGC TGCCAAGGGCG 

K N M F L A E D R I L C F E L V A K A G Q K W H L S Y I M A A K G E 

2310 2330 2350 2370 2390 

AGACCGATGTGCCCGAAGGTGCGCCCGAGTTCATCTCTCAC.CGTCGTCGTTGGCTCAACGGTTCGTTC•CC•CCAGT•TG•ACTC•CTCATGCATTTCGG 

T D V P E G A P E F I S Q R R R W L N G S F A A S L Y S L M H F G 

2410 2430 2450 2470 2490 

AAGAATGTACAAGAGCGGTCACAACATCGTCCGCATGTTCTTCTTCCACGTCCAGCTCA~CTACAATATCGCAAACG7CA~CT~CACATC~G7~CTCTCTC 

R M Y K S G H N I V R M F F F H V Q L I Y N I A N V i F T W F S L 

2510 2530 2550 2570 2590 

G CTTCC TAC TGGCTCACCACCAC TG TCATCATGGA T CTTGTTGG T ACCCCGGT TACGGCT 7CT A,';CS C T TC O<3CAGAACA qC A~;~:GT TGGCC CU TCC<37G 

A S Y W L T T T V I M D L V G T P V 7 A S S S S A E H H (. W ? F G D 

2610 2630 2650 2670 269~ 

ACACGGTAACGCCCT TCTTCAACGCGGTTC TCAAGTATA T CTACCTGGCATTCG 7TATC7 .'TC, CAG T 70A70 C77GL'A T 700,5 qAA 7CG,GCCGAAGGG770 

T V T P F F N A V L K Y I Y L A F V I L Q F I L A ". G N R P K G S 

27]0 2730 2750 277~ 279~ 

CAAGTGGACATACATTACCTCGTTC TTCGTCTTCTCGCTCATTCAGTCCTATATC-2 TGG-7-TGTCCGG-f 7A.-C 77,07-GCCC~[?~G77C 7CCGTACCG 

K W T Y I T S F F V F S L I Q S y I L V L S G Y L V A R A F S V P 

2810 2830 2850 2870 2890 
CTCGACCAACAAT TACAGC TGGACAACGCTAAGGACGCAATGGC TTCGT TA TTCGGCGGC TCAGGA-CAGC AGG TGTC AT ? 77,E~;-fGGC CTT GG T TACCA 

L D Q Q L Q L D N A K D A M A S L F G G S G S A G V i L V A L V T I 

2910 2930 2950 2970 2990 

TC TACGGCCTTTACT TCTTGGCCTCCTTTATGTACCTCGACCCC TGGCACATG T TCCACTCGT TCCCTTACTACA TGC TCC TCA--GTCGACC TACATCAA 

Y G L Y F L A S F M Y L D P W H M F H S F P Y Y M L L H S T Y I N 

3010 3030 3050 3070 3090 

CATCCTCA TGATTTACGCC TTCAACAACTGGCACGACGTCTCGTGGGGTACCAAGGG T TCGGA TAAGGCCGAGGCAC TGCCGTCCGCCAACGTCAGCAAG 

I L M I Y A F N N W H D V S W G T K G S D K A E A L P S A N V S K 

3]~o I~I~ 315o ~ ~o 
GGGCEGA GAA GGA TGAGGCCG TGG TGGA ATTGAGAAGCCACAGGAGGA TATCGACCAACAGTTC CTACTGTCAGGCGCGC GCTCCGTACA 

K D E A V V E E I E K P Q E D I D Q Q F E A T V R R A L A P Y K 

3210 3230 3250 3270 3290 

AGGAAGACGAGACGCCGGAGCC TAAGGATC TCGAGGACTGTACAAGTCT TTCAGAACCATGCTTG TCGTGTCT TGC, CTGT T T TCCAAC TGCC TCCTCGCG 

E D E T P E P K D L E D C T S L S E P C L S C L G C F P T A S S R 

3310 3330 3350 3370 3390 

GTTG T TATCACCAGTGATAAC TTTAACACATT TGGCATCGGGG TAAGCAT TGC TGT TCACCTTA TTG TGAC TT TGAACCAC T 7A Z TAA YATA TAT TGA/.A 

L L S P V I T L T H L A S G 

3410 3430 3450 3470 349~ 

GCAAACCGCATCCGCGAGAACTGCGTGGTTCTTCAAGTTCCTTCTGTTCGCTACTGGTGCGCTC~CTGTCATCCGC7~TA~TGG~TTCTGTTGGTTCCTT 

K P H P R E L R G S S S S F C S L L V R S L S S A L L A S V G S L 

3510 3530 3550 3570 3590 

GGCAGGCCGGTATTATGTGCTGC TT TGCCCGTCGCTAAGCATGGCAAACCCAAAACACG .~,~GT TG ?TGOGGC770 TAC AT- 50~ ?AC AAA,qCC, CAAAAGG 

A G R Y Y V L L C P S L S M A N P K H V V V G A C T L L T K R K R 

3610 3630 3650 3670 3690 

GAAGAAGGAAGGGAGAAGGGTTACTGCTTTTTGGCGGCGGCACGGCG~CATGGCAGGGTAGTACCGTGAAAC~CACAAAAA~A?CTACTTTC~ATTACGT 

E E G R E K G Y C F L A A A R R H G R V V P * 

3710 3730 3750 3770 3790 

GTGTAGTA TCAAACGTTGGCTTC TCTTTTTTTGACGG TGTGAAAGGC TGTG'fGG TO T T TCGCA TTGT TC<3,OGTGAAC-f AC ? 7OC 7-GC T TT TTGG T TGGC 

3810 3830 3850 3870 3890 

TGGGTGTGACTATGATAGA TGGAACGAACGGGACAGTGTGTT TGACA TACATAGGTTGCTGTC T TGAT TATGGGT TAA TGC T T7 T TCCGAGATGTCGA TA 

3910 3930 3950 3970 3990 

GGAGGGAGCCAGCATGTAT TGATTT TGACCCTGCAACGTCTTCGAGCAGCTAGGTCGAGAGACA TGTAGTAAAGAGAGCTA TC, CG TO TGGAGAAA TGTTC 

4010 4030 4050 4070 4090 

AAGACGACATTTAAGTCAAGGCGTTTGCTGCTTGTTTTTGTGTATTAACTCTGAAAGACTGTGAATCAAAAGCATCATAGGAGCTGTTGGCACTATGTAG 
4110 4130 4150 4170 4190 

TTGTTCATAGTTCTTATTGGAAGCCCAATGTAACAAGCCCCGGACAATCAGGCGGGTCCCGGAGTGATAGCCCGACGGAAGATACGGAACCTGGCCGGAG 

4210 4230 4250 4270 4290 

CGGCGGAGCGGCGATAGAGcGTGTAATTTTCGGGGGCATTTTATACGGTATGATACGCCTTACCTATCCCCTAAAGTTACCGGAGGGTTGCGGCCACGGT 

4310 4330 4350 4370 4390 

ATCGACTGTAATGATGAGATCACAGAATAC•GTACTACCGATTTTGCACGCGGGAATTG•ACTTCTTTTTCTT•CATGTTCTAC 

Chitin synthase 1 of IV. crassa 

Figure 3. Complete nucleotide sequence 

for the N. c rassa  chs-1  gene and flanking 

regions and the predicted amino acid se- 

quence of CHS1. The CCAAT sequence is 

underlined. The transcription initiation 

site is marked by an asterisk ('). Con- 

served intron boundary and presumed lar- 

iat sequences are underlined, as is the con- 

served polyadenylation signal. Two poten- 

tial N-glycosylation amino acid sequences 

are underlined. 
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Fibre 4. (See facing page for legend.) 
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Figure 5. Hydropathicity plot for the predicted 

amino acid sequence of the N. crassa CHS1 poly- 
peptide. Peaks above the axis are hydrophilic re- 
gions; those below the axis are hydrophobic. 
Note the hydrophobic segments beyond residue 
550. 

notype of the chs-1 RIP strain was the result of inactiva- 

tion of chs-1,  we performed a complementat ion experi- 

ment  with pOYA5 (containing the genomic copy of chs-  

1) and pMP6 (for transformant selection). Among 60 

hygromycin-resistant  transformants analyzed, 28 had a 

morphology that was indist inguishable from that of wild 

type. This result provides evidence that the transforma- 

tion wi th  pOY301, as well  as the RIP process, did not 

affect other sequences that are involved in the determi- 

nation of hyphal  morphology. 

chs- 1Rw m o r p h o l o g y  

Growth of the chs-1 RIp strain on both solid and liquid 

media was significantly slower than that of wild type. To 

quantitate the difference in hyphal  elongation, the rate 

of radial growth was measured from a mycel ial  disc 

placed in the center of a 150-mm-diam. petri dish. 

Within  24 hr (at 34~ the wild-type strain had grown to 

a 64-mm radius, covering most of the dish. During the 

same period, the c h s - 1  RIP strain had grown to only a 

14-mm radius. Even after 1 week of growth, the chs-1 RIP 

colony had not equaled the radial growth of the 24-hr-old 

wild-type strain (Fig. 7). Furthermore, the density of hy- 

phal growth was sparse, and there was little evidence of 

conidiation. Thus, chs-1 RIP lacked the confluent myce- 

lial mat  that is typical of wild-type growth. Supplement- 

ing either solid or liquid med ium with 1 M sorbitol as an 

osmotic stabilizer had no effect on chs-1 RIP growth (data 

not shownl. 

Microscopic examinat ion of cultures grown in liquid 

medium revealed extensive hyphal  swelling and other 

hyphal  abnormali t ies  in the chs-1 RIP strain, when com- 

pared wi th  wild type (Fig. 8A-E). In some instances, se- 

vere swelling of the hyphae of germinating conidia was 

observed (Fig. 8D). When grown on solid media, long thin 

aerial hyphae were apparent, and frequently, the hyphal 

tips had deteriorated (Fig. 8E). However, subjecting chs-1 

to RIP did not affect cross-wall formation or abundance. 

This was demonstrated by Calcofluor staining (Fig. 

8F, G). When chs-1 RIP cultures grown on solid media ma- 

tured to the conidiation phase, microscopic examinat ion 

revealed that conidia, as well as major and minor  conid- 

iophore constrictions, were morphologically s imilar  to 

those of wild type (data not shown). 

C h i t i n  s y n t h a s e  a c t i v i t y  in  t he  chs-1Rw s t ra in  

Chit in  synthase enzyme activity was measured as the 

incorporation of UDP[1-14C]GlcNAc into an insoluble 

product. The enzyme activity was measured in cell-free 

extracts prepared from wild-type and chs-1 RIp strains. 

Chi t in  synthase activity in the chs-1 RIP extracts was 

found to be 7- to 20-fold lower than in wild-type extracts 

(Fig. 9). Variation among duplicate samples prepared 

from each extract source did not exceed 12%. Attempts  

to determine the fractions of chi t in synthase that were 

susceptible to activation by proteolysis were inconclu- 

sive, as activation was too variable from sample to sam- 

ple. Our findings are consistent wi th  the wide range of 

variation in the effect of proteases on the activity of N. 

crassa chit in synthase activity, which  has been reported 

previously (Bartnicki-Garcia et al. 1978; Arroyo-Begov- 

ich and Ruiz-Herrera 1979). Residual chi t in synthase ac- 

tivity was observed in all chs-1RIv extracts, suggesting 

that other chit in synthases are active in the chs-1Rxp 

strain. To confirm that the chs-1 RIP strain was defi- 

cient in chit in synthesis, we determined the sensit ivi ty 

of the chs-1 RIP strain to Nikkomyc in  Z, a competit ive 

inhibitor of chit in synthase (Gow and Selitrennikoff 

1984). When grown in the presence of the inhibitor, the 

chs -1Rw strain was significantly more sensitive to the 

drug than was wild type (Fig. 10A). To establish that the 

hypersensit ivi ty of the chs-1 RIP strain was specific to 

Nikkomycin,  the comparative sensit ivi ty of wild-type 

and chs-1 RIP strains to the microtubule  inhibi tor  

Benomyl was tested. Both strains were equally sensitive 

to Benomyl (Fig. 10B}. 

Discussion 

chs- I  from N. crassa,  a member  of a chi t in synthase gene 

family, has been cloned and characterized. We have 

shown that chs-1 is dispensable, yet its product is re- 

quired for normal cell growth. The s imilar i ty  between 

the predicted amino acid sequence of CHS1 of N. crassa  

Figure 4. Multiple sequence alignment of four predicted chitin synthase polypeptides. The comparison was of residues 1-780 of N. 
crassa CHS1 [N.c.), residues 200-975 of S. cerevisiae CHS1 (CHSI), residues 50-815 of S. cerevisiae CHS2 {CHS2), and residues 1-741 
of Candida albicans CHS1 (C.a.). Asterisks ('1 mark amino acid residues identical to the N. crassa polypeptide; dashes mark gaps. 
Regions used for the design of degenerate oligonucleotide primers 1280 and 1281 (Table 11 are indicated. Amino acid residues predicted 
to be encoded at the 5' and 3' ends of the PCR product obtained (pCSI2, Fig. 1) are underlined. 
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Figure 6. Molecular analysis of chs-1 DNA and transcript in 
wild type, pOY301-transformed, and chs-1  RIP strains of N. 

crassa. (A) Southern blot analysis of BamHI-EcoRV digests of 
genomic DNA isolated from wild type (wt), two isolates that 
were transformed with pOY301 (T-36, T-51), and two chs-1 mp 

progeny {S-I, S-2) from a cross between T-36 and T-51, exhibit- 
ing slow growth and abnormalities in hyphal morphology. The 
probe used was a hexamer-labeled BamHI digest of pOY30. (B) 
Northern blot analysis of total RNA from wild type (wt) and the 

S-1 slow-growing progeny from the T-36-wild-type cross. The 
blot was probed with a hexamer-labeled BamHI digest of pOY30 
(for chs-1) and a 1.2-kb SacI digest of pBT3 (for tub-2). The large 
arrow indicates the position of the chs-1 message; the small 
arrow indicates the position of the tub-2 message. 

and those of the yeast chi t in synthases permitted us to 

detect and clone the N. crassa gene. 

Hydropathy plots suggest that the chit in synthase 

polypeptides of N. crassa, S. cerevis iae,  and C. a lb icans  

have s imil iar  characteristics throughout their length. 

However, Silverman (1989) has found a significant dif- 

ference between the calculated pI values of the amino- 

terminal  regions of the two S. cerev is iae  chit in synthase 

polypeptides. We performed a similar  comparison be- 

tween the N. crassa and yeast chi t in synthases. Because 

the similari t ies  and differences between the various 

polypeptides, on the basis of calculated pI values, are not 

uniform throughout the length of the polypeptides, ad- 

ditional criteria must  be applied before we can determine 

which synthases perform the same functions. 

The RIP phenomenon was used to inactivate chs- I .  

The slow growth and abnormal swelling of chs-1 RIp hy- 

phae demonstrate that chs-1 plays a major role in hyphal  

growth. Conidia do not seem to be affected by chs-1 dis- 

ruption; therefore, an additional chit in synthase may  be 

primarily responsible for chit in deposition during sporu- 

lation. Reduction in the chit in content of the primary 

cell wall is probably responsible for the gross hyphal al- 

terations observed in the chs-1 mp strain. Lack of the pri- 

mary chit in building block (although it constitutes only 

10% of the fully assembled cell wall) could lead to alter- 

ation of the architecture of the fungal cell wall, resulting 

in the observed morphologic abnormalit ies.  Nonethe- 

less, lack of CHS1 activity does not render the organism 

inviable. Using Calcofluor staining of the chs-1 RIp strain, 

what appears to be normal deposits of chi t in  were de- 

tected in cross-walls, where chit in is the major compo- 

nent {Hunsley and Gooday 1974), and in conidial septa. 

This finding is supported by our detection of residual 

chitin synthase activity in this strain (which is also hy- 

persensitive to the chit in synthase inhibi tor  Nikkomy-  

cin Z} and is in agreement with the detection of chi t in 

synthase activity and chit in deposition in chi t in syn- 

thase mutants  of S. cerevis iae  (Bulawa et al. 1986; Sbur- 

lati and Cabib 1986; Orlean 1987; Cabib et al. 1989; Sil- 

verman 1989; Bulawa and Osmond 1990). 

Differential involvement  of chit in synthase isozymes 

in distinct cell-wall biosynthetic functions may provide 

one explanation for the absence of an effect of inactiva- 

tion of chs-1 by RIP on formation of cross-walls and co- 

nidia. This possibility is supported by a recent report 

describing the different functions of S. cerev is iae  CHS2 

and CHS3, which are specific for primary septum forma- 

tion and the chit in ring at the bud emergence location, 

respectively (Shaw et al. 1991). Another possibili ty is 

that separate chit in synthase isozymes have the abil i ty 

to perform the same functions. The activity of the other 

chit in synthases, however, is not adequate for the nor- 

mal rate of assembly of the hyphal cell wall, yet it suf- 

Figure 7. Comparative growth of wild- 
type (left; 30 hr) and chs-1P'IP (right; 7 day) 
strains on solid Vogel's N medium. 
Growth was at 34~ for the times indi- 
cated. A difference in hyphal biomass as 
well as limited conidiation in the chs-1 mP 

strain is apparent. 

2426 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Chitin synthase 1 of N. crassa 

Figure 8. Microscopic analysis of hyphae of wild type (A,F) and chs-1 RiP IB-E,G) strains. (A) Hyphae of a wild-type strain grown in 

liquid medium. (B) Abnormal swelling of chs-1R~P strain hyphae grown in liquid culture. Swelling is evident at hyphal tips, as well as 

along the entire filament. Occasionally, spherical swellings are evident. I C) Hyphal swelling is not uniform, although the general 

filamentous nature of the mycelium is maintained. (D) Gross abnormalities are sometimes observed in germinating conidia {dark-field 

settings). (E) Degenerated aerial hyphal tips and enhanced constrictions in cultures grown on solid medium. (F,G) Calcofluor staining 

of wild-type (F) and chs-1 RIP (G) for visualizing chitin deposition in cross walls. Bars, 50 ~m in A-G; 20 ~m in D. 

fices for formation of apparently normal cross walls and 
conidia. 

Two chitin synthase genes have been isolated and 

characterized from S. cerevisiae (Bulawa et al. 1986; Sil- 

verman 1989). Two chs PCR products, different from 

chs-1, have been isolated from N. crassa (P. Robbins, 

pers. comm.). Thus, it is likely that each fungal species 

produces several chitin synthases. Although chs-I  is not 

essential, it is tempting to speculate that the different 

chitin synthases are primarily responsible for chitin de- 

position in one or more of the following processes: hy- 

phal elongation, branching, cross-wall and/or septa for- 

mation, conidiation, and/or repair of ruptured cell walls. 

Materials and methods 

Strains and  m e d i a  

Wild-type N. crassa strains 74-OR23-1A (FGSC 987} and ORSa 

(FGSC 2490) were used in all experiments. Procedures used in 

growth studies, crosses, and other manipulations are described 

in Davis and de Serres {1970). Cultures were maintained on 

1.5% agar slants containing Vogel's minimal medium N (Vogel 

1956}. When appropriate, the medium was supplemented with 

either hygromycin, Nikkomycin Z (both from Calbiochem), or 

Benomyl (DuPont) at appropriate concentrations. The drugs 

were filter-sterilized and added to sterile media at -50~ DNA 

transformations of N. crassa were carried out as described by 

Orbach et al. (1986). Cotransformation was performed with a 
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Figure 9. Chit in  synthase activity of wild-type (wt) and 

chs-1 mP cell-flee extracts. Reactions were carried out at 37~ in 

40qxl volumes containing 35 txg of protein. Incorporation of 

UDPll-14CJGlcNAc" " into an insoluble product was used as a 

measure of chit in synthesis. 

6-~g plasmid mixture consisting of a 1 : 1 ratio of pOYA5 and 

pMP6 {which contains the N. crassa cpc-1 regulatory region 

lacking the two upstream open reading frames fused to the hph 

gene that confers hygromycin resistance; M. Plamann and 

C. Yanofsky, unpubl.). Hygromycin-resistant transformants 

were detected on regeneration med ium containing sorbose as a 

carbon source, and single colonies were transferred to sucrose- 

containing min imal  agar for further analysis of hyphal morphol- 

ogy. 

Isolation and analysis of nucleic acids from N. crassa 

Genomic DNA was isolated as follows: Mycelia from cultures 

grown in 25 ml Vogel's N med ium were collected by filtration 

on Whatman No. 2 filter paper on a Buchner funnel. Samples 

were quick-frozen in liquid nitrogen and lyophilized. The dry 

samples were powdered by grinding and were suspended in an 

equal volume of lysis buffer [50 mM Tris-HC1 (pH 8.0), 50 mM 

EDTA, 2% SDS, 1% fl-mercaptoethanol] containing 25 ~tg/ml of 

RNase A. After 30 min  of incubation at 37~ 100 ~tg/ml of 

proteinase K was added to the solution and incubation was con- 

t inued for 1 hr at 65~ Two phenol-chloroform (1 : 1) extrac- 

tions were performed, followed by a single chloroform extrac- 

tion, an ethanol precipitation, and a 75% ethanol wash. The 

DNA pellet was dried and dissolved in TE buffer [10 mM Tris- 

HCI (pH 7.4), 1 mM EDTA (pH 8.0)]. 

Total RNA was isolated by a slight modification of the pro- 

cedure of Orbach et al. (1990). Mycelia were harvested as de- 

scribed above. After a quick freeze in liquid nitrogen, 25 mg was 

transferred to a 2-ml screw-cap tube (Sarstedt) containing 480 ~tl 

of extraction buffer [100 mM Tris-HC1 {pH 7.5), 100 mM LiC1, 10 

mM EDTA, 20 mM dithiothreitol], 420 ~1 of phenol, 420 gl of 

chloroform, 84 ~tl of 10% SDS, and 2 grams of z i rconium beads 

(Biospec Products Inc.). The samples were shaken twice for 30 

sec in a mini-bead beater (Biospec Products Inc.}. After 15 min  of 

centrifugation in a microcentrifuge, the aqueous phase was 

transferred to a new tube and reextracted with phenol-chloro- 

form (1 : 1). After an additional chloroform extraction, the RNA 

was precipitated, washed, dried, and dissolved in 10 mM Na- 

HEPES (pH 7.5) containing 1 mM EDTA. When RNA was to be 

used for RT-PCR or primer extension analyses, samples were 

treated with RQ1 DNase I (Promega), in the presence of 5 mM 

dithiothreitol and 2.5 units of RNasin (Promega). 

N. crassa genomic DNA {Orbach et al. 1986) and cDNA (Or- 

bach et al. 1990) libraries were screened as described by Benton 

and Davis (1977). Southern blot analysis was carried out on 

nylon membranes (Nytran, Schleicher & Schuell, Inc.} as de- 

scribed by Sambrook et al. (1989), as were all other DNA mod- 

ification and cloning procedures. Bluescript (SK-)  (Strategene) 

was used for the cloning and preparation of various constructs. 

Northern blot analysis was performed as described by Orbach et 

al. {1990). tub-2 RNA levels were determined by probing North- 

ern blots with a hexamer-labeled 1.2-kb SacI fragment isolated 

from pBT3 (Orbach et al. 1986). pDH25 (Cullen et al. 1987) was 

the source of the hph gene, encoding hygromycin phosphotrans- 

ferase, which confers hygromycin resistance. This gene is 

driven by the Aspergillus n idulans  trpC promoter region and 

was used as a dominant  selectable marker in the isolation of N. 

crassa transformants. 

Mapping of chs-1 was carried out by RFLP analysis of the 

small cross, according to the procedure of Metzenberg et al. 

(1985). 

PCRs were carried out in 100-p.1 reaction volumes in an Eri- 

comp thermal cycler. Two and one-half units of Taq polymerase 

(Perkin-Elmer Cetus) were used in each reaction tube contain- 

ing - 2 p.g of genomic DNA as template in 50 mM KCI, 10 mM 

Tris-HC1 (pH 8.3), 1.5 mM MgCI~, 0.01% gelatin, and 200 ~M of 

each dNTP. One microgram of each primer was used for each 

reaction. RT-PCR was carried out using the components  of the 

Perkin-Elmer Cetus mRNA PCR kit in accordance with the 

manufacturer 's  instructions. Oligonucleotide primers were de- 

signed with restriction sites at the 5' end to facilitate cloning of 

PCR products {Table 1). Oligonucleotides were synthesized on 

an Applied Biosystems DNA synthesizer. 

Primer extension analyses were performed to determine the 

Figure 10. Effect of N ikkomyc in  Z (A) and 

benomyl {B) on growth of wild-type {open bar) 

and chs-1RIv {hatched bar) strains of N. crassa. 

Inhibitors, at various concentrations, were in- 

corporated in presterilized Vogel's N medium. 

Mycelial discs containing wild-type or chs-1 r~v 

hyphae were placed in the center of a petri dish 

containing either unsupplemented or drug-sup- 

plemented solidified medium.  After 12 or 50 hr, 

colony surface area of wild-type and chs-1 ray 

strains {respectively} grown on drug-containing 

med ium was compared with  growth area of the 

same strain on drug-free medium.  
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chs-1 transcription start site with two end-labeled oligonucle- 

otide primers (Table 1), according to Sambrook et al. (1989). 

DNA sequencing 

DNA sequencing was performed by the dideoxy chain-termina- 

tion method of Sanger et al. (1977) with ~-3sS-labeled dATP. 

Sequencing reactions were electrophoresed on either 7 M urea- 

1 x TBE [Tris-borate EDTA (Sambrook et al. 1989)] or 6% Long 

Ranger (AT Biochem}-0.6 x TBE acrylamide gels by using a BRL 

sequencing gel apparatus. 

Clones used for sequencing were generated either by insertion 

of restriction fragments into the Bluescript vector or by progres- 

sive deletions from one end of a DNA fragment. The deletions 

were produced by using exonuclease III, as described by Heni- 

koff (1987). 

Microscopy 

Samples were viewed with a Nikon Microphot FX epifluores- 

cence microscope. For cross-wall visualization, a drop of 10 ~g/ 

ml of Calcofluor (Fluorescent Brightener 28, Sigma) was applied 

to fungal samples prespotted on a microscope slide. The filter 

combination used was 380- to 425-nm excitation, 430-nm di- 

chroic mirror, and 450-nm barrier. Photographs were taken with 

Kodak Ektachrome ASA 400 film. 

Chitin synthase assays 

Chitin synthase assays were performed with total fungal ex- 

tracts. Extracts were prepared from 1.5- to 4-hr-old germinating 

conidia that were harvested by filtration {GF/C filter, What- 

man). After a water wash, the germlings were placed in a 2-ml 

screw-cap tube containing 1.4 grams of 0.5-mm-diam. glass 

beads (Biospec Products). The tube was then filled with cold 100 

mM HEPES {pH 7.8). The germlings were disrupted in a mini- 

bead beater, using two 1-min pulses. The tubes were centrifuged 

for 10 rain in a microcentrifuge, and the supernatants were col- 

lected. Protein concentration was determined by the method of 

Bradford (1976), with the Bio-Rad protein assay mixture. 

Chitin synthase activity was monitored in 25-p.1 reaction 

mixtures containing 100 mM HEPES (pH 7.8), 1 mM MgC12, 32 

mM GlcNAc, and 1 mM UDP-GIcNAc and supplemented with 

1.5 x 10 -7 mM UDP[1-14C]GlcNAc [sp. act. 300 mCi/mmole 

(Amersham), providing -100,000 dpm/mixture]. Aliquots of the 

fungal cell-free extract used in each reaction mix contained 25- 

40 ~g of protein. When trypsin activation of chitin synthase was 

examined, 2 ~1 of a 0.2-mg/ml trypsin IEC 3.4.21.4, Sigma) so- 

lution was added to the cell-free extract before adding the other 

components of the assay mixture. After 15 min of digestion at 

30~ 2 p.1 of a 0.3-mg/ml solution of soybean trypsin inhibitor 

was added to each reaction tube, followed by the components of 

the chitin synthase reaction mixture. Mixtures were incubated 

at 30~ and reactions were terminated by adding 25 ~1 of glacial 

acetic acid. Reaction products were separated by paper chroma- 

tography with Whatman No. 1 paper and water as solvent. 

Chromatographically immobile radioactivity (in chitin) was de- 

termined by liquid scintillation counting with Ready Safe 

(Beckman) cocktail mix and a Beckman LS3801 scintillation 

counter. To verify that the source of immobile radioactivity was 

chitin, we occasionally solubilized the product by treatment 

with chitinase, as described by Selitrennikoff (1979). 

Computer methods 

Programs of The University of Wisconsin Genetics Group were 

used for analysis of nucleic acid sequences (Devereux et al. 

1984). The MacVector program (International Biotechnologies, 

Inc.) was used for Kyte and Doolittle (1982) hydrophilicity anal- 

ysis. Multiple sequence alignments for comparison of predicted 

amino acid sequences corresponding to different chitin syn- 

thase genes were performed with the Tullal program (Subbiah 

and Harrison 1989). 
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