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The genes encoding amicyanin and the P-subunit of methylamine dehydrogenase (MADH) from Thiohacillus 
versutus have been cloned and sequenced. The organization of these genes makes it likely that they are coordinately 
expressed and it supports earlier findings that the blue copper protein amicyanin is involved in electron transport 
from methylamine to oxygen. The amino acid sequence deduced from the nucleotide sequence of the amicyanin- 
encoding gene is in agreement with the published protein sequence. The gene codes for a pre-protein with a 25- 
amino-acid-long signal peptide. The amicyanin gene could be expressed efficiently in Escherichia coli. The protein 
was extracted with the periplasmic fraction, indicating that pre-amicyanin is translocated across the inner 
membrane of E. coli. Sequence studies on the purified P-subunit of MADH confirm the amino acid sequence 
deduced from the nucleotide sequence of the corresponding gene. The latter codes for a pre-protein with an 
unusually long (56 amino acids) leader peptide. The sequencing results strongly suggest that pyrroloquinoline 
quinone (PQQ) or pro-PQQ is not the co-factor of MADH. 

When Thiobacillus versutus is offered methylamine as its 
sole source of carbon, nitrogen and energy, it synthesises a 
redox chain which converts the amine into the aldehyde and 
which transports the electrons generated in the methylamine 
conversion eventually to oxygen as the final electron acceptor 
[1]. Because the redox chain is short and the constituting 
proteins are relatively easy to manipulate, there is currently 
strong interest in the physiology, enzymology and mode of 
operation of this chain [l -91. Although the composition of 
this chain has not yet been established with absolute certainty, 
there is agreement [l, 3, 5, 10, 111 that the first two proteins 
in the redox path are: (a) methylamine dehydrogenase 
(MADH), an a2P2 dimer with a molecular mass of 123 kDa 
and a quinone compound as a prosthetic group [12, 131 and 
(b) amicyanin, a type I copper protein with a molecular mass 
of 11.7 kDa [ 14, 151. Crystals of MADH have been analysed 
with X-ray diffraction techniques but the,interpretation of the 

Correspondence to G. W. Canters, Gorlaeus Laboratories, Leiden 
University, P.O. Box 9502, NL-2300 RA Leiden, The Netherlands 

Abbreviations. IPTG, isopropyl 8-D-galactopyranoside; MADH, 
methylamine dehydrogenase; ORF, open rcading frame; PQQ, 
pyrroloquinoline quinone. 

Enzymes. Cytochrome-c oxidase (EC 1 .9.3.1); (methy1)amine de- 
hydrogenase (EC 1.4.99.3). 

Notes. The structure of the co-factor of MADH from M .  ex- 
toryuens AM1 has recently been reported as consisting of two 
covalently linked tryptophan residues with a quinone moiety [S6]. In 
view of the evidence reported in the present paper it is highly likely 
now that the T. versutus MADH contains the same di-tryptoquinone 

The novel nuclcotide sequence data published here has been de- 
posited with the GenBank sequence data bank and is available under 
accession number MS8001. 

co-factor [57]. 

electron density map has been hampered up till now by a 
lack of amino acid sequence information [16, 171. Especially, 
unequivocal interpretation of the electron density around the 
side chains purportedly forming the sites of attachment of the 
co-factor remained problematical up till now [16, 171. 

A structural study of amicyanin by means of X-ray and 
NMR techniques is under way [18, 191. Ongoing studies of 
the mechanism of the electron transfer between the various 
reaction partners in the chain have shown among others, that 
the redox activity of the amicyanin in vitro is regulated by pH 
[6]. The terminal oxidase in the redox chain is an aa3-type 
cytochrome oxidase [1, 21. The link between the oxidase and 
the amicyanin is presumably formed by cytochrome cS5,, [l ,  
201, a single heme containing class I c-type cytochrome with 
a molecular mass of 15 kDa, which recently has been charac- 
terised extensively [4]. 

Study of the genes coding for the above mentioned redox 
proteins was deemed interesting for several reasons. Their 
organization might confirm the supposed functionality of the 
redox chain. The nucleotide sequence of the gene(s) coding 
for the MADH subunits might give information about the 
nature of the sites of attachment of the co-factor in the small 
(P-)subunit. Knowledge of the primary structure of MADH 
would significantly further the interpretation of the electron- 
density map of MADH. Finally, with the genes of the redox 
proteins available, a study at the molecular level of the elec- 
tron-transfer mechanism would become possible by means 
of site-directed mutagenesis, a technique which has already 
proven its potential for the study of biological electron tranfer 
[21, 221. 

Here we report, first, on amino-acid-sequencing studies of 
the /3-subunit of MADH. Secondly, the cloning and 
sequencing of the genes coding for this subunit and for 
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amicyanin are described. The genes appear to be located in 
one operon, which is different from the operon in which the 
cytochrome-c550 encoding gene has been found, as will be 
reported elsewhere. Finally, the results of heterologous ex- 
pression experiments with amicyanin and the MADH P-sub- 
unit-encoding genes are reported. 

MATERIALS AND METHODS 

Bacterial strains, plasmids and culture conditions 

T.  versulus ATCC 25364T [23] cells were obtained from J .  
Frank, Delft University of Technology. E. coli JM105 was 
used as a host and grown aerobically at 37 OC in Luria-Bertani 
broth. The plasmid pUCl8 was used as a cloning vector [24]. 
MI 3mp18 and mp19 phages were used for DNA sequencing. 

Purification of M A D H  andpreparation of the P-subunit 

T. versutus MADH was purified as described [16]. The 
pure enzyme was dissociated into its subunits in 6 M 
guanidine/HCI in 50 mM sodium phosphate buffer, pH 7.0. 

,The separation of the two subunits was performed on a 
Sephadex (3-100 column equilibrated with 0.5 M guanidine/ 
HCI in 50 mM phosphate buffer, pH 7.0. The subunits were 
dialyzed against a 0.1 M ammonium carbonate buffer, pH 8.0 
and lyophilised. The P-subunit was subsequently pyridylethy- 
lated by treatment with 5 p1 tributylphosphine plus 5 pl 4- 
vinylpyridine in 0.5 ml50% pyridine in water (by vol.) for 3 h 
at 45°C. 

D rgestion und peptide mapping 

17.5 mg pyridylethylated P-subunit of MADH was treated 
with 2% (by mass) trypsin and incubated for 4 h at 37°C. The 
tryptic digest was lyophilised, taken up in 0.5 ml of 10% 
formic acid and fractionated by HPLC chromatography on a 
Nucleosil 10 CL8 column (300 x 4.6 mm) equilibrated with 
0.1 'A trifluoroacetic acid. A linear gradient of 0 -67% 
acetonitrile in 0.1% trifluoroacetic acid was applied at a flow 
rate of 1 .0 ml/min over a period of 60 min. Peptide elution 
was monitored by measuring the absorbance at 214 nm. Of 
the seven fractions collected (T1 -T6 and Q; Fig. Sl), three 
(T4, T5 and T6) were subjected to another purification step 
by HPLC on the same column, using the same gradient in 
0.1 % ammonium acetate, pH 6.0. The peptide conhining the 
chromophoric co-factor could be identified on the basis of its 
yellow colour (peptide Q). It was further digested by a 2-h 
incubation at 37 "C with 2% chymotrypsin, which resulted in 
the isolation of four more peptides (Ql -44). Q3 still ap- 
peared inhomogeneous and was collected in three fractions, 
the first of which was subjected to further investigation. 

Amino acid analysis of the unmodified fl-subunit and of 
the purified peptides was performed on a Kontron Liquimat 
III Analyzer after hydrolysis of the peptide under vacuum for 
24 h in 6 M HCI at 110°C. The unmodified protein and 
peptide Q3 were sequenced on an Applied Biosystelns (Model 
477A) pulse-liquid protein sequencer, equipped with an on- 
line Model 120 A PTH-analyzer [25]. N-terminus determi- 
nation of the peptides was performed using dimethyl- 
aminobenzene 4'-isothiocyanate [26]. Tryptophan was deter- 
mined quantitatively after hydrolysis with 3 M 
mercaptoethanesulfonic acid [27]. 

1. 3' GTY CTR TTY TAH TG 
Gln Asp Lys Ile Thr 
1 5 

2. 3' CTY TAC TAC TGN TTY CTR GT 
Glu Met Met Thr Lys Asp Gln 
71 7 6  

3. 3' ATR CTR ATR AAR ACR TG 
Tyr Asp Tyr Phe Cys Thr 
89 94 

4. 5' AAG TGG CAG CCS CAG GAC AAC GAC ATC CAG GCS TGC GAC TAC TGG 
Lys Trp Gln Pro Gln Asp Asn Asp Ile Gln Ala Cys Asp Tyr Trp 
12 26 

Fig. 1. Mixed oligonucleotide probes used in the hybridization exper- 
intents and their corresponding amino acid sequences. Probes 1, 2 and 
3 were derived from the amicyaiiin amino acid sequence [14]; probe 
4 was designed on the basis of the amino acid sequence of the N 
terminus of the P-subunit of MADH. H:  A, T, or C;  N :  any 
nucleotide: R: purine; S:  G or C; Y :  pyrimidine. Probes 1 ,  2, 3 and 
4 are mixtures of 24, 32, 32 and 4 oligomers, respectively 

Chemicals and reagents 

All restriction enzymes, T4 DNA-ligase, T4 polynucleotide 
kinase, and T7 DNA-polymerase were obtained commer- 
cially. Polyclonal antibodies against amicyanin and the 
unmodified small subunit of MADH were raised in rabbit 
[281. 

Preparation and analysis of DNA 

Chromosomal DNA of T. versutus was isolated from 3 g 
bacterial paste as described by Chater et al. [29]. Plasmid 
DNA from E. coli strains was isolated according to Birnboim 
and Doly [30]. 

Electrophoresis of D N A  and hybridization conditions 

DNA restriction fragments were separated on 1-2% 
agarose minigels. Screening of genomic and plasmid DNA 
digests of T. versutus was performed by hybridization with 
labelled synthetic oligonucleotide probes. Probes 1 - 3 were 
designed on the basis of the amino acid sequence of amicyanin 
[I41 and are shown in Fig. 1.  Probe 1 is a 24-fold degenerate 
14-mer. Probes 2 and 3 are 32-fold degenerate 20-iners and 
37-mers, respectively. Probe 4 was designed as a fourfold 
degenerate 45-mer oligonucleotide on the basis of the N-ter- 
minal amino acid sequence of the P-subunit of MADH 
(Fig. 3). Since T. versutus DNA has about a 68% G + C con- 
tent [23], in designing probe 4 a G or a C was chosen for 
the third codon in cases where the genetic code is twofold 
degenerate; in cases of fourfold degeneracy, G and C were 
chosen; ATC was chosen as the codon for Ile (Fig. 1). The 
oligonucleotides were labelled by phosphorylation with T4 
polynucleotide kinase and an equimolar amount of [y- 
32P]ATl?. Hybridization was performed at  45°C directly on 
dried denatured 1% agarose gels [31] with 1-2mg 
chromosomal DNA/lane according to Canters [32]. After hy- 
bridization, gels were washed three times at  room temperature 
with 6 x NaCl/Cit (1 x NaCl/Cit is 0.15 M NaCl plus 0.015 M 
sodium citrate) and subsequently incubated for 10 min in 6 x 
NaCl/Cit + 0.1 Yn SDS and 10 min in 6 x NaCl/Cit, at 40°C 
(probe I), 48 "C (probe 2), or 43 "C (probe 3). Autoradiograms 
were obtained after 2-72 h exposure at -70 C with two 
intensifying screens. 

Transformation and colony hybridization were performed 
according to Sambrook et al. [33]. Conditions for plasmid 
hybridization (with any of the four probes listed in Fig. 1) 
were identical to those for hybridization of genomic DNA, 
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except that gels were washed at room temperature after hy- 
bridization. 

DNA sequence analysis and strategy 

M13 phage particles were purified and single-stranded 
DNA was extracted by the method of Sanger et al. [34]. DNA 
sequencing was performed by the dideoxynucleoside-tri- 
phosphate chain-termination method of Sanger et al. [35], 
with [ C X - ~ ~ P ~ ~ C T P  as the label. Sequencing reactions were 
performed with T7 DNA-polymerase by following a protocol 
supplied by the manufacturer (Pharmacia, Uppsala, Sweden). 
When necessary, 7-deaza-dGTP was used instead of dGTP to 
relieve band compression on the gels [36]. When subcloning of 
specific fragments was not possible, synthetic oligonucleotide 
primers were used instead of the universal primer. Nucleotide 
sequences were analyzed with the help of the University of 
Wisconsin GCG software package [37]. 

Expression of the genes encoding ainic,yunin 
and the MADH fl-subunit 

A 0.9-kbp EcoRI-PstI restriction fragment (Fig. 2) was 
subcloned in pUC18 (plasmid pMU13) and transformed to 
E. coli JM105 according to Sanibrook et al. [33]. An overnight 
culture of the transformant was diluted 1 : 100 in Luria-Bertani 
broth and grown for 2.5 h at 37°C. Isopropyl-P-D-galacto- 
pyranoside (IPTG) was added to a final concentration of 
300 pM and incubation was proceeded for another 4 h. Cells 
were harvested by centrifugation. Proteins from the 
periplasmic space were isolated using chloroform treatment 
[38] and separated by SDSjPAGE (20% homogeneous gels) 
according to Laemmli [39] on a Phast System (Pharmacia). 
Gels were stained with Coomassie brilliant blue. Whole cell 
lysates were obtained by three different methods: cells were 
harvested by centrifugation and the pellet was either sus- 
pended in SDS-containing electrophoresis buffer [39] and 
heated for 5 min at lOO”C, or treated with lysozymejTriton, 
or incubated with lysozyme followed by 6 freezejthaw cycles. 

Gel electrophoresis was performed as before. Proteins were 
electrophoretically transferred from gel to nitrocellulose by 
using the Phast Transfer system of Pharmacia. The possible 
presence of amicyanin or MADH was checked for by 
immunochemical staining of the nitrocellulose filter or by an 
ELISA test with polyclonal antisera as primary antibodies 
and goat anti-rabbit peroxidase as a secondary antibody. 

RESULTS 

Amino acid sequencing of the MADH P-subunit 

The amino acid composition of the MADH P-subunit 
was determined by total hydrolysis. The results are given in 
Table S1. Edman degradation of the unmodified MADH b- 
subunit was straightforward and revealed the identity of the 
first 25 N-terminal residues, except for residue 23. The results 
are presented in Table S2. The sequence run was terminated 
after cycle 31. Subsequently the amino acid composition and 
the N-terminal amino acid sequence of the peptides T1 -T6 
(except T2) were determined. The results are presented in 
Table S3. By comparison with the already determined amino 
acid sequence of the N terminus of the /3-subunit of MADH, 
peptides T1, T2 and T3 could be positioned in the amino acid 
chain. The amino acid compositions of Q1, Q2 (see Table S4) 
and 4 4  were determined, and from this it appeared that Q4 
was identical with T6 [see TableS3; notice that Q4 was 
obtained as a subdigest of peptide Q and that T6 had a differ- 
ent f R  to Q (Fig. Sl)  but similar to Q4]. Peptide Q3 (first 
fraction) was subjected to 11 cycles of Edman degradation. In 
each step two amino acids were liberated, indicating that 4 3  
consists of two peptides which are held together by covalent 
links to the co-factor. The sequencing results of the Q3 peptide 
could be grouped in two peptides Q3A and Q3B (Table S5) 
by analogy with the results obtained by Ishii et al. [40] for the 
fl-subunit of MADH of Methylobacterium extorquens AM1 
(previously called Pseudomonas AM1 [4Oa]) and also on the 
basis of the DNA sequencing results. The amino acid at po- 
sition 6 in Q3A could not be identified and apparently rep- 
resents one of the attachment sites of the co-factor. When the 
DNA sequencing results became available, peptides TI - T6 
and Q1 -Q3 could be unambiguously positioned in the pri- 
mary structure and no further attempts at amino acid 
scqucncing were undertaken. The final results are presented 
in Fig. 3. 

Cloning of the umicyanin and MADH-P genes 

The T. versutus amicyanin gene was identified by screening 
digests of T. versutus chromosomal DNA with oligonucleotide 
probes. Several DNA fragments hybridised specifically with 
probe 2: a 3.4-kbp fragment of a BamHI-Sall digest and a 
3.8-kbp fragment of a BamHI-PstI digest. These fragments 
also hybridised with probes 1 and 3, but hybridization ap- 
peared to be less selective. 

The 3.4-kbp EumHI-SalI fragment was cloned into 
plasmid pUC18. After transformation to E. coli, about 360 
transformants were screened by colony hybridization with 
probe 2 for insertion of the amicyanin gene. One colony gave a 
strong positive hybridization signal with probe 2. Subsequent 
incubation of the plasmid with various restriction enzymes 
showed that a 0.9-kbp Pstl-EcoRI fragment produced strong 
hybridization signals with all three probes, indicating that the 
whole amicyanin gene is located on the 3.4-kbp BumHI-SalI 
fragment (Fig. 2). Starting the search for the MADH /)-sub- 
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unit-encoding gene it was then decided to first check the 
BarnHI-SalI fragment before initiating screening of chromo- 
somal digests. It appeared that probe 4 produced strong hy- 
bridization signals with this fragment and a 1.8-kbp EcoRI- 
SalI subfragment (Fig. 2), indicating that at least a part of the 
b-subunit of MADH was present. The 3.4-kbp BumH1-SalI 
fragment was subsequently subcloned and sequenced partly 
in both directions by dideoxynucleotide sequencing according 
to the strategy shown in Fig. 2. The results are shown in Fig. 3. 
The data have been entered into the GenBank data bank 
under accession number M58001. 

Expression ojamicyanin and the MADH fl-subunit 

The 0.9-kbp EcoRI-PstI fragment containing the ami- 
cyanin gene was subcloned in pUC18 (pMU13) and sub- 

sequently transformed to E. coli JM105. The transformed 
strain was cultured and the periplasmic fraction was analyzed 
for protein composition. SDSjPAGE and immunoblotting 
with rabbit antiserum directed against purified amicyanin 
showed that an amicyanin-like protein was present in the 
periplasmic fraction, which co-migrated with amicyanin of T. 
versutus (Fig. 4). Apparently, amicyanin is translocated to the 
E. coli periplasm and the signal peptide is cleaved to yield 
mature amicyanin. Expression was strongly enhanced by the 
addition of IPTG to the medium, indicating that the gene is 
transcribed from the lac promoter on pUC18. Neither in the 
periplasmic fraction nor in whole cell lysates could a 14- 
kDa band corresponding with signal-peptide-containing pre- 
amicyanin be detected. 

To test for possible expression of madB in E. coli the Safl- 
PstI and BalI-Pstl fragments (Fig. 2) were cloned into pUC18 

A 
15 30 45 60 75 

orf 1 
GGC GTG ATC CGC GCC AAG GGC CTG ACC AAC ACC CGC GAA CAC CTG GAA AGC CTG CTG GAG GCG GAC AAG ACC GGC 
Gly Val Ile Arg Ala Lys Gly Leu Thr Asn Thr Arg Glu H i s  Leu Glu Ser Leu Leu Glu Ala Asp Lys Thr Gly 

90 105 120  135 150 
TTC GCC TCG CTC CAG CAG TTC ATG GCC AGC CGC AAG AAG AAC GCG GCC TGA CCCGGCCGTTTCCACCTTGGTCCCAAGCAGA 
Phe Ala Ser Leu Gln Gln Phe Met Ala Ser Arg Lys Lys Asn Ala Ala End 

165 
G-ATAAACG 

madB 
180 195 210 225 240 

ATG CTG GGG AAT TTC AGA TTT GAC GAC ATG GTC GAG AAA CTG TCC CGC CGG GTG GCG GGC CGC ACC AGC CGC CGC 
Met Leu Gly Asn Phe Ary Phe Asp Asp Met Val Glu Lys Leu Ser Ary Ary Val Ala Gly dry Thr Ser dry Arq 

255 270 285 300 315 
GGC GCC ATC GGC CGC CTG GGC ACG GTG CTG GCG GGG GCG GCG CTG GTG CCG CTG CTG CCG GTG GAT CGG CGC GGC 
Gly Ala Ile Gly dry Leu Gly Thr Val Leu Ala Gly Ala Ala Leu Val Pro Leu Leu Pro V a l  Asp Arq Arq Gly 

330 345 360 375 390 
CGC GTC AGC CGC GCC AAT GCC GCC GGC CCC GCG GAA GGC GTC GAT CCG CGC GCC AAG TGG CAG CCG CAG GAC AAC 
dry Val Ser Ary Ala Asn Ala Ala Gly Pro Ala Glu Gly Val Asp P r o  Arg Ala Lys Trp Gln Pro Gln Asp Asn 

- - 1 - F T 2 - I P  

t 
7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7  

405 420 435 450 4 65 
GAC ATC CAG GCC TGC GAC TAC TGG CGG CAC TGT TCC ATC GAC GGC AAC ATC TGC GAC TGC TCG GGC GGG TCG CTG 
Asp Ile Gln Ala Cys Asp Tyr Trp Arg H i s  Cys Ser Ile Asp Gly Asn Ile Cys Asp Cys Ser Gly Gly Ser Leu 
- T3 I ,  T4 

. . . . . . .  
7 7 7 7  7 7  7 

480 4 95 510 525 540 
ACC AAC TGC CCG CCG GGC ACC AAG CTG GCG ACG GCG TCC TGG GTG GCG AGC TGC TAC AAC CCG ACC GAC GGG CAA 
Thr Asn Cys Pro Pro Gly Thr Lys Leu Ala Thr Ala Ser 9 Val Ala Ser Cys Tyr Asn Pro Thr Asp Gly Gln 

Ql- I 7 Q3A - 1- 
7 7 7 7 7  7 7 7 7 7  

555 570 585 600 615 
AGC TAC CTG ATC GCC TAT CGC GAC TGC TGC GGC TAC AAC GTC TCG GGC CGC TGC CCC TGC CTG AAC ACG GAA GGC 
Ser Tyr Leu Ile Ala Tyr Arq Asp Cys Cys Gly Tyr Asn Val Ser Gly Arg Cys Pro Cys Leu Asn Thr Glu Gly 

T5 - y Q 3 B  - 
7 7 7 7 7 7 7 7  

i- Q2 -! a 

630 645 660 675 690 
GAG CTG CCG GTC TAT CGC CCG GAA TTC GCC AAC GAC ATC ATC TGG TGC TTC GGC GCC GAG GAT GAC GCG ATG ACC 
Glu Leu Pro Val Tyr Arg Pro Glu Phe Ala Asn Asp Ile Ile 9 Cys Phe Gly Ala Glu Asp Asp Ala Met Thr 

7 7 7  
. . . . . . . 

705 720 735 750 765 780 
TAT CAC TGC ACG ATC TCT CCC ATC GTC GGC RAG GCA AGC TGA CGATCCCGGCCGGGCGGTCGGCCCGCCCGGTCCCATCCCTTCt 
Tyr His Cys Thr Ile Ser Pro Ile Val Gly Lys Ala Ser End 

t-, T6/Q4 -1 

Fig. 3 A W T T T C C  
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ami B 
795 810 825 840 855 

ATG A T T  T C T  GCA AAG ACG C T T  CGG CCG GCC A T C  GCG GCC A T C  GCC C T T  T T C  G C C  A T C  GGC GCG ACC GGA GCA TGG 
Met I l e  Ser A l a  L y s  Thr L e u  A r y  P r o  A l a  I l e  A l a  A l a  I l e  A l a  Leo  Phe  A l a  I l e  G l y  A l a  T h r  G l y  A l a  Trp 

870 885 900 915 930 
GCA CAG GAC AAG A T C  A C C  G T C  A C C  AGC GAA AAG C C G  G T C  GCG GCC GCC GAT G T G  C C C  GCC G A T  GCC GTC G T C  GTC 
A l a  G l n  A s p  L y s  I l e  T h r  V a l  T h r  Ser G l u  L y s  P r o  V a l  A l a  A l a  A l a  A s p  V a l  P r o  A l a  A s p  A l a  V a l  V a l  V a l  

945 960 975 990 1005 
GGC A T C  GAG AAG A T G  AAA TAC C T G  ACC C C G  GAA G T G  A C C  A T C  AAG GCG GGC GAG A C C  G T C  T A T  TGG GTC AAC GGC 
G l y  I l e  G l u  L y s  Met L y s  T y r  L e u  T h r  P r o  G l u  V a l  T h r  I l e  L y s  A l a  G l y  G l u  T h r  V a l  T y r  T r p  V a l  A s n  G l y  

1020 1035 1050 1065 1080 
GAG GTG ATG C C C  CAC AAC G T C  GCC T T C  AAG AAG GGC A T C  GTG GGC GAG GAC GCG T T C  CGC GGC GAG ATG ATG ACC 
G l u  V a l  M e t  P r o  His A s n  V a l  A l a  P h e  L y s  L y s  G l y  I l e  V a l  G l y  G l u  A s p  A l a  P h e  A r g  G l y  G l u  Met M e t  T h r  

1095 1110 1125 1140 1155 
AAG GAC CAG GCC T A T  GCG A T C  ACC T I C  AAC GAG GCG GGA AGC T A T  GAC T A T  T T C  TGC ACG C C C  CAT C C C  T T C  ATG 
L y s  A s p  G l n  A l a  T y r  A l a  I l e  T h r  P h e  A s n  G l u  A l a  G l y  Ser T y r  A s p  T y r  Phe C y s  T h r  P r o  H i s  P r o  P h e  M e t  

1170 1185 
CGG GGC AAG G T C  A T C  G T C  GAA T-TGCCGCC 
A r g  G l y  Lys  V a l  I l e  V a l  G l u  E n d  

orf 2 
1200 1215 1230 1245 1260 

ATG TGG A T T  C C C  T A T  GAC C T G  CGC GCC T C G  C T G  AAG GGC GAA ACC GAC CGG GAA ACG C T G  C G C  CTG TCG CGG GCC 
M e t  T r p  I l e  P r o  T y r  A s p  L e u  A r g  A l a  Ser L e u  L y s  G l y  G l r i  T h r  A s p  A r q  G l u  T h r  L e u  A r q  L e u  Ser A r g  A l a  

1275 1290 1305 1320 1335 
GAC GGG CAG C C G  CGC CAG T T C  C T G  GTG GGG T T C  T T C  C T G  CGC AAC CCG G T C  ACG CAG GCC TGG GAA CTG GAC C T G  
A s p  G l y  G l n  P r o  A r g  G l n  P h e  L e u  V a l  G l y  P h e  P h e  L e u  A r g  A s n  P r o  V a l  T h r  G l n  A l a  T r p  G l u  L e u  A s p  Leu 

1350 1365 1380 1395 1410 
GCG GCC GAG GAC GGC C T G  CCG GAA C T G  C C T  G C C  G T G  C C G  GCG GGG GCG A G T  T T C  AGC A T C  T G C  CCG AAC GAG GCC 
A l a  A l a  G l u  A s p  G l y  L e u  P r o  G l u  L e u  P r o  A l a  V a l  P r o  A l a  G l y  A l a  S e r  P h e  Ser I l e  C y s  P r o  A s n  G l u  A l a  

1425 1440 1455 1470 1485 
GGC AAG C T G  GCC GAG GTG A T C  T A T  CGC C T C  C C C  GCG CG'P TCG GCC A C C  GAG GCG C T G  GAG C T T  GCC C A T  GCC GAC 
G l y  L y s  L e u  A l a  G l u  V a l  I l e  T y r  A r g  L e u  P r o  A l a  A r q  Ser  A l a  T h r  G l u  A l a  L e u  G l u  L e u  & l a  H i s  A l a  A s p  

1500 
C T G  CAG 
L e u  G l n  

Fig. 3. D N A  sequence (f the T. versutus madB (A)and ami ( B )  genes and inferred protein .sequences. Putative ribosome-binding sites are 
underscored. Leader pcptides are shown in italics. A region of dyad symmetry is underlined in bold. Tryptic (TI -T6) or chymotryptic (Ql- 
44) peptides of the MADH [&subunit for which sequences or amino acid composition were determined are indicated by horizontal lines. 
Arrows indicate the results of amino acid sequencing work. Trp57 and TrplO8, involved in the formation of the co-factor of the B-subunit of 
MADH, are doubly underscored 

94 + 
67 + 

43 + 

20.1 + 

14.4 * 4 

1 2  3 4 5 1 2  3 4 5 

Fig. 4. SDSIPAGE and immunoblotting of periplasmic proteins isolated (see Materials and Methods for  details) from E.  coli strain JM105 in 
which the ami gene is expressed under control of the lac promoter. (A) SDS/polyacrylamide gel, in which proteins were stained with Coomassie 
brilliant blue. (B) Immunoblot of a gel identical to that in (A) which was probed with rabbit antiserum directed against purified amicyanin. 
Lanes 1 ,  E. coli JMIOS/pUC18; 2, as 1 but with IPTG induction; 3, E. coli JM105/pUC18 containing the EcoRI-PstI fragment (pMU13); 4, 
as 3 but with IPTG induction; 5 partially purified amicyanin from T. versutus. The sizes (kDa) of the molecular mass markers are indicated 
on the left. The arrows at the right-hand side of the gels indicate the position of the amicyanin band [12( 1 )  kDa] 

(resulting in plasmids pMKl and pMK2, respectively) and 
transformed to E. coli JM101. The transformed strains were 
cultured in the presence and absence of 300 PM IPTG. Whole 
cell lysates, obtained as described in  Materials and Methods, 
were separated by electrophoresis and the gels were coloured 

with Coomassie brilliant blue. No extra bands at 14.2 kDa or 
20.4 kDa corresponding with the processed or unprocessed 
MADH P-subunit could be detected in the gels, while 
amicyanin bands were present in samples from cultures in- 
duced by IPTG. An ELISA test for the MADH 8-subunit was 
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negative. It is concluded that the amount of MADH 8-subunit 
if present at all, had to be less than 0.1% of total protein 
content. 

DISCUSSION 

Amino acid sequence of the small MADH /-.subunit 

Although the final amino acid sequence of the MADH a- 
subunit was established from the corresponding DNA se- 
quence, the amino acid sequencing results were necessary for 
two reasons. Firstly, primary structure information was 
needed to be able to later unambiguously identify the gene 
encoding the MADH p-subunit. Secondly, information about 
the nature and the position of the attachment of the co-factor 
in the polypeptide chain can only be obtained from studying 
the amino acid sequence directly. The interpretation of the 
amino acid sequencing experiments initially profited strongly 
from the sequencing work of Ishii et al. [40] on the MADH 
/?-subunit of M .  extorquens AMI. (Eventually a large ho- 
mology was found between the MADH /(-subunits from the 
two organisms). The N-terminal amino acid sequence appears 
in full agreement with the results deduced later from the DNA 
sequencing work (Fig. 3). The attachment site for the co- 
factor in peptide Q3A after alignment with the full amino acid 
sequence, appears to be residue 57 (nucleotides 510- 512; 
Fig. 3). The second attachment site (namely, in peptide Q3B) 
is assigned on the basis of the strong similarity with the M .  
extorquens AM3 MADH [40] as position 108 (nucleotides 
663 - 665; Fig. 3). After DNA sequencing, peptides T1- T6 
and Q1 and Q2 could unambiguously be positioned in the 
amino acid chain. The observed cleavage positions by trypsin 
and chymotrypsin are in agreement with the specificities of 
the two enzymes, except for a chymotryptic cleavage after 
Tyrll9 with trypsin (peptide T6). 

Nucleotide sequence and analysis of the T. versutus amicyanin 
and M A D  H genes 

Within the sequenced DNA fragment two complete open 
reading frames (ORF) were identified. All the determined 
amino acid sequences and compositions of the tryptic 
and chymotryptic peptides of the B-subunit of MADH 
(Tables S1- S 5 )  are in agreement with the amino acid se- 
quence deduced from the first complete ORF (Fig. 3). The 
amino acid sequence derived from the DNA sequence of the 
second complete ORF is in complete agreement with the 
published sequence of amicyanin from T. versutus [14]. The 
two genes will be denoted by madB and ami in the rest of the 
paper. 

The ATG startcodon (nucleotide 791) of the ami gene is 
located 78 bp upstream of the codon which corresponds to 
the first residue of mature amicyanin (nucleotide 869). A con- 
sensus ribosome-binding site [41] (AGGAGG, underlined in 
Fig. 3) occurs 6-11 bp upstream from the start codon. The 
mature amicyanin is preceded by a 25-amino-acid-long signal 
peptide (not counting thc ATG start codon), apparently serv- 
ing the purpose of translocating the protein across the 
periplasmic membrane. The signal sequence shows the typical 
signal peptide characteristics [42]: positively charged amino 
acids near the N-terminus, a central hydrophobic region 
(amino acids ~ 17 to - 8; nucleotides 818 - 847) and two small 
uncharged residues (alanine in both cases) in positions -3 
and - 1. Similar findings have been reported for other bac- 

terial blue copper protein genes [32, 43, 441. The mature 
amicyanin has a M ,  of 11 690 according to the amino acid 
sequence, in agreement with literature data [I 51. 

The mudB gene is located upstream of the umi gene. A 
Shine-Dalgarno sequence [41] (GGAGG, underlined in Fig. 3) 
occurs 8 - 22 bp in front of the ATG start codon. Comparison 
of the amino acid and DNA sequencing results reveals that 
residues 1-25 of the mature protein as identified by amino 
acid sequencing are identical to amino acids 58 - 82 as derived 
from the nucleotide sequence (nucleotides 342 -416) of the 
ma& gene. This indicates that the first 171 nucleotides of the 
ma& gene code for a putative 56-amino-acid-long leader 
peptide (not counting the ATG start codon). Cleavage of the 
signal sequence results in a protein with a calculated relative 
molecular mass of M ,  = 14 198, in agreement with the molec- 
ular-mass determination by gel electrophoresis [I 71. The leader 
peptide is unusually long and contains positively as well as 
negatively charged residues at both the N-terminal and C- 
terminal regions. It, therefore, does not conform to the con- 
sensus structure of simple prokaryotic signal peptides from 
Gram-negative micro-organisms. There is, however, some re- 
semblance to the hydrogenases, which are heterologous dimers 
of a large a-subunit and a small B-subunit [45], the latter 
preceded by a long leader peptide. It has been suggested that 
this peptide is involved in translocation of both subunits 
across the inner membrane [46]. 

The stop codon of the urni gene (nucleotide 11 87) overlaps 
with a putative ribosome-binding site (m, underlined in 
Fig. 3) of a third ORF (marked by orf 2 in Fig. 3), which is 
followed by an ATG initiator codon (nucleotide 1198). A 
codon usage analysis (results not shown) supports the presence 
of a potential ORF. The nucleotide sequence from this ORF 
was compared with known sequences of the GenBank, but no 
obvious homology could be found. Similarly, upstream of the 
nza& gene the 3' region of a fourth unidentified ORF was 
found (indicated by orf 1 in Fig. 3). 

Neither E. coli [47] nor Pumcoccirs denitrijicans promotor- 
like sequences ([20] and references cited therein), nor potential 
pindependent transcription terminators could be found 
within the sequenced region, although a region of dyad sym- 
metry is present between the mndB and ami genes (nucleotides 
745-769, underlined in bold in Fig. 3). The same situation 
exists in P. denitr@ans [I I]. 

The nature of the  coyfactor in MADH 

Several suggestions have been made in the past with respect 
to the structure of the co-factor: (a) based on spectral evidence 
and sensitivity for carbonyl group reagents, a pyridoxal-phos- 
phate-like compound was suggested [48]; (b) mass spec- 
troscopy of the semicarbazide-derivatised co-factor suggested 
a PQQ-like structure without carboxylic acid groups [49]; 
(c) derivatization with phenylhydrazine provided a product 
considered to be the phenylhydrazone of PQQ [13]; (d) X-ray 
diffraction studies of crystals of MADH suggested pro-PQQ 
[50] or a variant thereof [17] as the co-factor. Amino acid 
sequencing of the P-subunit of MADH from M .  extorquens 
AM3 indicated that the co-factor is covalently bound to un- 
identified residues a t  positions 55 and 106 (57 and 108 using 
the numbering in T. V ~ Y S U ~ U S )  [40]. Recently it appeared that 
these positions concern tryptophans, as deduced from the 
nucleotide sequence of the gene [Sl]. The results presented 
here for the 8-subunit of MADH from T.  versutus are in full 
agreement with those for M .  extorquens. 
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***.I * * * I  * f I t  * * * *  * *  * + *  * * +  fl.******.l * *  
P d  VGDTVTWINRERMPHNVHFVAGVLGEhALKGPMnKKEQAYSLTFTEAGTYDYHCTPHPFMRGKVWE 

Fig. 5. Compurison of‘ amino acidsequences ojthe P-subunits of M A D H  
( A )  and qf’ amicyanins ( B )  from different orxanisms. Tv, deduced 
amino acid sequence from T. versutus; Pd, deduced amino acid sc- 
qucnce of amicyanin from P .  denitr$icuns [ I l l ;  Me, amino acid se- 
quences from M .  extorquens AM1 [40, 51, 531 

X-ray analysis gave an electron-density map which could 
be fitted with pro-PQQ, a structure comprising amino acid 
residues 57 and 108 (erroneously considered to be glutamic 
acid and a modified tyrosine, respectively) [50]. Since the 
residues appear to be tryptophans, the volume predicted from 
the electron-density map does not allow PQQ or pro-PQQ to 
bridge these two tryptophans, the latter forming the body of 
the co-factor. Work is in progress now to elucidate the precise 
structure of the quinonoid tryptophan dimer. 

Conpwison with ofher sequences 

The amino acid sequence of the P-subunit of MADH from 
T. versutus shows a very high similarity with the protein se- 
quence of M .  rxtorqurns 140, 511. Of the 131 amino acids, 115 
are identical (Fig. 5A). This is consistent with immunological 
data, indicating that the structural features of the fl-subunit 
of MADH are conserved in taxonomically diverse bacteria 
[52]. Of the amino acid sequence of T. wersutus amicyanin 62% 
and 51% is identical with the sequences of the amicyanins 
found in P. denitrijicnn.s and M .  extorquens, respectively [I 1 ,  
531 (Fig. 5B). An overall DNA similarity of 72% was found 
for the ami genes from T. versutus and P. denitrificans. The 
findings confirm that T. versutus is strongly interrelated with 
P. denilvificans as concluded previously from a phylogenetic 
analysis of the genus Thiobacillus [54]. 

The sequenced fragment has a G + C  content of 66.9%, 
which agrees with an estimated total G + C  content of 68% 
for T. v e r s u m  [23] and the observed strong bias toward the 
use of G and C in the first and third positions. 

Concluding remarks 

The results reported here show that the genes coding for 
arnicyanin and the /+subunit of MADH are found on adjacent 
locations on the bacterial chromosome in T.  versutus, most 
likely as part of one operon. Although the MADH a-subunit- 
encoding gene has not yet been located, the shortness of the 
stretch between the umi and the nzadB genes and the lack of 
clear terminator or promoter sequences in this region make it 
likely that amicyanin and MADH are coordinately expressed. 
From a functional point of view this would make sensc since 

it is known that the T. versutus amicyanin can operate as an 
electron acceptor of thc MADH in vitro [55] while for the 
closely related P. deiiirrificans the same has been shown to 
apply in vivo [I I ] .  

Remarkably. the ami, but not the madB gene could be 
expressed in E. coli. The successful expression of the unyi gene 
opens the way to site-directed mutagenesis of amicyanin. In 
expression studies of mczdB, the urni gene functioned as an 
internal control. The presence of amicyanin in cells containing 
pMKl  and pMK2 implies that transcription of the ma& gene 
must have taken place, since no  promotor sequences can be 
found between the urni and mudB gene. Furthermore, 
amicyanin production was dependent on the presence of IPTG 
in thc culture medium. lherefore, the absence of the MADH 
/{-subunit must be due either to lack of translation or  rapid 
degradation of the protein. It is conceivable that enzymes are 
necessary for co-factor synthesis and that these enzymes are 
not present in E. coli. I t  is also possible that the translated 
polypeptide cannot be translocated because of the unusual 
leader sequence and that the presence of the a-subunit is 
required for successful transport across the inner membrane. 
(The latter question will be addressed when the identification 
of the a-subunit-encoding gene, presently underway, has been 
completed.) Finally, the combined information available from 
the amino acid sequencing work, the DNA sequencing work, 
the enzymological[13] and the crystallographic studies [50] of 
MADH demonstrates that the MADH co-factor is located in 
the P-subunit, contains an ortho-quinone function and that its 
in vivo synthesis involves two tryptophan side chains. Further 
work is needed to establish the precise nature of the co-factor. 

The authors thank Dr L. F. Oltmann and Dr R. van Spanning 
for providing them with information concerning the studics on P. 
denitrificans. They also thank P. A. Jekcl and P. Wietzes for technical 
assistance. Finally, they thank M. van de Kamp and T. den Blaauwcn 
for fruitful discussions. Part of this work was carried out under a 
contract of  the EEC Biotechnology Action Programme. 
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Supplementary material to : 
Cloning, sequencing and expression studies of the genes encoding amicyanin and the B-subunit 
of methylamine dehydrogenase from ThiobacilZus vermtus 

Marcellus UBBINK, Mario A G. van KLEEP, Dirk-Jan KLEINJAN, Carla W. G. HOITINK, Fienke HUITEMA, Jaap J. BEINTEMA, 
Johannis A. DUINE and Gerard W. CANTERS 

I - I . . ' ' 1  
0 10 20 30 - time (min)  

Fig. S1. Elution pottern of'the tryptic digest q f the  j-subunit o j M A D H  
hy HPLC'. Absorbance was measurcd at  214 nm 

Table S1. Amino acid composition of the M A D H  j-subunit 
Numbers in parentheses indicate the number of times an amino acid 
occurs in the protein sequence as derived from the DNA sequence. 
Total number of residues 131 

Amino acid Occurrence 

Asx 
Thr 
Ser 
Glx 
Pro 
Gly 
Ala 
c y s  
Val 
Met 
lle 
Le ti 
TY r 
Phe 
LY S 
His 
Arg 
TrP 

mol/mol 

19.2 (18) 
1.9 ( 7) 

10.3 ( 9) 
9.0 ( 9) 

10.4 (10) 
13.0 (12) 
10.3 (12) 
11.5 (12) 
3.2 ( 5 )  
0.7(  1 )  
4.8 ( 8) 
4.9 ( 5) 
6.5 ( 7) 
1 .2(  2) 
3.0 ( 3) 
2.5 ( 2) 
5.7 ( 5 )  
2.2 ( 4)" 

Table S2. Sequence anul-vsis ef N-terminus qf the unmodijkd b-subunit 
o J ' M A D H  
Pth, phenylthiohydantoin. Cys was determined as pyridylethyl- 
cysteine 

Cycle Amino acid Pth-Xaa content 

pmol 

1 Ala 208 
2 G l y  134 
3 Pro 153 
4 Ala 154 
5 Glu 94 
6 G 1Y 112 
7 Val 132 
8 ASP 42 
9 Pro 54 

10 Arg 18 
I 1  A h  95 
12 Lys 51 
13 TrP 26 
14 Gln 30 
15 Pro 52 
16 Gln 42 
17 Asp 14 
18 Asn 25 
19 A5P 41 
20 Ile 29 
21 Gln 8 
22 Ala 24 

24 ASP 6 
25 Tyr 16 
26 
27 
28 
29 
30 
31 Ile 3 

- 23 (CYS) 

- - 

- - 
- - 

- - 
- - 

Two Trp residues are probably linked through a non-hy- 
drolizable bond and are modified as part of the cofactor (sec text). 
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Table S3. Amino acid composition of peptides TI and T3 - T6 
The peptides are derived from a tryptic digest of the b-subunit of MADH. Numbers in parentheses indicate the number of times an amino 
acid occurs in  the peptidc chain as derived from the DNA sequence. n.d., not determined. N termini were Ala, Trp, His, Asp and His for 
peptides TI,  T3, T4, T5 and T6/Q4, respectively 

Amino acid Content in peptide 

T I  T3 T4 T5 T6/Q4 

mol/mol 

Asx 1.3 (1) 3.7 (4) 3.8 (4) 1.9 (2) 0.1 (0) 
Thr 2.0 (2) 1.0 ( I )  
Ser 0.2 (0) 3.0 (3) 0.9 (1) 1.1 (1) 
Glx 0.9 (1) 3.1 (3) 
Pro 1.5 (2) 1.3 (1) 2.1 (2) 1.1 (1) 

2.1 (2) 4.0 (4) 2.0 (2) 1.1 (1) GlY 
Ala 1.9 (2) 1 .o (1) 
cys  + "(1) + "(4) + "(2) + "(1) 

Ile 0.2 (0) 1.0 ( I )  1.9 (2) 1.8 (2) 
Leu 1.1 (1) 
TYr 1.2 (I)  1.1 (1) 
Phe 
His 1.0 (1) 0.6 (1) 
LYS 0.1 (0) 1.1 (1) 0.5 ( I )  

TrP n.d. (0) n.d. (2) n.d. (0) n.d. (0) n.d. (0) 

Vdl 0.8 (1) 1.1 (1 )  0.6 ( I )  
Met 

Arg 1.0 (1) 1.0 (1) 1 .o (1 )  

Total (10) (1 5) (24) (10) (10) 
~~ 

a Present, but not determined quantitatively. 

Table S4. Amino acid composition of peptides Ql  and Q2 of' the 
chymotryptic digest oftryptic peptide Q 
Numbers in parentheses indicate the number of times an amino acid 
occurs in the peptide chain as derived from the DNA sequence. n.d., 
no! determined 

Amino acid Content in peptide 

Q1 Q2 

mol/mol 

Asx 
Thr 
Ser 
Glx 
Pro 
GlY 
Ala 
CYS 
Val 
Met 
Ilc 
Leu 
TY r 
Phe 
LY s 
His 
Arg 
Trp 

Total 

1.5 (2) 
0.7 (1) 
0.8 (I)  
1.0 (1) 
0.0 ( I )  
1.1 (1) 
0.5 (0) 

0.3 (0) 

1 .o (1) 

n.d. 

(8) 

0.1 (0) 
0.2 (0) 
0.4 (0) 
0.3 (0) 

0.3 (0) 
1 .o (1) 

1.0 (1) 
1.0 (1) 
0.8 ( I )  

1.0 ( I )  
n.d. 

(5) 

Table S5. Sequence analysis of peptide Q3 generated by cliymotrypsin 
trcntment ofpeptide Q 
In each cycle two amino acids were liberated which have been grouped 
into two sequences, Q3A and Q3B. Increases of the amounts of Pth- 
Xaa are in pmol 

Cycle Pcptidc 

Q3A Q 3  B 

pmol pmol 
1 Leu 132 CY S 70 
2 Ala 158 Pro 206 
3 Thr 132 Cys' 1 I9  
4 Ala 125 Leu 183 
5 Scr 52 Asn 84 
6 Xaa - Thr 116 
7 Val 67 Glu 87 
8 Ala 68 GlY 124 
9 Ser 41 Glu 70 

10 (CYS) ~ Leu 110 
11 TYr 35 Pro I1 

h 

Amino acid at  this position could not be identified. Only glycine 

Determined as pyridylethylcysteine, but not quantitatively. 
Determined as pyridylethylcysteine. 

(< 85 pmol) could be detected. 
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