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The nucleotide sequence of the Penicillium chrysogenum
01il3 acvA gene encoding b-(L-a-aminoadipyl)-L-
cysteinyl-D-valine synthetase, which performs the first
step in penicillin biosynthesis, has been determined. The
acvA gene contains an open reading frame of 11 238 bp
encoding a protein of 3746 amino acids with a predicted
mol. wt of 421 073 dalton. Three domains within the pro-
tein of -570 amino acids have between 38% and 43%
identity with each other and share similarity with two
antibiotic peptide synthetases from BaciUus brevis as well
as two other enzymes capable of perforning ATP- pyro-
phosphate exchange reactions. The acvA gene is located
close to the pcbC gene encoding isopenicillin N synthetase,
the enzyme for the second step of ,(-lactam biosynthesis,
and is transcribed in the opposite orientation to it. The
intergenic region of 1107 bp from which the acvA and
pcbC genes are divergently transcribed has also been
sequenced.
Key words: acvA gene/ACV synthetase/,B-lactam antibiotics/
Penicillium chrysogenumlpeptide synthetase

Introduction

The formation of the tripeptide a-(L-a-aminoadipyl)-L-
cysteinyl-D-valine (ACV) from the L-isomers of the
constitutent amino acids is the first step in the pathway of
f-lactam antibiotic biosynthesis in all producers so far
studied. ACV is then cyclized to give isopenicillin N (IPN)
which is the precursor for the divergent pathways of
penicillin biosynthesis in filamentous fungi or cephalosporin
and cephamycin biosynthesis in filamentous fungi, actino-
mycetes and some eubacteria (Nuesch et al., 1987).

Early studies of ACV synthetase (ACVS) using cell-free
extracts of Penicillium chrysogenum (Lara et al., 1982) and
Cephalosporiwn acremonium (Banko et al., 1986) suggested
that two separate enzymes may be involved in the formation
of ACV. However, based on the observation that less ACV
is formed from the dipeptide L-(a-aminoadipyl)-L-cysteine
and L-valine than the free amino acids, Banko et al. (1987)
proposed that a single multifunctional enzyme may be
responsible for ACV biosynthesis. A similar observation was
made with ACVS from Streptomyces clavuligerus and an
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analogous multifunctional enzyme was proposed (Jensen
et al., 1988).

Recently the ACVS of Aspergillus nidulans has been
purified and shown to be a single multifunctional peptide
synthetase (van Liempt et al., 1989). The purified A.nidulans
ACVS had an estimated molecular weight of 230 kd and
formed ACV from the constituent L-amino acids. The
enzyme could be amino-acylated with L-[ 14C]valine and
catalysed ATP-pyrophosphate exchange which was
dependent on the presence of the constituent amino acids
of ACV. Based on these observations the authors proposed
a multi-enzyme thiotemplate mechanism in which each of
the constituent amino acids of ACV are activated as
aminoacyl adenylates with peptide bonds formed through the
participation of amino acid thiolester intermediates. The
multi-enzyme thiotemplate mechanism is also found in
bacterial peptide synthetases, such as those involved in the
synthesis of the Bacillus brevis peptide antibiotics tyrocidine
and gramicidin S, but is different from that of glutathione
biosynthesis (reviewed by Kleinkauf and von Dohren, 1987).
The genes encoding the enzymes involved in j3-lactam

antibiotic biosynthesis have been the subject of much recent
investigation (reviewed by Ingolia and Queener, 1989) and
genes for several of the biosynthetic steps from a number
of producing species have been cloned (Samson et al., 1985;
Carr et al., 1986; Ramon et al., 1987; Samson et al., 1987;
Barredo et al., 1989a; MacCabe et al., 1990). Smith et al.
(1990a) showed that all the genes essential for the bio-
synthesis of penicillin from amino acid precursors are closely
linked in P.chrysogenum. Subsequently, conserved gene
clusters for ,B-lactam biosynthesis which contained the gene
encoding ACVS were isolated from two filamentous fungi,
A. nidulans and P. chrysogenum, the Gram-positive
prokaryote S. clavuligerus and the Gram-negative prokaryote
Flavobacterium sp. SC 12,154 (Smith et al., 1990b).
We have determined the nucleotide sequence of the

P. chrysogenum Oli13 acvA gene, which encodes ACVS, and
predict that it encodes a massive protein containing three
large, homologous domains which are similar to antibiotic
peptide synthetases from a bacillus.

Results
The penicillin biosynthetic gene cluster of P. chrysogenum
Oli13, isolated as described in Smith et al. (1990b), is shown
in Figure 1. The DNA sequence of the region corresponding
to the acvA gene was determined as described in Materials
and methods (Figure 2).
An open reading frame (ORF) of 11 238 bp from a

translation initiation codon situated 1107 bp upstream of the
initiation codon of the pcbC gene and encoding a protein
with a predicted molecular weight of 421 073 daltons was
identified. The ORF indicates that the direction of tran-
scription of the acvA gene is opposite to that of the pcbC

2743



D.J.Smith, A.J.Earl and G.Turner

gene which correlates with the detection of acvA mRNA
using single stranded RNA probes (Smith et al., 1990b).

The acvA -pcbC intergenic region
The nucleotide sequence of the 1107 bp intergenic region
between the pcbC and acvA genes was determined and is
likely to contain all the information necessary for the
divergent transcription and regulation of the two genes. The
first 418 bp of the region 5' to the pcbC gene of P. chryso-
genum AS-P-78 has previously been described by Barredo
et al. (1989b) and contains sequences that may be important
forpcbC gene expression, particularly a TATA like sequence
(TATAAT) at - 198 bp. Examination of the sequence 5' of
the acvA gene also reveals a TATA like sequence
(TATATA) at -228 bp. There do not appear to be any
extensive areas of similarity between the non-coding regions
immediately upsteam of the acvA and pcbC genes. Compar-
ison with the 5' non-coding region of the third gene (aat)
of the penicillin biosynthetic gene cluster, which encodes
acylCoA:6-aminopenicillanic acid acyltransferase (Barredo
et al., 1989a), also does not reveal any extensive similarity.

Several attempts were made to prepare intact acvA mRNA
from P. chrysogenum Oli13 in order to map the 5' ends of
the acvA transcript. A number of different preparation
methods were tried but Northern blot analysis revealed that
the acvA mRNA was always substantially degraded and not
of high enough quality for transcript mapping experiments.
In these preparations thepcbC and aat gene transcripts were
unaffected (results not shown). The start of the 'smear' of
degraded acvA mRNA was >9.5 kb (the size of the largest
marker used) which correlates with the reported size of acvA
mRNA detected in the high-penicillin-producing strain,
P. chrysogenum BW1901 (Smith et al., 1990b) and
A. nidulans (MacCabe et al., 1990).

acvA coding sequence
In the absence of any transcript mapping or N-terminal amino
acid sequence data it was assumed that the first ATG of the
ORF is used for translation initiation. However, we note that
there are two further in-frame ATGs located close to the
first, one of which (at +54 bp) is in a 10 bp segment of
DNA which is identical to the region containing the pcbC
translation initiation codon (Figure 2).
The CodonPreference and TestCode programs supplied

as part of the UWGCG sequence analysis package (Devereux
et al., 1984) were used to determine the coding potential

of the predicted ORF. The sequence of the P. chrysogenum,
pyrG, pcbC, trpC and 3-phospho-D-glycerate kinase genes
were used to construct a codon frequency table (using
CodonFrequency) for input to CodonPreference. In this
manner it was shown that the ORF exhibited P. chrysogenum
codon bias, codon third position GC bias (Bibb et al., 1984)
and compositional bias (Fickett, 1982) throughout the
11 238 bp (results not shown). Outside the ORF no such
bias was found, confirming the position of the predicted
initiation and termination signals. No evidence was found
to support the presence of introns in the acvA gene.

The 3' non-coding region
The acvA ORF terminates at a TGA codon and several other
termination codons in all three possible reading frames are
located in the subsequent 150 bp. A putative eukaryotic
polyadenylation signal (AATAAA) is found 129 bp down
from the predicted termination codon (Figure 2).

The ACVS protein
The polypeptide predicted to be encoded by the acvA gene
contains 3746 amino acids and has a molecular weight of
421 073 daltons; this is considerably larger than the
estimated size of purified ACVS from A. nidulans (230 kd).
We have previously shown that a 2.2 kb fragment of the

Flavobacterium sp. SC 12,154 gene encoding ACVS
hybridized to three separate regions of the P. chrysogenum
Oli13 acvA gene (Smith et al., 1990b). This indicated either
that there are repeated domains within the P.chrysogenum
Olil3 ACVS or that regions of the Flavobacterium sp. SC
12,154 gene had been rearranged relative to the P. chryso-
genum Oli13 gene. To investigate these possibilities further
we compared the amino acid sequence from regions of the
P.chrysogenum Oli13 ACVS with the remainder of the
sequence.
The first 1200 amino acid residues of the P. chrysogenum

Olil3 ACVS were compared with the following 2100
residues using UWGCG Compare with a window of 30 and
a match stringency of 70%. This showed that a region of

- 650 amino acids in the first 1200 shared similarity with
two distinct regions of approximately equivalent size in the
remainder of the protein. The results were plotted graphically
using DotPlot (Figure 3). The three similar regions were
termed domains A, B and C.
With the assistance ofUWGCG BestFit and Gap the core

regions of similarity between domain A, B and C (-570
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Fig. 1. Restriction map of a portion of cosmid clone pCX3.2 (Smith et al., 1990b) showing the penicillin biosynthetic gene cluster of P.chrysogenum
Olil3. The location of the acvA, pcbC and aat genes are shown with bold arrows indicating the direction of transcription. Lines shown underneath
the arrow representing the acvA gene indicate the location of the conserved A, B and C domains in the ACVS protein. Lines shown above the arrow
indicate the DNA fragments to which a 2.2 kb fragment of the Flavobacterium sp. SC 12,154 gene encoding ACVS hybridized (Smith et al.,
1990b). Dotted lines indicate less strongly hybridizing regions. E, EcoRl; X, XhoI; S, SalI; P, PstI; B, BamHI; H, HindIlI; Bg, BgIII.
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amino acids) were identified and aligned (Figure 4) and their
position and extent within the acvA gene are marked on
Figure 1. Optimal alignment of the three domains
necessitated the insertion of gaps, none of these extensive
(2.1 insertion/deletion events per 100 residues). Within the
domains are several areas where there is continuous identity
over a number of amino acids (Figure 4). Using UWGCG
Gap the % identities and % similarities between the domains
were determined (Table I). The core (as defined in Figure 4)
of domain A has 577 amino acids, B has 568 and C 572.

The location within the P. chrysogenum 01i13 acvA gene
of the DNA encoding the A, B and C domains is shown
in Figure 1. Examination of the location of these DNA
regions shows that they correspond with areas identified as
having homology with a 2.2 kb DNA fragment of the ACVS
gene from Flavobacterium sp. SC 12,154 (Smith et al.,
1990b).
The core of each ACVS domain, as shown in Figure 4,

was used to search sequence databases using UWGCG
FastA. Four proteins were identified as having some

-1049 CTTGGCAAAGGGACAGGGGAAGTTCTCCTGCAGATGACAATGAGTGAC

-989 AATGGAAACGACCTGAGCTCTCTTCCTGTGTGCCTGACOGCGGGCGC

:GACGAAGAGAGGG

OAGAGTATGGACGC

;GGTGTTTATGCTG

JGGGGCCCGCTGGA

GCCAGTGTAAAATTAGTAACCGTATCTCGAAGTCGGAGGGTCTTTGSTGGTCTGAGATTT

CAGTCGGTCCGCACCGTGGCATTTGCAGACGGTGCGATCAGGCCAA TCOTT OATGCTCOO

GCAGAGCAACACT CCCCCGC TCGAAGACTAGTAAGTACT TATCAT TACCGTGCCAGAAAA

CGGGGCCATAGATAOCCAAGTAACACCGTCGAGTCAATCGGGCTCGTGGGCCCAGCCAAG

CCACGAGAGAGTAGGCAACGTGCACTCAACGACGGCGATGTTCCAAGGTAAACCCGCACG

TAGAAAATGTCCGGACCACCTTGGCTCTCOTTGCAGCGCGTTGAATCTTCAGCCACCGTA

AGTCGATAGCATCCGGTTAGAGTGCAACGTGSOTCTGTCTCATTCTTCTCOOTTCTTGGC

ACCAGAATCGGGCGT AGTTT GCCCACTGCCAAGT CGCGGGCCGCTTGGCTGTCCCTGTG

GTGGGAT TTCCCGAT GCAACATGCAGATACAT GTAGTCGACAGTTGACAGAGCCAAT SGC

ATCGGATCTGCCCTAGACCGTGCTAGACGAAAGTCTCCATCTTOTCTGCGGGCAGTSCTT

CAGTCGCCCAGATTCTCGATGGAGATTGGCCAGGTCAGCCATATATACCCTGCAATGGCA

GACCAATGCAGCAGGCCCAGTATAAGGAATTCCCCTCGAGCT TGTCTGTGATTGCGTT T T

TTCTAACACTTGTTGTTGCATCCGATCCGTCCCTACCAATTATTGGTCATTGACAGACAT

GACTCAACTGAAGCCACCGAACGGA,ACCACGCCGATAGGCT TCTCGGCCACTACATCCCT

GAACGCCAGTCGGAGCTCGAGTGTGAAAAATGGGACCATCAAACCCAGCAATGGCATACT
N G P S N P A N A Y F

TCAAGCCCAGCACTAGGGACACCATGCCACCCT TGCAGTGCCGAATGCCCCCCGA TGGCAGTA
K P 5 T R D T N D P C 5 G k A A D G 5

TCCGCGTCCGTTTCCGTGGAGGAATCGAACGGTGGAAGGAGTGCGTCAACCAGGTCCCCG
R V R F R G G I E R W K E C V N O V P E

AGCGCTSCGACCTGAGTGGTCTGACAACCGACTCCACGCGATATCAGCTCGCATCGACTG
R C D L 5 G L T T D S T R Y O L A S T G

GGTTCGGTGACGCGAGCGCTGCCTACCAGGAGCGCTTOATGACGGTCCCTGTTGACGTAC
F G D A S A A Y O E R L P T V P V D V N

ATGCCGCGCTCCAAGAGCTGTGCCTAGAACGCCGTGTGAGCGTGGGATCCGTCATTAATT
A A L Q E L C L E R R V S V G 5 V N F

TCTCCGTGCACCAGATGCTGAAAGGGTTTGGAAATGGCACACACACTATCACCGCCTCTC
S V NO FL K G F GO G T A T T A 5 L

TGCACCGTGAGCAGAATTIT GCAGAATTCTT CGCCAT CCTIGGGTAGTCT CCCCCACAAT CG
A R E O N L ON S S P S W V V S P T I V

TCACCCATGAGAACAGAGACGGATGGTCCGTCGCGCAGGCGGTCGAGAGTATCGAAGCGG
I A E N R D G W S V A Q A V E S E N G

GGCGCGGTTCCGAGAAGGAGTCASTGACTGCGATTGACTCCGGGTCAAGTCTCGTGAAAA
R G S E K E S V T A I D S G S S L V K N

TGGGGTTATTTGACTTACTCGTCAGCTTTGTCCATGCAGACGATGCTCCTATTCCATGTT
S L F D L L V S F V D A D D A R I P C F

TCGACT TT CCCCTCGCAGTGATAGTGCGT GAGTGTGATGCCAACCT CT CGCIT ACTCT SC
D F P L A V I V R E C D A N L S L T L R

STTTCTCCGAC T CTCTT CAACGAGGAGACGATAT GCAATTTTACCGATGCCCTT AACA

F S D C L F A E E T C A F T D NL N

TCT 1 OCT CGCCGAAGCAGT GATAGGAAGAGT GACCCCGGTT GCCGATATCGAACTACTAT
L L A E A V G R V T P V A D I E L LI S

CCGCGGAGCAGAAGCAGCAGC TGGAAGAGTGGAACAACACCGAT GGCGAGTACCCT TCAT
A E O K O O L E E W N N T D G E Y P S S

CAAAGCGAC TGCACCATC TCATTGAAGAGGT CCT TTAACGGCATGAAACAAAATACCG
K R L N A L E E V V E RN E D K A V

TTGTCTGCGACGArCGAGAGCTCACTTACGGCGAGCTCAATGCCCAAGGCAACAGCCTCG
V C D E R E L T Y G E L A 0 G N S L A

CACGCTATCT CCGTT CCATT GGTATCCTGCCCGAGCAGCTAGT CGCATTGTTT CTAGATA
N Y L R S I G I L P E O L V A L F L D K

AGAGCGAGAAGCT CAT TGT TACCATCCTCGGCGTGT GGAAAT CCGOCGCCGCC TACGTGC
S E K L I V T I L G V W K S G A A Y V P

-1050

-990

-930

-870

-810

-750

-690

-630

-570

-510

-450

-390

-330

-270

-210

1171 GGGCCATCATCGCCAGTAATCAACATGTGGAGAGGCTCCAGCGAGAGGTCATCGGCGATA
A I A SO Q H V E R L 0 R E V S D R

1231 GAAACCTATGCATTATCCGTCTGGAGCCCTTGTTGGCCTCCCTTGCTCAGGATTCCTCAA
N L C I R L E P L L A S L A Q D S S K

1291 AATTCCCCGCGCATAACTTGGACGACCTACCCCTCACAAGCCAGCAGCTCGCCTATGTGA
F P A H k L D D L P L T S Q Q L A Y V T

1351 CTTACACCTCTGGGACCACTGGCTTCCCAAAGGGCATATTTAAACAACACACCAATGTOG
Y T S G T T G F P K G F K Q N T A V V

1411 TGAACAGTATCACCGACCTGTCTGCAAGGTACGGGGTGGCCGGGCAGCACCACGAAGCCA
N S I T D L S A R Y G V A G Q H N E A

1471 TTCTGCTTTTCTCGGCCTGCGTGTTCGAGCCGTTCGTTCGACAGACGCTCATGGCACTCG
L L F S A C V F E P F V R Q T L N A L V

1531 TGAATGGCCATCTCCTCGCAGTTATCAATGACGTGGAAAAATATGATGCCGATACGCTCC
N S A L L A V N D V E K Y D A D T L L

1591 TGCCGTTCATACGCAGACACAGCATCACCTACCTCAATGGTACTGCCTCTGTCCTGCAAG

1651

1711

-150 1771

-90
1831

-30

30 1891

90 1951

150 2011

210 2071

270 2131

330 2191

390 2251

450 2311

510 2371

570 2431

630 2491

690 2551

750 2611

810 2671

870 2731

930 2791

990 2851

1050 2911

1110 2971

1111 CCATCGACCCGACTTATCCGGATGAGCGAGTGCGCTTCGTGCTGGATGACACCAAGGCAC 1170

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

3031

P F I R R A S T Y L N G T A S V L O E

AGTACGACTTTTCCGACTGCCCATCACTGAATCGGATAATCCTGGTGGGTGAGAACCTGA
Y D F 5 D C P S LF R I L V G E N L T

CAGAAGCCCGGTATCTGGCGCTGCGCCAGCGGTTCAAGAATCOCATCCTCAACGAGTATG
E A R Y L A L R O R F K N R L N E Y G

GTTT TACCGAGT CAGCCTT TGTAACGGCCCT CAAGA T TTT CGACCCGGAGTCGACCCGTA
F T E S A F V T A L K F D P E S T R K

AGGACACGAGTCTGGGGAGACCGGTGCGCAACGTCAAGTGCTACATCCTCAATCCATCCC
D T S L G R P V RN V K C Y L N P S L

TTAAACGTGTCCCGATTIGGAGCTACGGGTGAGTTGCATAT CGGAGGGT T GGGCA T T TCCA

K R V P G A T G E L N G G L G S K

AGGGATACCTCAACCGCCCCGAACTCACGCCGCACCGCTTCATTCCCAACCCCTTCCAAA
G Y L N R P E L T P N R F P N P FF T

COCAT TGCGAGAAGCAGCTCGGGATCAACAGCT TSATGTACAAGACCGGTGACCTGGCCC
D C E K O L G I N S L N Y K T G D L A R

SCTGSC TTCCGAACGGCGAGGTTTAGTATCTCGGACGCGCAGATTT CCAGATCAAACT SC
W L P N G E V E Y L G R A D F O I K L R

GAGGTAT TCGAAT TGAACCTGST GAAATT GAGACGATGCTGGCTATGTACCCTAGGGT CC
G R I E P G E I E T N L A N Y P R V R

GGACCAGTTTAGTGGTGTCCAAAAAGCTCCGCAACGGTCCAGAGGAAACTACCAACGAGC
T 5 L V V S K K L R N G P E E T T N E N

ACCTCGTGGGTTATTATGTTTGTGATAGCGCCTCAGTSTCCGAGGCAGACCTGCTGTCAT
L V G Y Y V C D S A 5 V S E A D L L S F

TTTTAGAGAAGAAACTGCCTCGATACATGATTCCCACGvGGTTTGGTACAGCTGTCGCAGA
L E K K L P R YE I P T R L V O L 5 0 I

TCCCAGT GAATGTGAACGGGAAOGCGGACCTACGCGCCT TGCCGGCCGT COAT ATCTCCA
P V N V N G K A D L R FL P A V D I S A

ATTCCACGGAGGTCCGTTCCGACCTTCGAGGCGATACGGAAATCGCCCTCGGGGAAATCT
S T E V R S D L R G D T E A L G E I W

GGGCCGACGTGTTGGGAGCCCGCCAGAGATCCGTCTCTCGCAACGACAACTTCTTCCGCC
A D V L G A R O R 5 V 5 R N D N F F R L

TAGGAGGGCACAGCAT CACCTGCATCCAACT OATCGCT CGCAT CCGACAACGACT CT CG
S O N S T C I 0 L I A R R NR L S V

TCAGCATCT CCGT CGAAGATGT1 T TT GCAACAAGGACACT TGAGCGCAT GGCAGACCT TC
S O5 V E D V F A T R T L E R AA D L L

TACAGAACAAGCAGCAGGAGAAATGCGACAAACCCCATGAGGCGCCGACAGAGCT SCT TG
O N K O O E K C D K P H E A P T E L L E

AGGAGAAT GCAGCAACGGACAATATCTAT CT GGCAAACAGT CT TCAGCAGGCT TCOTCT
E N A A T DO Y L A N S L O O G F V Y

ACCATTACCTCAAGAGCATGGAACAATCCGACGCCTATGTAATGCAGTCCGTTCTT COOT
N Y L K S 14 E O S D A Y V N O S V L R Y

ACAACACCACAT TGTCTCCAGATCTGTTTCAGAGAGCCTGGAAGCATGCACAGCAGTCCT
N T T L S PF L F O R A W K N A O O S F

T TCCAGCGCT GCGGCT GCGGTTCTCATGGGA&AAGGAGGT T T TCCAACTGCTCGAT CAGG
P A L R L R F S W E K E V F O L D0 D

ATCCACCATTGGACTGGCGTTTCCTCTACTTCACCGACGTTGCCGCGGGTSCTGTCGAGG
P P L D W R F L Y F T D VA A G A V E D

ACCGGAAAT TGGAAGACTTGCGGCGCCAAGACCT TACGGAGAGAT TCAAGCTGOATGT TG
R K L E D L R R OD L T E R F K L D V G

1230 3091

1290 3151

1350 3211

1410 3271

1470 3331

1530 3391

1590 3451

1650 3511

1710 3571

1770 3631

1030 3691

1090 3751

1950 3811

2010 3871

2070 3931

2130 3991

2190 4051

2250 4111

2310 4171

2370 4231

2430 4291

2490 4351

2550 4411

2610 4471

2670 4531

273o 4591

2790 4651

2850 4711

2910 4771

2970 4831

3030 4891

3090 4951

GCAGACTGTTCCGCGTCTATCTGATTAAACACAGCGAGAATCGCTTCACGTGTCTTTTCA 3150
R L F R V Y L K H S E NR F T C L F S

GCTGCCACCATGCAATCCTCGATGGTTGGAGTCTGCCACTCTTGTTCGAAAAGGTTCACG 3210
C A N A L D GO S L P L L F E K V H E

AGACCTACCTGCAACTGCTGCATGGGGACAATCTCACTTCGTCCATGGATGACCCTTACA 3270

T Y L 0 L L A G IN L T S S N D D P Y T

CTCGCACCCAGCGGTATCTCCACGCTCACCGTGAGGATCACCTCGACTTTTCGCCGGTG 3330
N T Q R Y L N A N R E D A L D F WA G V

TGGTTCAAAAGATCAACGAACGGTGTGATATGAACGCCTTGTTGAACGAGCGCAGTCGTT
V EK I R E R C DO N A L L N E R S R Y

ACAAAGTCCAGCTGGCAGACTATGACCAGGTGCAGGAGCAGCGACAGCTGACAATTGCTC
K V Q L A D Y D Q V O E Q R O L T I A L

TCTCTGGAGACGCATGGCTAGCAGACCTTCGTCAGACCTGCTCCGCCCAGGGTATTACCT
S AD AW L A D L R O T C S A O G I T L

TACATTCGATTCTCCAATTTGTTTGGCACGCCGTGCTGCACGCTTATGGCGGTGGCACCC
H S L Q F V W H A V L N A Y G G G T N

ACACCATAACCGGCACGACCATTCTTCGAAGGAACCTGCCCATCTTGGGAATTGAACGAG
T T O T T S G RN L P I L G I E R A

CAGTTGGTCCGTATATCAACACTCTACCGCTGGTACTCGATCATTCGACGTTCAAGGATA
V G P Y N T L P L V L D H 5 T F K D K

AGACAATCATGGAGCCCAT CGAGGA T STGCAGGCCAAGTCAAACGT CA TGAACAGCCGGG

T I N E A E D V Q A K V N V N N S R G

GCAATGTCGAACTGGGCCGTTTGCACAAAACCGACTTAAAGCACGGATTATTCGATTCTT
A V E L O R L N K T D L K A G L F D S L

TATTCGTGCTTGAAAACTACCCGAATTTGGACAAATCGCGAACACTTGAGCACCAGACTG
F V L E N Y P N L D K S R T L E R A T E

AACT GGCGTAT T COAT TGAAGGCGGCACTGAGA.AGCTGAAT T ATCCACTGGCT GTCATCG
L G Y S E G G T E K L N Y P L A V I A

CGCGCGAAGTCGAGACGACTGGCGGATTCACAGTATCCATCTGCTACGCCAGTGAGCTAT
R E V E T T G G F T V S C Y A S E L F

TTGAGGAGGT TATGATCTCCGAGCT T CT T CATAT GGT CCAGGACACACTGAT GCAGGT TG
E E V N S E L L HA V Q D T L N O V A

CCCGAGGTTTGAATGAACCCGTCGGCAGCCTGGAGTATCTCTCATCTATCCAATTGGAGC
R G L N E P V G S L E Y L S S O L E O

AACTCGCCGCGTGGAATGCCACGGAAGCTGAGTTTCCCGATACCACGCTTCATGAGATGT
L A A WA A T E A E F P D T T L H E N F

TTGAA.AACGAAGCGAGCCAGAAGCCGGACAAGATAGCAGTGGTCTATGAGGAGACGTCCT
E N E A SOQ K P D K A V V Y E E T S L

TOACTTACCGCGAGTTGAATGAGCGGGCGAACCGTATGGCACATCAGCTAAGGTCCGACG
T Y R E L N E R A N R N A H O L R S D V

TCAGCCCCAACCCCAACGAGGT CATTGCCCTCCT OATGGACAAGAGCGAGCATAT GAT CG
S P N P N E V I A L V N D K S E A N I V

TCAACATTCTGGCCGTATGGAAGACOC.CGGTGCCTATGTCCCCATTGACCCTGGATATC
N I L A V W K S G G A Y V P I D P G Y P

CTAACGACCGCATTCAATACATCCTAGAGGACACACAAGCCCTCGCAGTCATCGCGGACT
N D R I 0 Y I L E D T O A L A V A D S

CCTGC TAT CTGCC T CGCAT CAAGGGAAT GGCT GCC 7CCGGCACGCT TCT T TAT CCCTCTG
C Y L P R K GE AA S G T L L Y P S V

TCTTGCCTGCCAATCCGGATTCCAAGTGGAGCGTATCGAACCCTTCACCGTTGAGTCGGA
L P A N P D S K W S V S N P S P L S R 5

GCACGGACTTAGCTTATATCATCTATACCTCTGGAACGACAGGTCGGCCCAAGGGCGTCA
T D L A Y I Y T S G T T G R P K G V T

CGGTAGAGCATCATGGAGT GGTCAACCTGCAGGTGT CGC TAT CCAAAGTAT T CGGAC TAC

V E H H G V V N L Q V S L S K V F G L R

GGGATACTGACGACGAGGTAATTCTCTCCTTTTCCAACTATGTGTTCGACCATTTCGTGG
D T D D E V I L 5 F S N Y V F D H F V E

AGCAGATGACCGACGCCATTCTCAATGGCCAAACCCTCCTGGTCCTCAACGATGGAATGC
ON T D A I L N O T L L V L N D GO N

GCGGGGACAAAGAGCGACTCTACAGATACATTGAGAAGAACCGAGTGACCTACTTGTCTG
G D K E R L Y R Y E K N R V T Y L S G

GCACCCCATCCGTGGTCTCCATGTACGAATTTAGCCGGTTCAAGGACCATCTACGCCGTG
T PSVsVTS N Y E F S R F K D H L R R V

TCGACTGCGTGGGGGAGGCGTTCAGCGAACCCGTCTTCGACAAGATCCGCGAAACGTTCC
D C V G E A F 5 E P V F D K R E T F H
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5011 ATGGCCTCGTTATCAACGGCTACGGCCCAACTGAAGTTTCCATCACCACCCACAAGCGGC
G L V I N G Y G P T E V S I T T N K R L

5071 TCTATCCATTCCCAGAGCOOCOAATGGACAAAAGTATTGGCCAACAGGTCCACAATAGCA
Y P F P E R RE D K S G 0 0 V HO S T

5131 CGAGCTATGTGCTGAACGAGGACATGAAGCGCACCCCCATAGGTTCTGTCGGCGAGCTCT
S Y V L N E D EK R T P I G S V G E L Y

5191 ACCTGGGTGGTGAAGGAGTGGTACGGGGATATCACAATCGCGCAGATGTGACCGCGGAGC
L G G E G V V A G Y H N R A D V T A E R

5251 GTTTTATTCCTAATCCATTCCAGTCGGAAGAAGATAAGCGAGAAGGTCGTAACTCCCGTT
F I P N P F 0 S E E D K R E G A N S R L

5311 TGTACAAGACCGGTGACCTGGTACGCTGGATTCCTGGAAGCAGCGGGGAGGTCGAGTATC
Y K T G D L V R W I P G S S G E V E Y L

5371 TAGGTCGTAATGACTTCCAGGTCAAGATTCGCGGACTGCGCATCGAACTAGGCGAGATTG
G R N D F 0 V K I R G L R I E L G E I E

5431 AGGCCATCCTATCGTCTTATCACGGAATCAAACAGTCTGTGOTOATTGCCAAGGATTGCA
A I L S S Y N G I K 0 S V V I A K D C R

5491 GAGAAGGGGCCCAGAAATTCCTGGTTGGTTACTATGTCGCCGATGCAGCGCTGCCGTCCG
E G A 0 K F L V G Y Y V A D A A L P S A

5551 CTGCCATTCGGCGCTTCATGCAGTCTCGGCTCCCTGGCTACATGGTGCCCTCTCGTCTCA
A I R R F N S R L P G Y N V P S R L I

5611 TTCTCGTCAGCAAGTTCCCCGTCACTCCTAGTGGAAAATTAGACACCAAGGCTTTGCCCC
L V S K F P V T P S G K L D T K A L P P

5671 CAGCCGAOMGAGAACGAGATTGACGTOOTGCCGCCGCGTAGTGAAATCGAACGCTCCT
A E E E S E I D V V P P E S E I E R S L

5731 TGTGTGACATCTGGGCGGAACTACTCGAGATGCACCCAGAGGAGATCGGCATTTACAGCG
C D I U A E L L E NH P E E I G I Y S D

5791 ATTTCTTCAGCCTGGGAGGTGACAGCCTAAAGAGCACAAAGCTTTCCTTCATGATTCACG
F F S L G G D S L K S T K L S F N N E

5851 AGTCCTTTAACCGCGCCGTCTCAGTCAGCGCCCTTTTCTGTCACCGGACAGTTGAAGCCC
S FP R A V S V S A L F C N R T V E A Q

5911 AGACGCACTTGATCCTGAAC'ATGCTGCAGATGTGCACGAAATTACTCCCATAGATTGCA
T N L L N D A A D V N E I T P I D C N

5971 ATGATACGCAGATGATTCCCGTGTCCCGTGCCCAGGAGCGACTCCTCTTCATCCACGAAT
D T 0 N I P V S RE A E R L L F I N E F

6031 TTGAGAATGGCAGCAATGCATACAATATCGACGCTGCATTTGAACTGCCTGGCTCGGTTG
E N G S N A Y N I D A A F E L P G S V D

6091 ACGCGTCGCTTCTCGAGCAGGCGCTGCGTGGAAACCTTGCTCGACATGAGGCGTTGAGAA
A S L L E Q A L R G N L A R H E A L R T

6151 CTTTACTGGTCAAGGATCACGCAACCGGCATCTATCTTCAGAAGGTATTGAGTCCCGATG
L L V K D N A T G Y L Q K V L S P D E

621TT AACCCAGGGCATGTTCTCCGTCAACGTGGACACAGCCAAGCAGGTGGAGCGGCTGGACC
A Q G N F S V N V D T A K 0 V E R L D 0

6271 AGGAGATAGCCAGTCTATCCCAGCATGTTTTCCGCCTCGATGATGAACTGCCTTGGGAGG
E I A S L S Q N V F R L O D E L P W E A

6331 CCCGCATCCTTAAACTCGAATCCGGCGGCCTGTATCTCATTCTGGCGTTCCACCATACCT
E I L K L E S G G L Y L I L A F N N T C

6391 GCTTCGATGCATCCTCATTGAAAGTCTTCGAGCAAGAGCTTCGGGCCTTGTACGCAGCOC
F D A U S L K V F E 0 E L R A L Y A A L

6451 TCCAGAAAACCAAAAGTGCAGCGAACTTACCAGCCCTCAAAGCGCAGTACAAGGAATACG
0 K T K S A A N L P A L K A Q Y K E Y A

6511 CGCTCTACCATCGCCCGCAGCTGTCTOOCCATCGCATGCGCAACCTGTCAGACTTTTGGC
L Y H R R 0 L S G D R N R N L S D F W L

6571 TGCGOAACTCATTGGCTTGGAACCATTGCAGCTGATCACGGACCGCCCACGTCCTGTGC
R K L I G L E P L 0 L I T D R P E P V Q

6631 AATTCAAATACGACGGTGACGACCTCAGTATCGAACTACAAOAAGGAAACGOAGAACC
F K Y DT D D L S I E L S K K E T E N L

6691 TGAGGGGGGTGGCCAAACGTTGCAAGTCOAGTCTGTACGTCGTGTTGGTTTCCGTTTATT
R G V A K I C K S S L Y V V L V S V Y C

675T1 GCTTATGCTAGCCTCGTACGCGAACCAGTCCGATGTTTCCGTOGGTATCCCAGTCAGCC
V N L A S Y A N 0 S D V S V G I P V S N

6811 ACCGAACGCATCCTCAGTTCCAATCGGTCATTGGATTCTTCGTCAACCTTGTGGTGCTAA
R T N P Q F Q S V I G F F V N L V V L R

6871 GGGTGGATATTTCTCAGTCAGCCATTTGCGGGCTCATCAGAAGGGTAATGAAAGAGCTCG
V D I S Q S A I C G L I R R V N K E L V

6931 TGGACGCCCAACTGCACCAAGACATGCCGTTCCAGGAAGTGACGAAGCTGCTGOAGGTGG
D A Q L H Q D N P F Q E V T K L L Q V D

6991 ATAATGACCCCAGCCGGCATCCGCTGGTACAGAACGTGTTCAACTTCGAATCCCGTGCGA
N D P S R N P L V 8 N V FP F E S R A N

7051 ACGGAGAACACGATGCCAGGTCGGAGGATGAAGGATCGCTTGCATTCAATCAATACCGC'
G E N D A R S E D E G S L A F N Q Y R P

7111 CGGTTCAGCCCGTGGATTCCGTTGCGAAGTTTGATCTGAACGCAACGGTCACGGAATTGG
V 0 P V D S V A K F D L N A T V T E L E
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7171 AOTCGGGATTGAGAGTCAACTTCAACTATOCGACCAGCCTATTCAACAAAAGCACGATCC
S G L R V N FP Y A T S L FP K S T I 0

7231 AGGTTTTTTGCATACCTATGAGTATCTCCTGCGCCAGCTGTCCGAACTGAGTGCAGAAG
G F L N T Y E Y L L R O L S E L SA E G

7291

7351

GGATCAATOAGGATACGCAGCTGTCGTTAGTTCGCCCGACAGAGAATGGCGATCTGCACT
I N E D T O L S L V R P T E N G D L N L

TOCCATTGGCACAGTCCCCGCTTGCGACGACTGCTGAGGAGCAGAAAGTAGCGTCGTTGA
P L A 0 S P L A T T A E E EK V A S LO

7411 ACCAGGCCT TTGAGCGCGAAGCTTTCCTTGCCGCAGAGAAGATTGCCGTCGTGCACGGAG
0 A F E R E A F L A A E K I A V V 0 G D

7471 ATAGAGCACTTAGTTATGCTGATCTTAACGGGCAGGCTAACCAGCTCGCCCGGTACATAC
R A L S Y A D L 0 0 0 A 0 0 L A R Y 0

7531 AGTCCGTGTCCTGTATTGGGGCAGACGACGGAATAGCTTTGATGCTGGAAAAGAGTATCG
S V S C G A D D G I A L N L E K S I D

7591 ACACGATTATTTOCATTCTCGCGATTTGGAAGGCTGGTGCAGCATACGTGCCCTTGGATC
T I C I L A I W K A G A A Y V P L D P

7651 CGACTTACCCACCCGGACGCGTCCAGCTGATTCTGGAGGAGATTAAAGCGAAGGCTGTCC
T Y P P G R V Q L L E E K A K A V L

7711 TTGTGCACTCCAGTCATGCTTCGAAATGTGAACGCCATGGCGCGAAGGTGATTGCAGTCG
V H S S H A S K C E R H G A K V A V D

7771 ACTCGCCCGCCATCAGAACGGCGGTCACCAACAGTCAGCTGCTGACCTGCCCACAATTG
S P A I E T A V S QO S A A D L P T I A

7831 CTAGCCTCGGCAATCTAGCGTATATAATCTTTACTTCAGGCACTTCCGGTAAGCCAAAGG
S L GO L A Y I I F T S G T S EK P KE

7891 GAGTCCTAGTTGAGCAAAAGGCAGTTCTTCTTCTACGCGATGCCCTCCGGGAGCGGTATT
V L V E Q K A V L L L R D A L R E R Y F

7951 TCGGTCGAGACTGTACCAAGCATCATGGCGTCCTGTTCCTGTCCAACTACGTCTTCGACT
G R D C T K N N G V L F L S TY V F D F

8011 TCTCCGTCGAACAACTTGTGTTGTCCGTGCTCAGCGGACACAAGCTGATCGTTCCCCCAG
S V E 0 L V L S V L S G N K L I V P P A

8071 CTGAGTTCGTCGCAGATGATGAATTTTACAGAATGGCCACCACGCACGGTCTCTCCTATC
E F V A D D E f Y RP A S T N G L S Y L

8131 TCAGCGGCACACCATCCTTACTGCAGAAGATCGATCTGGCACGACTGGACCATCTGCAGG
S G T P S L L EK D L A R L D N L 0 V

8191 TTGTTACCGCCGCGGGCGAAGAGCTTCACGCCACCCAGTACGAGAAGATGCGCCGCCGAT
V T A A G E E L H A T Q Y E K N R R R F

8251 TCAACGGTCCCATCTACAATCCTATGGTGTCACCGAGACCACGGTGTACAACATTATCG
N G P I YT A Y G V T E T T V Y N I A

8311 CGGAATTCACAACGAATTCGATATTTGAGAATGCTCTTCGGGAAGTGCTCCCTGGTACCC
E F T T N S F E N A L R E V L P G T R

8371 GAGCGTATGTGCTGAACGCGGCACTTCAGCCCGTCCCCTTCGATGCTGTCGGAGAACTCT
A Y V L N A A L Q P V P F D A V G E L Y

8431 ATCTTGCCGGCGACAGCGTTACGCGTGCTTATCTCAACCAACCTCTTCTAACGGATCAGC
L A G D S V T R G Y L N Q P L L T D Q R

8491 GATTCATTCCCAACCCTTTCTGCAAAGAGGAGGACATCGCTATGGGGCGCTTCGCGCGC
F I P O P F C K E E D I A N PR F A R L

8551 TCTACAAGACCGGCGACCTGGTTCGATCGCGTTTCAACCGTCAGCAGCAGCCGCAGCTGG
Y K T G D L V R S R F N R 0 0 Q P 0 L E

8611 AATACCTAGGAAGAGGCGATCTGCAGATCAAGATGAGGGGATACCGGATCGAGATTTCTG
Y L G R G D L 0 1 K N R G Y R E I S E

8671 AAGTTCAGAACGTGCTCACTTCAAGTCCCGGTGTCCGGGAGGGTGCAGTCGTTGCCAAGT
V Q N V L T S S P G V R E G A V V A K Y

8731 ATGAGAACAACGATACCTATTCCCGGACCGCTCACTCTCTGGTCGGTTACTATACCACGG
E N N D T Y S R T A H S L V G Y Y T T D

8791 ACAATGAAACAGTATCGGAAGCCGATATTCTCACTTTCATGAAAGCAAGGCTTCCAACGT
0 E T V S E A D I L T f N K A R L P T Y

8851 ACATGCTGCCAAGCCACCTCTGCTGTCTGGAAGGCGCACTGCCTGTGACGATTAACGCAA
N V P S N L C C L E G A L P V T O EK

8911 AGCTCGACGTCCGGAGATTGCCGGAGATTATCAACGACTCCGCGCAGTCCTCGTACAGCC
L D V N R L P E I N D S AQOS S Y S P

8971 CACCAAGGAACATAATCGAGGCCAAGATGTGCAGACTGTGGGAATCCGCCTTOGGAATGG
P R N I E A K N C R L W E S A L G N E

9031 AGCGATGCGGTATCGACGACGACCTGTTCAAACTGGGTGGCGACAGCATCACATCTTTGC
R C G D D D L F K L G G D S I T S L N

9091 ATCTCGTGGCCCAGATTCACAACCAGGTGGGCTGCAAGATCACCGTTCGGGATATATTTG
L V A I N O Q V G C K I T V A D F E

9151 AACATCGTACCGCCCGAGCCCTCCATGATCACGTCTTCATGAAGGACTCCGACCGGAGTA
N R T A R A L N D N V F N K D S D R S O
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9331 ACGTCCGAACGCCAGAGCTGGATGTTGATTCCTTAAGCGCTGCTGTCAGGGACTTGCAAC 9390
V R T P E L D V D S L S A A V R D L 0 O

9391 AGTATCACGATGTTTTCCGCATGCGACTCAAGCGCGAGGAAGTCGGATTCGTGCAGTCCT 9450
Y H D V f R N R L K R E E V G F V O S F

9451 TTGCTGAGGACTTCTCTCCTGCCCAGCTTCGGGTGCTGAACGTAAAAGATGTTGACGGGT 9510

A E D F S P A O L R V L N V K D V D G S

9511 CCGCGGCCGTCAACGAGATATTCGATGGGTGGCAGTCTGGCTTCAACCTTGAGAACGGAC 9570
A A V N E I L D G W O S G fP L E O G P

9571 CCATTGGTTCCATTGGCTACCTACATGGGTATGAAGACCGATCCGCGCGAGTCTGGTTCT 9630
1 0 S I G Y L N G Y E D R S A R V W F S

9631 CCGTTCACCATATCGCCATTGACACCGTCAGCTGGCAGATCCTTGTCCGTGACCTGCAGA 9690
V N9 0 A I D T V S W 1 L V RE L 0 T

9691 CGCTGTACCGAAATGGAAGCCTCGGAAGCAACGGCAGCAGTTTCCGGCAGTGGGCTGAAG 9750
L Y R N G S L G S K G S S f R Q W A E A

9751 CCATCCAAAATTACAAGGCGTCAGACTCTGAGAGGAACCATTGGAATAAGCTCGTCATGG 9810
I 0 N Y K A S D S E R N N W EK L V N E

9811 AAACAGCTTCCAGCATATCCGCATTGCCTACGTCAACCGGTTCGCGCGTGCGCCTGAGCA 9870

7770 9871
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T A S S I S A L P T

GAAGTTTGAGCCCTGAGAAGACAGCCTCAC
S L S P E K T A S L

TCTCCGTGTACGACTCCCTCCTGACTTCAG
S V Y D S L L T S V

CCGGCCCAAGTATGGTTACGATCGAGGGAC
G P S O V T I E G N

ATGTGAGCCGCACCATGGGTTGGTTCACCA
V S R T N G W F T T

CCACCCACAACATTCTTCAACCACTCCTCC
T E N I V O G V V A

CCCGTGGCGTCGGGTATGGAACCTTGTACO
R G V TY G T L Y G

r S T G S R V R L S A

:TGATCCAAGGAGGAATCGATCGACAGGATG
.I O G G I D R O D V

STTGGAT TGGCGCTCCAACATATCGCTCCAA
G L A L AH I A P T

:ATGCCGTGAAGAAGTGGATCAGACACTGG
1 G R E E V D O T L D

kCCATGTATCCATTTGAAATTCCCCGTCTCA
r N Y P F E I P R L S

CTGTGAGCGAACGGTTCAGACAGGTGCCTG
V S E R F R Q V P A

VCCTATACTCAACACCCGCTGCCCCAGGTGA
Y T O N P L P O V T

CCGTCAACTACCTGGGCCAGCTCGCCCGCAAGCAATCGAAGCCAAAGGAATGGGTCCTCG
V N Y L G O L A R K Q S K P K E W V L A

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

GCTCTTCTGCCGTCGACGTCACGGCCGTGTGTATTGACGGCACTATGATCATCGATGTOO
S S A V D V T A V C I D G T O I I D V D

ACAGTGCTTGGAGCCTTGAGGAGAGCGAGCAATTCATCTCGAGCATCGAGGAAGGACTGA
S A W S L E E S E O F I S S I E E G L N

ACAAGATCCTCGACGGCAGOOCAAGTCAGCAAACCTCGCGATTCCCGGATGTTCCTCAAC
K I L D G R A S O O T S R F P D V P O P

CGGCGGAGACATATACGCCGTATTTCGAGIATCTGGAACCTCCACGACAGGGACCGACGC
A E T Y T P Y F E Y L E P P REOG P T L

TGT TCCTGCTGCCGCCGGGCGAAGGAGGCOCCGAGAGT TACT TCAACAACATCGTCAAGC
F L L P P G E G G A E S Y F N N I V K R

GCCTGCGTCAGACAAATATGGTGGTCTTCAACAACTACTACTTGCACAGCAAACGCCTGC
L R O T N N V V F N N Y Y L H S K R LE

GCACGTTCGAGGAGCTGGCGGAAATGTATCTCGACCAAGTACGCGGCATCCAACCACACG
T F E E L A E N Y L DO V R C I Q P N G

GACCGTACCACTTCATCGGATGGAGCTTCGGAGGAATTCTCGCAATGTAAATCGCGGC
P Y N F I O W S F GP I L A N E N S R R

GACTGGTAGCCTCGGACGAGAAGATTGGCTTCCTCGGTATTATCOACACCTATTTCAACG
L V A S D E K I C F L G I I D T Y F N V

TGCGGGGAGCGACACGCACCATTGGCTTGGGGGACACTGAGATTCTGGACCCGATCCATC
R G A T R T I G L G D T E L D P I N N

ACATCTACAATCCCGATCCGGCCAACTTCCAACGCCTGCCCTCTGCAACAGATCGCATTG
I YT P D P A PF ER L P S A T D R I V

T.CTGTTCAAGGCCATGAGGCCGNAACAACAATACGAATCCGAGAACCAGCGTCGCCTGT
L F KE N R P O EK Y E S E O ER R L Y

ACGAGTACTATGACGGCACTCGACTCAACOGACTGGACAGCTTGTTACCAAGCGATTCCG
E Y Y D G T R L N G L D S L L P S D S D

ACGTCCAGCTGGTCCCGCTT'ACGGACGATACACACTTTTCCCTGGGTCGGAAATCCACAAC
V O L V P L T D D T N F S W V G N P O Q

AGGTGGAGCAGATGTGTGCGACTATCAAGGAACACCTCGCTCGCTATTGATCCGTCACTA
V E Q N C A T I K E H L A R Y-

GCAGCACAGTATATCGGACGATGGAAGTGATGGAGTGGGGGGGATAGGATACGATCAAAC

CAGGGTACGGTTCTTTTTCGGGGGAACTAGTCTCTGGTTGAGGAAAGCGAGGCTAGCAA
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,CTACCAACCTCTAGACC 11391

9271 TTCAAGACTGGTTTTTGTCAAAGGCTCTGCACCATCCGATGTATTGG64TCACACTTICT 9330
OD W f L S K A L O H P N Y W N TT F Y

Fig. 2. DNA sequence of the acvA gene of P.chrysogenum Oli13 including 5' and 3' untranslated regions and the predicted amino acid sequence of
the protein. The translation start site of the pcbC gene (at - 1107) is underlined with an arrow. TATA like elements in the intergenic region between
the pcbC and acvA genes are overlined and the putative acvA polyadenylation signal at + 11369 is over and underlined.
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P.chrysogenum ACV synthetase

similarity with each of the three conserved domains of
ACVS. These were: Photinus pyralis (firefly) luciferase (de
Wet et al., 1987), Petroselinum crispum (parsley)
4-coumarate-CoA ligase (Lozoya et al., 1988), B. brevis
tyrocidine synthetase 1 (Weckermann et al., 1988) and
gramicidin S synthetase 1 (Kraetzschmar et al., 1989). The
% identity and % similarity between each of the ACVS
domains and these proteins was determined with UWGCG
Gap (Table I). One region was particularly conserved in the
three ACVS A, B, C domains and the luciferase,
4-coumarate-CoA ligase, tyrocidine synthetase 1 and
gramicidin S synthetase 1 proteins (Figure 5). As predicted
from the above results, the luciferase, 4-coumarate-CoA
ligase, tyrocidine synthetase 1 and gramicidin S synthetase
1 proteins also share similarity (Table I). Randomizing the
sequences and then performing the comparisons again
showed that the similarities found between the proteins were

significant (results not shown).
A region of - 355 amino acids following ACVS domain

C had some similarity with the sequence of gramicidin S
synthetase 1 and tyrocidine synthetase 1 immediately
following the region of these proteins identified as being
similar to the A, B and C domains (results not shown). All
other comparisons of the ACVS sequence outside the A, B
and C domains with protein sequence databases and the
proteins identified above did not reveal any significant
similarities.
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Discussion
The sequencing of the acvA gene of P. chrysogenum Oli13
completes the sequence analysis of the three genes thought
to be necessary for the biosynthesis of penicillin from amino
acid precursors (Smith et al., 1990a; Barredo et al., 1989a;
Carr et al., 1986). The close linkage of penicillin bio-
synthetic genes suggests that they may be coordinately
regulated and the divergent transcription of the acvA and
pcbC genes from a 1107 bp intergenic region should allow
simple functional analyses to be performed on this DNA to
locate any elements affecting their transcription and
regulation. Although sequences important for gene expres-
sion in filamentous fungi have not been well defined,
potential transcription signals such as TATA like motifs,
which are sometimes found upstream of the transcription
initiation sites of a number of filamentous fungal genes (Gurr
et al., 1987), have been identified in the upstream sequence
of both the acvA and pcbC genes. A eukaryotic poly-
adenylation signal, AATAAA, which is also sometimes
found at the 3' end of filamentous fungal genes (Gurr et al.,
1987), is found downstream of the acvA gene although its
functional significance has not been demonstrated.

It is unclear whether the P. chrysogenum Oli13 acvA gene
contains any introns. Introns in filamentous fungal genes are
generally small, averaging < 100 bp and several genes lack
introns completely, including the pcbC gene (Carr et al.,
1986; Gurr et al., 1987). The presence of many introns in
the acvA gene appears unlikely because no breaks in the acvA
ORF were identified, analysis of the sequence did not reveal
any regions having a low coding potential and the estimated
size of P. chrysogenum acvA mRNA is >9.5 kb (Smith
et al., 1990b). MacCabe et al. (1990) also estimated
A.nidulans acvA mRNA to be >9.5 kb in size. However,
the presence of small in-frame introns containing no
termination signals cannot be excluded.

It is likely that the ACVS of P.chrysogenum closely
resembles the A.nidulans ACVS (van Liempt et al., 1989)
and possesses the same multifunctional properties. The large
protein predicted to be encoded by the acvA gene is perhaps
then not surprising when the multifunctionality of the enzyme
is considered. The specific recognition and adenylation of
three amino acids, the formation of peptide bonds between

-2200

-1700

/

le

B

r- 100

I
A

Fig. 3. Dot (diagon) plot comparing the initial 1200 amino acids of
ACVS (x-axis) with the following 2100 residues (y-axis) using
UWGCG Compare with a match window of 30 and a match

stringency of 70%. Lines on the diagonal indicate areas meeting the

match criteria and are termed domain A, B and C. The numbers on

the axes correspond to amino acid positions in the protein.

Table I. Similarities between P.chrysogenum 01il3 ACVS domains
and other proteins

% Similarityb % Identitya
A B C T G P L

A 43.1 38.0 33.5 34.6 26.7 21.9
B 64.2 39.3 37.2 36.8 22.6 21.5
C 59.9 59.8 33.6 33.3 20.4 21.5
T 57.6 61.6 59.3 56.5 21.6 23.6
G 55.1 58.8 56.4 72.0 23.3 22.5
P 50.3 48.2 48.2 48.1 46.9 35.0
L 47.3 46.4 49.0 44.5 46.4 57.1

Key: A, B, C; P.chrysogenum Oli13 ACVS domains. T, B.brevis
tyrocidine synthetase 1; G, B.brevis gramicidin S synthetase 1;
P, parsley 4-coumarate-CoA ligase; L, firefly luciferase.
aDetermined using UWGCG Gap (gap weight = 3.0, gap length
weight = 0.1).
bDeteriined using UWGCG Gap (gap and gap length weight as
above) where mismatches are weighted according to the evolutionary
distance between the amino acids compared (Gribskov and Burgess,
1986).
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them via enzyme bound intermediates and the epimerization
of one amino acid finally followed by cleavage of the
complete tripeptide from the enzyme must require a complex
protein capable of recognizing and assembling the com-
ponents in the correct order.
The reason for the discrepancy between the estimated size

of purified A. nidulans ACVS of 230 kd and the predicted
size for the P.chrysogenum Olil3 ACVS of 421 kd, based
on the gene sequence, is unclear. It may simply reflect a
genuine major difference between the enzymes, which is
probably unlikely given the close evolutionary relationship
between the two fungi and the intergeneric hybridization

A 307
B 1400
C 2483

A 366
B 1460
C 2543

A 426
B 1514
C 2597

A 486
B 1573
C 2655

pattern (Smith et al., 1990b), or indicate the presence of
many introns in the P. chrysogenum acvA gene. As discussed
above, this is also unlikely. Alternatively the size of the
A. nidulans ACVS may have been wrongly estimated or the
protein is post-translationally processed.
The identification of three extensive regions with high

similarity in the P. chrysogenum Oli13 ACVS protein
supports the data obtained earlier by DNA homology
between the P. chrysogenum Oli13 acvA gene and the Flavo-
bacteriwn sp. SC 12,154 gene encoding ACVS (Smith et al.,
1990b), which indicated that such repeated regions may be
present and are homologous. The function of these domains
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Fig. 4. Alignment (assisted by UWGCG Bestfit and Gap) of the core region of homology between the A, B and C domains of the P.chrysogenum
Oli13 ACVS. Identical amino acids are boxed. Numbers refer to amino acid position within the protein.
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P.chrysogenum ACV synthetase
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Fig. 5. Alignment (assisted by UWGCG Gap) of the region of high
similarity between the A, B and C domains of the P.chrysogenum
01il3 ACVS, B.brevis tyrocidine synthetase 1 (T), B.brevis gramicidin
S synthetase 1 (G), parsley 4-coumarate-CoA ligase (P) and firefly
luciferase (L) proteins. Numbers refer to amino acid position within
the respective proteins.

is unknown. However, the discovery of similarity between
each of the ACVS domains and four other proteins, all of
which recognize and activate by adenylation an amino acid
or perform ATP-pyrophosphate exchange reactions, is
interesting. It has been suggested (van Liempt et al., 1989),
that ACV biosynthesis proceeds via a multi-enzyme thio-
template mechanism (Kleinkauf and von Dohren, 1987) and
it is tempting to speculate that each of the three ACVS A,
B and C domains may recognize and adenylate one of the
constituent amino acids of ACV. Separation and expression
of the DNA encoding each of the domains individually in
heterologous hosts may allow enzymic functions to be
assigned to each domain. It will also be interesting to see

whether changing the order of the domains has any affect
on the sequence of the tripeptide produced.
The three domains of the P.chrysogenum Olil3 ACVS

have some similarity with the N-terminal portions of the
B.brevis tyrocidine synthetase 1 and gramicidin S synthetase
1. These are closely related bacterial multifunctional enzymes
which perform the initial steps in the synthesis of the cyclic
peptide antibiotics tyrocidine and gramicidin S by activating
phenylalanine and epimerizing it to the D-isomer (Marahiel
et al., 1985; Kraetzschmar et al., 1989). A region following
the ACVS C domain also has some similarity with the C-
terminal portions of tyrocidine synthase 1 and gramicidin
S synthetase 1. It therefore appears that the A and B domains
are truncated versions of a more extensive similarity between
the C-terminal region of ACVS (including the C domain)
and the major part of tyrocidine synthetase 1 and gramicidin
S synthetase 1.

Small peptides with antibiotic/toxic activity are made by
a wide range of organisms (Kleinkauf and von Dohren, 1987;
Kurahashi, 1974) and the identification of similarity between
the P. chrysogenum ACVS and two bacterial enzymes
involved in antibiotic peptide synthesis indicates that some
of the bacterial and fungal multifunctional peptide synthetases
may have a common ancestral origin.
The DNA encoding the A, B and C domains identified

in the P.chrysogenum Oli13 ACVS align with acvA gene
DNA fragments which hybridized to a 2.2 kb fragment of
the Flavobacterium sp. SC 12,154 ACVS gene. It therefore
appears that the Flavobacterium sp. SC 12,154 ACVS may
also contain these domains, one of which was probably
encoded by the DNA within the 2.2 kb fragment used as

a probe to construct the intergeneric hybridization pattern
(Smith et al., 1990b).
There are precedents for multifunctional enzymes in

filamentous fungi existing as separate monofunctional
enzymes in prokaryotes. The pentafunctional AROM locus

(for aromatic amino acid biosynthesis) of A.nidulans is
related to the monofunctional bacterial aro loci (Charles
et al., 1986). As appears to be the case with the P.chryso-
genum acvA gene, the A.nidulans AROM gene does not
contain any introns and it has been suggested (Hawkins,
1987) that it may have arisen from multiple gene fusion of
the bacterial genes. Perhaps a more interesting example is
found in cephalosporin biosynthesis. The filamentous fungus
C.acremonium, which produces cephalosporins, possesses
a dual function enzyme which performs both ring expansion
of penicillin N and the subsequent hydroxylation step
(Samson et al., 1987). In contrast, in the cephalosporin
synthesizing prokaryote S. clavuligerus, these activities are
located on diferent enzymes (Jensen et al., 1985).

It has been suggested (Ramon et al., 1987; Weigel et al.,
1988) that some ,B-lactam biosynthetic genes arose in
prokaryotes and were transferred to a progenitor of the
filamentous fungi synthesizing (3-lactam antibiotics. It will
therefore be interesting to determine whether Flavobacterium
sp. SC 12,154 contains one ACVS gene, encoding a large
multifunctional protein, or is composed of separate genes
for each of the domains identified in the P.chrysogenum
ACVS. The sequencing of the Flavobacterium sp. SC 12,154
gene encoding ACVS will resolve this question.
The availability of the acvA gene sequence should facilitate

studies of the P.chrysogenum ACVS, a complex, multi-
functional and commercially important peptide synthetase.

Materials and methods

Strains and plasmids
The isolation of the acvA gene of P.chrysogenum Oli13 on the cosmid clone
pCX3.2 has been described previously (Smith et al., 1990b).

Sequencing methods
CsCl/ethidium bromide density gradient purified plasmid DNA was prepared
for sequencing in the following manner: 3-5 ug of plasmid DNA in 20 j1l
of H20 was denatured by the addition of 20 yd of 0.4 M NaOH, 0.4 mM
EDTA and left at room temperature for 5 min. The denatured DNA was
neutralized by the addition of 4 IL of 2 M sodium acetate (pH 4.7),
precipitated by the addition of 100 IL of ethanol at -20°C followed by
15 min at -70°C and the DNA pellet collected by centrifugation, washed
with 70% ethanol and dried.

Denatured plasmid DNA was sequenced using a commercially available
kit (Sequenase; United States Biochemical Corporation) according to the
instruction manual supplied with the kit.
DNA fragment isolation from agarose gels, subcloning and plasmid

isolation was performed using standard techniques (Maniatis et al., 1982).

Sequencing strategy
Fragments of the acvA gene contained on cosmid clone pCX3.2 were
subcloned in the plasmids pUCl9 (Yannisch-Perron et al., 1985) and
pBluescript (Stratagene, La Jolla, CA, USA) and sequenced using M13
universal and reverse oligonucleotide primers (United States Biochemical
Corporation). The sequence thus generated allowed the synthesis of novel
18 or 20 bp oligonucleotide primers capable of initiating second strand
synthesis on previously unsequenced DNA. In this way the complete
nucleotide sequence of the region corresponding to the P. chrysogenum Oli13
acvA gene was determined for both strands using 63 oligonucleotide primers.
Oligonucleotide primers were synthesized by Alta Bioscience (Department
of Biochemistry, University of Birmingham, Birmingham, UK) and the
Department of Biochemistry, University of Bristol, Bristol, UK.

Computing
Computer programs supplied as part of the University of Wisconsin Genetics
Computer Group (UWGCG) sequence analysis package (Devereux et al.,
1984) and accessed through the UK Science and Engineering Research
Council SEQNET system were used for all sequence analysis and com-
parison.
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