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Abstract 

The vma-6 gene, encoding a membrane-associated subunit of the vacuolar H+-ATPase from Neurospora crassa, was cloned and 
sequenced. The gene contains three small introns and encodes a protein of 41 005 Da. When compared with homologous polypeptides 
from other species, the N. crassa protein contains a unique glycine-rich region. Three conserved cysteine residues, previously 
unrecognized, have been identified. An unrelated gene encoding a protein of 31 701 Da was found 2.1 kb downstream of vma-6. The 
second gene appears to encode the N. crassa homolog of a ribosome-associated protein identified previously in several plant and 
mammalian cells, and was named rap-1. 
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Vacuolar, or V-type H+-ATPases are multisubunit pro- 
ton pumps that acidify intracellular compartments in eu- 
karyotic cells and provide the driving force for the sec- 
ondary transport of  various solutes [1]. In Neurospora 

crassa, the vacuolar ATPase has a molecular mass of 
approx. 700 kDa and is composed of  at least nine different 
subunits [2]. The components of  the enzyme are organized 
into two sectors. A hydrophilic sector named V~ protrudes 
from the membrane and is the site of  ATP hydrolysis. A 
hydrophobic sector, named V o, forms the proton conduct- 
ing pathway through the membrane. V~ and V o sectors are 
separable in vitro, and recent data from two very different 
organisms, the yeast Saccharomyces cerevisiae [3] and the 
insect Manduca sexta [4], suggest that reversible dissocia- 
tion of  V l and V o may regulate proton pumping in vivo. 
Furthermore, we previously reported that oxidation of  the 
enzyme from N. crassa can cause the dissociation of  V~ 
and V o sectors [5]. 
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The Vo sector contains a polypeptide described as the 
39 kDa subunit in bovine cells [6] and the 36 kDa subunit 
in yeast cells [7]. The gene encoding this subunit has been 
isolated from only a few organisms, and some discrepan- 
cies were reported in determination of  the beginning of  the 
protein coding region [7]. Analysis of the sequences has 
not revealed typical membrane-spanning regions, even 
though the subunit co-purifies with the membrane sector. 
We have recently isolated a gene from N. crassa which 
encodes a 41 kDa polypeptide of  the V o sector. Although 
slightly different, this polypeptide appears to be homolo- 
gous to the 36-39  kDa subunit described in other organ- 
isms [6-8]. 

Isolation of  the N. crassa vma-6 gene. A 0.83 kb 
fragment of N. crassa genomic DNA was amplified by the 
polymerase chain reaction using degenerate primers corre- 
sponding to conserved regions of  the bovine and yeast 
genes [6,7]. Their positions are shown overlined in Fig. 1. 
The fragment was about 100 bp larger than predicted, 
suggesting the presence of  an intron, which was subse- 
quently confirmed. The 0.83 kb fragment was used to 
screen a cDNA library in AZAP (obtained from M. Sachs, 
Oregon Graduate Institute). Two clones of 0.4 kb and 1.5 
kb were identified. Both were sequenced; the smaller clone 
(0.4 kb) was contained entirely within the larger (1.5 kb) 
polyadenylated clone. 
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The larger cDNA was used to screen an N. crassa 
genomic library in the vector pMOcosX (Fungal Genetics 
Stock Center, University of Kansas, Kansas City, KS). 
Two overlapping clones were identified, #GI  1-2A and 
#X2-8B. The complete vma-6 gene was located in #X2-  
8B, while #G11-2A contained only the region of the gene 
coding for the last 20 amino acids (starting at nt #2623 in 
Fig. 1). A 7.5 kb EcoRI fragment of #X2-8B was cut into 
smaller fragments which were subcloned into an M13 
phage vector. Both cDNA clones and the first 6119 nu- 
cleotides of the 7.5 kb EcoRI genomic fragment were 
sequenced. Fig. 1 shows sequence of genomic DNA, the 
region corresponding to the cDNA for vma-6, and the 
downstream open reading frame which encodes the rap-I 
gene. To confirm that the vma-6 gene encoded a subunit 

of the ATPase, we expressed the gene in E. coli and raised 
a rabbit polyclonal antibody. This antibody recognized a 
40 kDa polypeptide in purified vacuolar membranes from 
N. crassa (Steinhardt, A.S. and Bowman, B.J., unpub- 
lished data). 

Chromosomal mapping of the vma-6 gene. Chromoso- 
mal location was determined by analysis of restriction 
fragment length polymorphisms [9] using DNA digested 
with EcoRI. The vma-6 gene was located near the cen- 
tromere of linkage group II. Two other V-ATPase genes, 
vma-2 and vph-1, map to this chromosome but are sepa- 
rated by at least 10 map units on either side [10] (Bowman, 
E.J., personal communication). 

Characteristics of the vma-6 gene and its product. The 
cma-6 gene contains three small introns, of 56, 76 and 60 

1 GATCTTGGCCAACTCGGGGAAGTGCCAGCCGTACCATTCCTTGACACGCATGGCGTAGGTGTTGAGCTCC 

71 TTGTCAAC-C TCGTCGAGGAGCGAGACGGCGTGGACGATCATGACATCGAC C TTC TCGGGC43AGAACTTGA 

141 GC TTGTGGCGCGAGAGAGAGTGGGAGAGACCGAGGGACATCT CCTTGAAGTTCT CC-GC43AGCATGC CAGG 

211 AATGAGC TCGGGAAGGTACTGC-C GGATGGCACGGAAGAGGTCGGTGGTGGTGGAGTC GGCAATGGGC TGG 

281 ATGTCGAGGTTGGGGATC TTGTTGATGGCAGCCGGAGC TTGCTC TCGGCAAC GGCGAGGGTGACCTTCTT 

351 CTCATTTCCAATCTCGGCAAGCAGGCTGTTCAGCTTGGGAGTGACCTTGCCCTCAACAACACCAGCGATT 

421 TCCTCGAGGGCAGTGGCGGCGCTCTCGAACTTGGCGAACTCCTTGTACTTGATCCTGTAGGCACACGCGT 

491 GTTC-GTCAATTGCATCTTG TGCCATGATGTGACGAGGCAGCTTACTCCTTGGTGATCTTTTCAACGCTG 

561 TTGAGACGCTCGGCGAGGTTGTC CGAGGACAGCAGCTTCTTGTCTGCCGCCTTGAACAGGCCATAAC TGT 

631 AGGGAC TTGTTAGAC ATGTTGGAC TAT TATGGTAGGTAGGTGTTG TTGAGGTTCGAGACGGAAGGGGAGA 

701 C CTCTCGGTC TGATC GCAGCCGAATTC43ACGATTCAAAC TTGAAGCC TCCGCATATGCAGGCATGGACGA 

771 CGCCGCCGCCGTTGTGTATGGACGTGAATTTGATGTGATC43CACTTACCCGGCACTGGTTTCTGTTAGGA 

841 TAAAGAGAGGCATGGTTGCGGTT TGGTGTTTGGATC CCGAACGCGC TGGCAA TGTCGTTGGGAAACAGC 

911 AAG TGGGTGTGCTGTTTTT TTGCGATATTCACCACGAGCC TCGAGGGGGAGAAAAAAGTC GAGAGCAAAG 

981 AACAATTTTTTTCCACCAGACTTTGGAGCACCCACTTCTGCCCACACTCTGCCTGCCCACTCACCGAAAT 

1051 CCATGC~GCCCGTTCCCCCAATCAGAGCCCGGTGTGGC~TCGAAGAGGCCAGAGGTGGCCCGAGCTTGGC 

1121 TATTGCACGTATCTTTTCAACGGCCAACTTTGTCTCCATCAACCCTCGCTCTC~CCGCTCTGAATTGGAG 

1191 ATGCCAAGACCCGTCATGCACGGTCCAACCCTCTCTCTGAAGCGCCGATGGTGGGCGCCCTGTCGCAGCC 

1261 TTCC TGCGC C TGTGAC C TCGATGGACAACTGGAGCTCCAACAACGACAAGAGCAGCCCAGACAGGGAGTG 

1331 CCAGCCATCTGTTGTTGTTGAACACTCGCTCGCTTGAACATATCACCACCTCCAACTCCAACCGCAGACA 

1401 TGGAGC4]CCTATTATTCAACGTCAACAATGGgtatgttgtctcatttctaatttgcagatacagtgctga 
M E G L L F N V N N G 

1471 cc a t ca t t c a t caac agCTACATTGAGGGTATCGTCCGTGGATACAGGAACAGCCTGTTGACGAGCACCA 
Y I E G I V R G Y R N S L L T S T 

1541 ACTATACCAACATGACGCAATGCGAGTCGATTGATGgt gagcct c t c t c t cccat c t ccat c cccgaccc 

N Y T N M T Q C E S I D 

1611 at t t cac c t ccatccacat cgccct aacaacat t gcccacagACCTTAAACTCCAACTCGGACCTGCATA 
D L K L Q L G P A Y 

1681 CGGCGACTTCCTCGCCTCTCTCCCGCCCAAGCCTTCGACCTCCGCTCTCGCTGCCAAGACCACCGACAAG 
G D F L A S L P P K P S T S A L A A K T T D K 

1751 CTGGTCTCCGAGTTCCGCTATGTCCGCGCCAACGCGGCCGGCTCCCTGGCCAAGTTCATGGACTACCTCA 
L V S E F R Y V R A N A A G S L A K F M D Y L 

1821 CCTACGGCTACATGATCGACAACGTCGCCCTGCTCATCAC~ACCCTTCACGAGCGCGACACGCGCGA 
T Y G Y M I D N V A L L I T G T L H E R D T R E 

Fig. 1. Sequence of the vma-6 and rap-I genes. Nucleotides 1400-2686 and 4780-5945 represent the coding regions of vma-6 and rap-1 respectively. 
Positions corresponding to the degenerate primers used to amplify the vma-6 gene are overlined. Introns are shown in lower case within coding regions. 
Two pairs of putative regulatory elements are shown in lower-case upstream of the rap-1 gene. The complete nucleotide sequence is deposited in GenBank 
under accession number U36470. 
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bp, respectively. Two of the introns were found within the 
first 20% of the protein coding region as is typical for N. 
crassa genes [11]. The introns do not appear to occur at 
the boundaries of obvious domains in the protein. A 
polyadenylation site was found 352 bp downstream of the 
stop codon (Fig. 1). 

The protein encoded by urea-6 is 41 005 Da in size, 
made up of 364 amino acid residues with a calculated p!  
of 4.65. The protein is hydrophilic overall with no obvious 
membrane-spanning domains, even though it is known to 
behave as a membrane-associated subunit [2,6-8,12]. 

Alignment of the N. crassa protein sequence with other 
vma-6 proteins (Fig. 2) shows that it is 46, 50 and 52% 
identical with the S. cereuisiae, Dictyostelium discoideum, 

and bovine counterparts, respectively, with an overall iden- 
tity between the four species of 31.9%. An updated version 
of the bovine sequence was used for the alignment 

(GenBank accession number J04204). A human protein 
sequence deduced from cDNA [13] was not included in the 
alignment because it was truncated at the same position as 
the earlier version of the bovine protein [6]. Examination 
of the 5' region of the human cDNA showed a possible 
protein coding region 90% identical to the revised bovine 
sequence but interrupted by several frameshifts (data not 
shown). It seems likely that in the reported human se- 
quence the beginning of the protein coding region was not 
correctly identified. 

Compared with other L, ma-6 gene products, the N. 
crassa protein is larger by 8-19  amino acid residues 
mostly due to the presence of a unique glycine-rich stretch 
of 19 residues at positions 283-301 (Fig. 2). In S. cere- 

~'isiae this region is absent, and only 5 - 6  residues are 
observed in the other two species shown. These data 
suggest that this part of the protein is on the surface, or 

1891 GCTGCTCGAGCGCTGCCACCCGCTCGGCTGGTTCGAGACCATGCCCGTCCTCTGCGTGGCCACCAACATT 

L L E R C H P L G W F E T M P V L C V A T N I 

1961 GAGGAGCTGTACAAC AGCGTCATGATCGAGAC C C CAC TGGCCC C GTAC TTTAAGAGCAGCC TGTCGC TCC 

E E L Y N S V M I E T P L A P Y F K S S L S L 

2031 AGGACCTGGACGAGCTCAACATCGAGATTGTGCGCAACACGCTTTACAAGAACTACCTCGAGGACTTTTA 
Q D L D E L N I E I V R N T L Y K N Y L E D F Y 

2101 CCACTTCGTCAACACCCACCCCGATATGGCCGGGACCCCGACTGCCGAGGTGATGTCGGAGTTGCTGGAG 
H F V N T H P D M A G T P T A E V M S E L L E 

2171 TTTGAGGCGGATAGGCGGGCTATCAACATCACTCTTAACTCGTTCGGCACCGAGCTGTCCAAGGCGGACC 
F E A D R R A I N I T L N S F G T E L S K A D 

2241 GTAAGAAGC TCTATC C TAAC TTTGGGCAGC TGTAC CC GGAGGGGACGC TCATGTTGTCGCGGGCAGATGA 

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

2311 CTTTGAGGGTGTGAGGCTCGCTGTTGAGGGTGTGGCTGATTACAAGTCGTTCTTCGATGC TGCTGGCCTC 

F E G V R L A V E G V A D Y K S F F D A A G L 

2381 GGAGGC GGTC CCAGCGGTC CCGGTAACATGGGCGGTGGC GGAACTGAGGGCAAGAGTCTGGAGGACATG T 

G G G P S G P G N M G G G G T E G K S L E D M 

2451 TC TACC AGAAGGAGATGGAGATCTCCAAGATGGCGTTCACGAGGCAGTTCAC CTATGCCATAGTGTATGC 

F Y Q K E M E I S K M A F T R Q F T Y A I V Y A 

2521 GTGGGTCAAGTTGAGAGAGCAGgt gagat t agggt t cccc tgtgt t gt t cgt t gagcat c t gt t gac t aa 
W V K L R E Q 

2591 t g t gaca t t t agGAAATCCGCAATATCACTTGGATCGCCGAGTGCATAGCGCAGAACCAGAAGGAGAGGA 
E I R N I T W I A E C I A Q N Q K E R 

2661 TCAACAACTACATCAGCGTTTTCTAAAGAGCAGTAAGTTGTCGTAATGAGGTTTGATTTTCAGGTTGCAT 
I N N Y I S V F * 

2731 TTTTATCAGAGGAACCTCGTCCTCCCCCTATGTTTTGCTTGAGCCGGGTTGTCAGTGCATGTTATCAATG 

2 8 0 1 ACCAAGAAATGC~AAGGGGAGAAAAGGCGTATTGGGCGC GTTACGGC CAAAGTATTATATCTGGAC TC TT 

2 8 7 1 GGGGAACACAAAAGGGGTATCATCATCATCGACATGGCCTGCCCCCGCGTGCGCCCCTTGGTTTTCTCCG 

2 9 4 1 GTTATTGTTTATTGTTGTATTGTACATAGAGAAGGCCTCTTTGTTTTGTTACACACGCTTTCATC~TACG 
site of poly(A) addition 

3 0 1 1 ACTGGAAATCACATCTTCTTCCC-CTCACTCACACACAAACACACACGCGACAACCGAACCGGGTGCGTTG 

3 0 8 1 AATGTATTAGAGGGTGATCTGACCCTTCCAGGTGC42GGGCGTCAGAGCAGGGTCTCGAGCATGTGATGCC 

3 15 1 ACCTTCCACTGCCTCTCTCCTTGCGCTCCATGTACCTCAGCAGTCTTTGGCGCTTGTC~CACAGCTCCGC 

3 2 2 1 AAACTGCGCTTGTTGTTCTTATCTCTGTTGCCGCCGTGGCCCTCGAC-CGCCTTGCTGAGCGCCCGGATCT 

3 2 9 1 TC43ACGTCAGGATGGCGATCTGCACCTCACTC-CTGCCCGTGTCCGGGCCTGCCGCACCGGCTGGGGCTTG 

3 3 61 GGCTCCACTCCGCGCGCCAGCGGCGGCGTCGGCCTCTCGAGCGTCTGATCTGTAATGTGGCGACCGAAAG 

3 4 3 1 TCTCGATGCAC-CGGCGGATGTTGGCGTGTTTC-CGGTCTTTAGCACCACCATGCTCAAGCTTCGCAGTACG 

Fig. 1 (continued). 
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acts as a flexible linker between subdomains within the 
polypeptide. 

A previously unrecognized feature of the eukaryotic 
vma-6 proteins is the presence of three conserved cysteine 
residues found at positions 36, 125 and 348 in N. crassa 
(Fig. 2). Data from several laboratories indicate that the 
vacuolar ATPase may be regulated by oxidation and reduc- 
tion of cysteine residues [14-16]. Although most previous 
work has focused on the vma-1 gene product, a 67 kDa 
proteiil that contains the ATP-binding site, it is vely 
possible that other subunits, such as the vma-6 gene 
product, are involved [5]. 

Identification of the rap-1 gene. Preliminary sequence 
data from the EcoRI genomic fragment which contained 
vma-6 indicated that a second open reading frame was 
present. Because little information is available regarding 
intergenomic regions in N. crassa we sequenced most of 

the EcoRI fragment. On the basis of sequence similarity 
the second gene appeared to encode the N. crassa homo- 
logue of a protein named 1040 in yeast, mammals [18,19], 
Drosophila [20] and Arabidopsis [21]. Originally reported 
to be a precursor for the extracellular 67 kDa laminin 
receptor which is highly expressed in some tumor cell 
lines [19,22], the protein was subsequently found to be 
intracellular, associated with ribosomes [21,23] and/or 
cytoskeleton [24]. In S. cerevisiae the NAB1A and NAB1B 
genes encode homologues of the p40 protein which are 
90% identical to each other [17] (Ellis, S.R., University of 
Louisville, personal communication). Disruption of either 
gene caused a reduction in growth rate and a shift from 
larger to smaller polysomes. Disruption of both genes was 
lethal. We named the N. crassa gene rap-1 (ribosome 
associated protein). 

The rap-1 gene appears to contain four introns, the first 

3 5 01 C CAAGGGCGGCGACGGCTTGGCGTGTCTC-GCGGCGTC-CTCGAC-CTCCTCGTCCTCCTTCTCCGGGTCGC 

3 5 71 CGTCAAGCGGTCCTCGGCCTTGATGGGCTTCAAGATGTGCTCGGCGTACTGAATC-GCGCTGTCGAACTCG 

3641 TC CTTGTTGAGCAGGTAATTCC GTAGTGCGGCGAGGTTGGGAGGGGC TTGGGTTC CT CAACAAC-C TGGCC 

3711 GTACGGGGCGACCTTGGGCAGAGACGGAAGC~ q ~ 3C CGGC GCTGTCGAAGGATTCGCAGAAGGGGGTCGT 

3781 GATACCCTTGACCGGGTCGCCCATGCGCTCC-CTTGGCTGAGCTCGGCCTGGCGCTTCACGTTGACGGCCT 

3851 TGCGCTGTTC-CGCCTGGGCC CAGCCGTAAGGTCC TGCTTCATTTTACGC TTC TTTTC TTTC TGGGAGATG 

3921 TTGGCGGTTTGGATGAGAGGTTGCAGGGC C TGCGCC GGAGAGGC CAC GGC GGGGCGAAGACATAC TGTCG 

3991 TTTCCAGAGCAACATGTCAGTACGTAGGTGTGTTTGGCG~CATCATGGACGGCATGGCAAAAAGTT 

4061 GAAAGGTAAAT AAAGTC CAC GTACGC GTGAGGC TGCGAACGCC TTGAGGGC CAGGTAAC C TGGGAGGCA 

4131 TGGTTGGTTGGTTGGGTG TGTGGTGGTGGTGGTGGAGGTGCACCGGCGTGG TCGGTCTCGAAGTGCAAGT 

4201 CGGCGCAACAACTTTCTTTCAAGTCTCGCAGCTTggc C cggc gGTCCCTCCTCGTCc C t C cagGTCACGG 

4271 TCCGGCCGATGTTGAACAACTTCCCGTGTCGTCCGCACCTGAACC AAATTTGGGTTCCAAGTTCGCTAG 

4341 GCTAGAACAGGGTTAGTC CATCTC TCAACT CGAGCTTGCAGACTGCGAAGTGGATTC CAC TTCACTGATC 

4411 AC C TGACGTCGGCCACCAGGTGAAGCAAC TCAAATTCAGAAAGAGGCC TGTC GAGGTTACGATTTAATGG 

4481 GGCTAATCGTATTTGAAGC TATTGATTGGATGCAGTCTGATGTC CAAGGAGAAGAATACGTACCATGCTG 

4551 CAATGGCTTGGCACGGTCAACTGTCAACCAAC t g c ac agc cCTGGCGGCGAGTCGGCGCAc t c c ggCACT 

4 6 21 CCACAAAATTGAATTTGTGTGC GAAAATCAGAGGCAGAAAGCTC GGAC GTC C CGCGACTTTGGCTC-GC TG 

4 6 91 GTTGAATTAGAAGAAAATATATTCACCCTCCACGCCGTCTTCCTGACACCTCCTCAGTCCTCACACCGCA 

4 7 61 AGCCAGAGATCACGTCAAGATGGCGCCCGCTAACCTCCCCTCCATCTTCAATGCCACGAGCACCGATATT 
M A P A N L P S I F N A T S T D I 

4831 GAGCAGCTCCTTGCTGCTCAGTGCCACATCGGCTCCAAGAAgtgcgt t t t t gcgaaatccacat cgccgg 

E Q L L A A Q C H I G S K N 

4901 cgacatggc tggagaaaatgagacct cgaaatgc t gac t t tgtgcgt t tgcgaatagCCTCGGTGTTCAC 

L G V H 

4971 ATGCAGCgtatcactccctatcgatatataacac t tgtcgaagctacaacgact tgcgatcgcacggaca 

M Q 

5041 aa t t t c t gac c t gac t t gac t c t gc agCTTACCTCTGGAAGACTCC-CGCCGACGGTGTCAACATCTTGAA 
P Y L W K T R A D G V N I L N 

5111 CGTTGGCAAGACCTGgtatgt ggagga tcgat cgat cgcatgagtggat ggt gtccaagt ggaggagaca 

V G K T W 

5181 tggtcaccaggatacctcgaacaaaggccacaatggctgaacgtgctggctcaccacagGGAG~GA~G 
E K I  

5251 TCCTTGCTGCCCGCATCATCGCCGCCATCGACAACCCGGCCGATATCTGCGTTATCTCTGCCCGTCCAAT 
V L A A R I I A A I D N P A D I C V I S A R P I 

Fig. 1 (continued). 
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5321 C~TCA~GTGCCGTCC~GTTC~C~CCACACC~TGCTCA~CCATC~C~TCGCTTCACCCCC 

G Q R A V L K F A A H T G A Q A I A G R F T P 

5391 ~T~T~CACC~CTACATC~CCGCTCTTTC~A~CCCGCCTCATCATCGTCACCGACCCCCGCA 

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

5461 CTGATGCCCA~CCATC~A~CTTCCTACGTC~CA~CCCGTCATT~CC~CGA~CCGACTC 

T D A Q A I K E A S Y V N I P V I A L C D A D S 

5531 GCCCACCGAGTACGTCGA~T~CCATCCCCACC~C~C~G~TCGCCAC~CATCGCGTGCGTCTGG 

P T E Y V D V A I P T N N K G R H A I A C V W 

5601 TGGA~CT~CCCGTGA~TCCTCCGCCTCCGC~TACCATCTAC~CCGCGAGACCCCCTGGGACGTCA 

W M L A R E V L R L R G T I Y N R E T P W D V 

5671 TGGTCGATCTTTACTTCTgtatgtatcccccggagcccccgtgaccgtctgagggaccatgtctctaacc 

M V D L Y F  

5741 attaacctacagACCGCGACCCCGAGGC~AGGCCGA~AG~T~A~A~AG~GCTCCCT~CGT 

Y R D P E A E A E E K V E E E K L P G V 

5811 TGA~A~AGGG~TTGCCGCCAT~AGTCCG~TTCCCCGCCACT~TGACTGGGAGGCTGCCCCCGCT 

E E E G V A A I E S G F P A T G D W E A A P A 

5881 ~C~CCCC~CACC~AGT~TCCGATGCC~TCCC~TGCCGCTGCCCCC~CTGGGACGCTAC~ 

G F P A T G E W S D A A P G A A A P N W D A T 

5951 CCCC~CCACCACT~TGACTGG~CGCCACCGA~C~GGAGTCCAGCT~TAAACAGTTGT~TCG~ 

A P A T T A D W A A T E A R S P A G K Q L * 

6021 AAAAACACATTC~TTTCT~GTCAAAAATG~GT~T~A~CGTGAT~AGACT~ACTTG~GCT~ 

6091 ~CCTCGCCACCGATTTCC~CACG~TT 

Fig. 1 (continued). 

three located within the initial 20% of the coding region 
(see Fig. 1). It encodes a protein of 31 701 Da composed 
of 293 amino acids with an estimated pI of 4.8. Alignment 

of N. crassa p40 with the yeast, Drosophila and human 
homologues is shown in Fig. 3. Overall, 40% of the 
residues are identical in all four sequences. The C-terminal 

nspora 

yeast 

dictyo 

bovine 

nspora 

yeast 

dictyo 

bovine 

I M EGL L ~ Y  I ~G I V~YRN S L~T S TN][TNMT~.E S I D~5~LQ L • GPAX 

i MEGVY~ DN f I ~GVV~G LIdSNNQ_~ T L T~.~DT LF.~L~L Q L S s T D~[ 

1 MGLF GGRKHGGLFT]~KDD~Y L~KI L~FKKG I~RADXNNLC~LDNLE~M~F I STD][ 

1 MS F F PELY]~-VDN~YL~GLV~KAGV-~S QADXLNLV~.~ETL E~5~LHLQSTDX 

51 ~D~ASLPPKPS 2- SALAAKTTD~VS]~RYV~AAGSLAK~LTXG~I.~UVA;dLI 

52 ~N~[S SVS S ESL~TS L I QEYAS S~YH~I ~DQS SGSTRK~M~Y I TXG~IDHVA~M I 

61 ~D~AGEP S P I H~'gT - IAEKATG~SV S]~NH I ~NQAVE P L S T~M~F I S XG~KII~VV]~L I 

55 ~N~NEAS PL • ~VSVI DDRLKE~HM~NHAYEP LAS~LDF I T~S YMI~VI ~L~ 

nspora Ii0 ~L~E~DTR~LLER(~PLGW~ETM PVLCVATNI EE~ SVMI ET~LAPYFKS SLS L • QD 

yeast 112 ~LI KD~DKGZI LQ RCHPLGW~DT L PT L SVATD L E S~E TVLVDTZLAPYF KNC FDTAE E 

dictyo 120 ~Q~L~LD I S~LVDK~]~KSMATLSVVHNVADI~L I DT~LAPY IQGC LS • EED 

bovine I14 ~LHO~S IAZLVPK~LGS~EQMEAVNIAQT PAE~AI LVD S P • GGFF PG • LHLEQD 

nspora 169 I~E LHXR IVBmT~N~LDZ~{ F VNT}{ PDMAGT PTAEg]~ E LI~E ]~ILA I NIT LmLF 

yeast 172 L ~ D ~  ~A]~D]~NFV • T • E E I P E • PAKECMDT L~G]~L~mLS I NI, A L~LL 

dictyo 179 ~EM~I ~TI~I~A~D]~N'Y • C • KY • LGGQ • TEL I~S D I IdK ] ~ S  I N~ I ~F 

bovine 172 ~d~y-/~L7~I ~T ~A]~e~S ]~[K F • C T • L - LGGT • TADA~C P I I~E ] ~ A F  I IT I ~F 

nspora 229 G • TELS KAy. RKKLY~NFGOL~PEGTLM~S R~D~F EG~SLAVEGVAD]~S F~DAA~GGG 

yeast 229 QS SDI D P - ~LKS D~L~N I~LYPLATFH~AQ~D~F EG~RAALANVYEXRG • ~LET~ .... 

dictyo 235 GATELS KDD. REK~Y~S L~5~EGTS K~GK~E~VDQ_~KG I LEVY S TXRNF~SD • [WNN • 

bovine 228 G • TELSKE~. RA K~F~H C ~_EG LAQI~P4kD ~Y E Q~NVADYY P E~ L L~E GA~ .... 

nspOra 287 P SG PGNMG GGGT EGKS~M~YQ K~ME I S ~ T  R~FTYA I VY~WV~LR]~}~I RHIT]~ 

yeast 283 ............... N~HZYQ L~MELC ~ T  Q~FA I S TVW~WM~S K ~ T ~  

dictyo 292 ............ E • KS ~S ~F EH~'gH ~ D~YGYGVFY~Y I ~L ~ m~V~ 
bovine 282 -SNPG ....... D - KT LEDR~F EH~VK LNK L~LN~F H FGV F Y~FV~L K~EC ~ V ~  

k 
nspora 347 ]~,~A~NQKERI~VF * 

yeast 328 ]EL~A~NQRERI~VY * 

dictyo 339 ~S ~NMKQ KMNQ.~I~P I F * 

bovine 333 ~AQ~%HRAKI DN~P I F * 

Fig. 2. Alignment of the vma-6 gene product with three homologous proteins. Identical residues are shown in bold and underlined. Gaps are indicated by 
dots. Sequences are shown in the order: N. crassa (this work), S. ceret,isiae [17], D. discoideum [8] and B. taurus, (updated version, GenBank No. 
J04204) [6]. Conserved cysteine residues are indicated by arrows. 
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nspora 

human 

dros 

yeastA 

yeastB 

1 MAPANI~SIFNATST~IEQLIR~OC~I~SKI~GVHMQP~LWKT~A~ILIIV61K~W~KT 

1 MSGA-Id3-VLQMKEE~LKFI-%AG~d~GTIILDFQMEQ~IYKRKSDGIYIII~SKRTWEEL 

1 MSGG-~D-ILSLKEDEITKM~V~T~EHVNFQMEQXVYKPO~A~ILI~KTWZKL 

1 MS---IaPATFDLTPE~AQLL~ARIIVQVHQEP~VFNA~P~7~VImV~TWRXL 

1 MS---LPATFDLTPE~AQLL~[AR~VQVHQEP~VFNA~P~]6HVI~V(IKTWEKL 

nspora 

human 

dros 

yeastA 

yeastB 

61 V ~  ~A~I~3k~I C V/~A~P I ~%rLKF~ TGAOA IAGRFTPGS ~ Y  ITR S I~ E 

59 L~d~I~A~V~[E ~A~V SV IS NRN T ~ V L K F ~  TGATP IAGI%WTPI~T~I[Q/~QAA~RE 

59 Q/~V~/~D~.S ~I F V I~ SRP I ~VLKF~Y~D T TP IAGRFTPGA~I'NO IO p A~RE 

58 V~I/dk~/2 I~_E~IVVA 78 SRT F ~ V L K F ~ ~  I~Y~T R S~Z 

58 VIRAR I/.A~P~_E~/VA IS SRTYGQRA%rLKFAAH TGATP IAGRFTPGS~Y][T R S ~Kl 

nspora 

human 

dros 

yeastA 

yeastB 

121 PRLII%W~DPRT~A~A[K~DA~TEY~VAIPT~I~A~ACV~WM~ 

119 Z~tL~PRA~H~PLT~ZT]~NT~I~_LRY~I~JAII~V~ 

119 PRLLV%"~DPNTI~H~P~M~TV~IPV~TNT~2_LRYI~I~SA~L~ 

118 PRLVI%'~DPRS~A~A~KEA~Y%~I~TDL~_SEF~V~NNR~KII~IGLI_WYL~ 

118 ~VI%"~DPRLI~A~A[K~TDL!~_SEF~VAIPCNHR~KIISIGLI~YLL 

nspora 

human 

dros 

yeastA 

yeastB 

181 ARI~/IA%LRGT I Y N ~ T I ~ D V ~  - ~AEEKVEE]EK - LP - - GVE~VAA - - - 

179 Ik~RGT I - SREH~VmP~YFYRDP~ I ZKE EQA~A~KAVTKEEFQGE-WTAPAP 

179 J~a~FLRLRGT I - S~SVEHPVVV~XI~KEEAA~- 5L P P PK I -~mAVDH PV - 

178 IKRI~/LRLR~LVD~'TQ~S I ~ P l ~ l -  - QQV~E~ATTE EAG - E~- KE - - - 

178 AREVLRLRGALVDRT Q PWS I ~ nr.YI~/RNPEEVE- - QQVaE IAAAA E EG - E ~  E --- 

nspora 234 - I E S GF PATGD~-I~AAP~GF PATGEWS - - I~kAPGAAAPN~ATAPATTAI~TEARS PAGKQL * 

human 237 I~TATQPEdAD~SKGVQVPS~P IQQF PTEDNSAQ PAT ED~SAAPTAQATE~VGATTEM~ * 

dros 235 ...... EZTTNq~ADEVA~ TV- - GGV - - E/TANEDTVKTS~I3SDGQF * 

yeastA 231 EVT E EQA~T E~E - N~DI~ - - EW* 

yeastB 232 E~T EGQA~T E~IE -N~DNy_- - - EW* 

Fig. 3. Sequence comparison of the p40 proteins. Identical residues are shown in bold and underlined. Gaps are indicated by dashes. Proteins are shown in 
the order: N. crassa (this work), human [19], D. melanogaster [20] cerevisiae NablA [17] and NablB (Ellis, S.R., University of Louisville, personal 
communication). 

half is rich in acidic amino acids and has an interesting 
pattern of evenly spaced tryptophan residues. 

If rap-1 encodes a ribosome associated protein, it may 
contain upstream elements common to other N. crassa 
genes which encode ribosomal proteins. Carbon and growth 
regulation of ribosomal genes appears to be controlled by 
two elements, spaced 12-16 bp apart (A /G,  GC C / T  
N(N) A / G  G CC/T  and C C / T  CC A / G  C / G )  (Brett 
Tyler, University of California, Davis, personal communi- 
cation). The rap-1 gene appears to have two of these 
elements, at - 546 to - 518 and - 198 to - 164 (number- 
ing relative to the translation startpoint, shown in Fig. 1). 
The intergenic region is approximately 1200 bp, from the 
poly(A) site for the ~,ma-6 gene to the first of the putative 
regulatory elements for rap-1. Both vma-6 and rap-1 may 
be 'housekeeping genes' which encode fairly abundant 
products expressed under most growth conditions [25,26]. 
It will be interesting to see if other 'housekeeping genes' 
are encoded in the same region of the genome. 

This work was supported by US Public Health Services 
grant GM28703. 
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