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Nitrosomonas europaea, a chemolithotrophic bacterium, was found to contain two copies of the gene coding
for the presumed active site polypeptide of ammonia monooxygenase, the 32-kDa acetylene-binding polypep-
tide. One copy of this gene was cloned, and its complete nucleotide sequence is presented. Immediately
downstream of this gene, in the same operon, is the gene for a 40-kDa polypeptide that copurifies with the
ammonia monooxygenase acetylene-binding polypeptide. The sequence of the first 692 nucleotides of this
structural gene, coding for about two-thirds of the protein, is presented. These sequences are the first sequences
of protein-encoding genes from an ammonia-oxidizing autotrophic nitrifying bacterium. The two protein
sequences are not homologous with the sequences of any other monooxygenase. From radioactive labelling of
ammonia monooxygenase with [**Clacetylene it was determined that there are 23 nmol of ammonia

monooxygenase per g of cells. The k,, of ammonia monooxygenase for NHj in vivo was calculated to be 20s7.

1

Nitrosomanas europaea is an autotrophic gram-negative
bacterium of soils and fresh water that obtains all of its
energy for growth from the oxidation of ammonia to nitrite.
This oxidation occurs in two steps. Ammonia is first oxi-
dized to hydroxylamine by ammonia monooxygenase
(AMO) (8):

NH; + Oy + 2¢™ + 2H* —» NH,OH + H,0

Hydroxylamine is then oxidized to nitrite in an energy-
yielding dehydrogenase reaction by the periplasmic enzyme*
hydroxylamine oxidoreductase (1, 9). The acceptor for the
four electrons generated in the latter reaction is the tetra-
heme cytochrome css,, Which is thought to carry the elec-
trons in two-electron steps (2). Two of the four electrons are
destined for an oxidative electron transfer chain and cyto-
chrome aa, terminal oxidase (5); the other two must be used
in the AMO reaction.

Little is known about AMO. It can be irreversibly inhib-
ited by acetylene, a suicide substrate for many monooxyge-
nases, and inhibition with [**C]acetylene radioactively labels
a 28-kDa polypeptide that is associated with the membrane
fraction (16). AMO is also inhibited by metal chelators, such
as thiourea and allylthiourea (10, 20). The fact that these
chemicals bind several metals (28), with a preference for
copper, has been considered suggestive evidence that AMO
might contain copper (3, 30).

AMO activity has been demonstrated with a crude mem-
brane fraction (35, 36), but no further purification has been
. accomplished. The electron donor for AMO in vivo is
unknown, although with the crude membrane fraction it was
found that the addition of cytochrome css, stimulated am-
monia oxidation activity (35), indicating that cytochrome
Css4 Can serve as at least an indirect electron donor for AMO.

AMO is significant because of the key role that it plays in
the nitrogen cycle and because it is able to degrade a wide
range of hydrocarbons and halogenated hydrocarbons (14,
39, 40). The study of AMO is also important as a model for
the related enzyme methane monooxygenase. Methane mono-
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oxygenase exists in a soluble form and a membrane form in
the methanotrophic bacteria, with the membrane form being
more widespread (3). It is thought that AMO and the
membrane form of methane monooxygenase are probably
homologous enzymes because, in addition to both being
membrane enzymes, they have very similar substrate spec-
ificities (both enzymes can oxidize both ammonia and meth-
ane) and similar inhibitor profiles (3, 4). Also, the membrane
methane monooxygenase may, like AMO, be a copper-
containing enzyme (27, 31, 34).

In this paper we report the partial purification of the
acetylene-binding polypeptide of AMO and the cloning and
sequencing of the gene for this polypeptide. We also report
the cloning and partial sequence of a second gene in this
operon which codes for a polypeptide that copurifies with
the acetylene-binding polypeptide.

MATERIALS AND METHODS

Bacterial growth. N. europaea was grown in continuous
culture (23) in a 55-liter fermentor on medium containing (per
liter) 1.33 g of Na,HPO,, 0.11 g of KH,PO,, 4 g of
(NH,),SO,, 3 ml of a solution containing 68 g of
MgCl, - 6H,0 per liter and 3.08 g of CaCl, - 2H,0 per liter,
and 1 ml of a solution containing 1.34 g of FeSO, - 7H,0 per
liter, 1.0 g of CuSO,, - 5SH,0 per liter, and 1.6 g of Na,EDTA
per liter. The pH was continually titrated to 7.87 with 50%
(wtivol) K,CO;. The flow rate of medium through the
fermentor was 27 liters/24 h. After flowing out of the
fermentor, cells were stored at 4°C until concentration by
tangential flow across a Pellicon cassette filter unit (Millipore
Corp., Bedford, Mass.) and collection by centrifugation.

Electrophoresis, protein sequencing, and amino acid analy-
sis. Analytical sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) was done on 0.75-mm-thick
minigels as described by Porzio and Pearson (26), with the
modification that a 5% stacking gel containing 125 mM
Tris-HCI (pH 6.8) was added. Preparative SDS-PAGE to
purify the AMO acetylene-binding polypeptide for protein
sequencing was done by using a single lane across the top of
a 1.5-mm-thick minigel; it was done in the same way as
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analytical SDS-PAGE except that Tricine replaced glycine in
the buffers in order to maintain a lower pH during electro-
phoresis, which reduces N-terminal modification that blocks
protein sequencing (25). After electrophoresis a slice of the
gel was stained to determine the position of the 27-kDa
polypeptide. This band was then cut out of the unstained gel
and electroeluted at 150 V for 3 h in a Centrilutor apparatus
(Amicon Corp., Danvers, Mass.) with 20 mM HEPES (M-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-NaOH
buffer (pH 7.8). The sample was then concentrated with a
Centricon 10 microconcentrator (Amicon), washed four
times with water, and concentrated to a volume of 80 pl. It
was then subjected to Edman degradation with a model 470
gas phase sequencer (Applied Biosystems, Inc.) with on-line
phenylthiohydantoin (PTH) analysis.

For amino acid analysis, the acetylene-binding polypep-
tide was purified in the same way, except that it was eluted
from the gel slice by diffusion in 5 mM Tris-HCl (pH
7.5)-0.1% SDS. The purified samples were sealed under a
vacuum in 6 N HCI-1.5% phenol, hydrolyzed at 110°C for 24
h, and analyzed with a Beckman model 6300 amino acid
analyzer equipped with a 12-cm column by using HiRez
Na-E, -S, and -D buffers.

The 40-kDa polypeptide that copurifies with the AMO
acetylene-binding polypeptide was sequenced by Edman
degradation after SDS-PAGE and blotting of the gel onto an
Immobilon 0.45-pm-pore-size polyvinylidene difluoride
membrane filter (Millipore), using the procedure described
by Matusdaira (24).

Radioactive or fluorescent labelling of AMO. ['“Clacetylene
was generated from Ba'*CO, as described by Hyman and
Arp (12). Fluorescein isothiocyanate was coupled to propar-
gylamine as follows. Seven volumes of 142 mM fluorescein
isothiocyanate in dimethyl sulfoxide was mixed with 3
volumes of 400 mM proparglyamine hydrochloride-250 mM
Na,CO; in water, and the preparation was allowed to react
at room temperature for 2 h. To label AMO, the resulting
fluorescein thiocarbamoylpropargylamine (FTCP) (100 pM)
was incubated with a 2% (wet wt/vol) suspension of cells in
50 mM NaPO, (pH 7.5).

DNA techniques. N. europaea genomic DNA was pre-
pared by the following procedure. Cells (1 g) were digested
with lysozyme (15% [wt/vol] cells and 1.5 mg of lysozyme
per ml in 50 mM Tris-HCl [pH 8.0]-10 mM EDTA-12.5%
sucrose) for 30 min at 37°C and lysed with 0.4% SDS. The
extract was treated with DNase-free RNase (9 pg/ml) for 10
min at 37°C and then with proteinase K (0.3 mg/ml) for 40
min and then extracted with phenol, phenol-chloroform, and
chloroform at room temperature; the DNA was precipitated
with 150 mM NaCl-65% ethanol and redissolved in TE (29).

Agarose gel electrophoresis of DNA was carried out in
Tris-acetate-EDTA buffer as described by Sambrook et al.
(29). The gels were blotted onto ICN Biotrans* nylon
membranes by using the manufacturer’s improved transfer
protocol.

Oligonucleotides were obtained from Oligos Etc., Wilson-
ville, Oreg. For probing of Southern blots, 25 pmol of
oligonucleotide was end-labelled with T4 polynucleotide
kinase and 12.5 ul of 5'-[y-*?P]JATP (7,500 Ci/mmol; 10
mCi/ml). Southern blot filters were prehybridized and hy-
bridized in standard solutions (29), except that 10% (wt/vol)
polyethylene glycol (molecular weight, 8,000) was included
in the hybridization solution. After hybridization each mem-
brane was rinsed twice in medium-stringency buffer (0.5x
SSPE, 0.2% SDS; 1x SSPE is 150 mM NaCl, 1 mM EDTA,
and 10 mM NaPO,, [pH 7.4]) and then washed for 30 min in
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medium-stringency buffer or high-stringency buffer (0.1x
SSPE, 0.2% SDS).

A genomic library was created from N. europaea DNA
partially digested with Sau3Al to yield fragments that were
approximately 10 to 20 kb long. This DNA was ligated into
lambdaGEM-11 BamHI arms (Promega Corp., Madison,
Wis.), packaged into phage with Packagene obtained from
Promega Corp., and transfected into Escherichia coli
KW251.

A size-fractionated library of Kpnl fragments approxi-
mately 1.6 kb long was created with the pUC119 vector.
DNA was size fractionated by agarose gel electrophoresis
and then purified from each gel slice with a Prep-A-Gene kit
(Bio-Rad Corp., Richmond, Calif.). Following digestion,
vector DNA was treated with alkaline phosphatase before
ligation to the insert. DNA was transformed into transform-
able E. coli DH5aMCR purchased from Bethesda Research
Laboratories, Gaithersburg, Md.

Lambda and plasmid libraries were plated and screened as
described by Sambrook et al. (29). Amplification and purifi-
cation of lambda DNA and plasmids were done as described
by Sambrook et al. (29).

Dideoxy sequencing of single- and double-stranded DNAs
was carried out with a Sequenase kit obtained from U.S.
Biochemicals, Cleveland, Ohio.

Homology searches. Protein sequences were used to search
for homologous proteins in the GenBank, EMBL, and
SwissProt data banks with the FastDB program in the
Intelligenetics software package. The IFind program was
used for alignments with specific proteins.

Purification of AMO acetylene-binding polypeptide. N.
europaea cells (10 ml of a 20% [wt/vol] suspension in 50 mM
NaPO, [pH 7.5]) were broken by three freeze-thaw cycles. A
few grains of pancreatic DNase was added to reduce viscos-
ity. The membranes were sedimented by centrifugation in a
Sorvall GSA rotor at 20,000 x g for 15 min at 4°C. The pellet
was washed three times in 50 mM NaPO, (pH 7.5) and
resuspended in 70 ml of the same buffer. A 23-ml volume of
prechilled 20% (wt/vol) Triton X-100 in water was added,
and the solution was incubated at 4°C for 15 min and then
centrifuged at 25,000 x g for 10 min at 4°C to sediment the
insoluble material. The supernatant was loaded onto DEAE-
Sepharose CL-6B column (2 by 10 cm) equilibrated with 37.5
mM NaPO, (pH 7.5)-0.5% Triton X-100. The eluate was
collected. The AMO polypeptides were precipitated by
adding to the eluate an equal volume of 40% (wt/vol)
polyethylene glycol (molecular weight, 3,500), incubating
the preparation on ice for 40 min, and centrifuging the
preparation in a GSA rotor at 25,000 x g for 15 min.

Nucleotide sequence accession number. The DNA sequence
reported here has been deposited in the GenBank data base
under accession number L.08050.

RESULTS

Purification of AMO acetylene-binding polypeptide. The
first step in purifying the presumed active site polypeptide of
AMO was to label it with either a radioactively labelled or
chromophorically labelled suicide substrate ([**Clacetylene
and FTCP, respectively). FTCP was synthesized by reacting
propargylamine with fluorescein isothiocyanate, which
leaves an acetylene functional group attached to a fluores-
cein label. Both of these suicide substrates were found to
specifically inhibit oxidation of ammonia in whole cells
without affecting oxidation of hydroxylamine (data not
shown), which indicates that they are specific for AMO.
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FIG. 1. (A) Coomassie-stained SDS-PAGE gel of DEAE-
Sepharose eluate of Triton X-100-solubilized membrane supernatant
from cells labelled with FTCP. Lane 1, 7 pg; lane 2, 28 pg. The
molecular weights of the markers were (from the top to the bottom)
66,000, 45,000, 36,000, 29,000, 24,000, 20,100, and 14,200. (B)
Photograph of the unstained gel shown in panel A when it was
illuminated with long-wavelength UV light.

After cells were labelled in this way, the label was
followed during purification (see Materials and Methods) by
optical absorbancy or radioactivity. DEAE-Sepharose chro-
matography of the Triton X-100-solubilized membranes
yielded just two major polypeptides (Fig. 1). When cells had
been treated with FTCP, the smaller of these two polypep-
tides, migrating at 27 kDa, was labelled with the fluorescent
chromophore (Fig. 1). When the cells had been treated with
[**CJacetylene, this polypeptide was radioactive (data not
shown).

N-terminal amino acid sequence of acetylene-binding
polypeptide. The labelled AMO polypeptide was separated
from the other major polypeptide in this preparation by
SDS-PAGE and was electroeluted from the polyacrylamide
gel slice, and the N-terminal sequence was obtained by
Edman degradation. The amino acid sequence obtained in
this way was SIFRTEEILKAAKMPPEAVCM. Quantita-
tive data support the idea that the sequence determined in
this way was indeed the sequence of the acetylene-binding
polypeptide rather than a contaminant. The maximum num-
ber of moles of amino acid removed during the cycles of
sequencing approximately matched the number of moles of
acetylene bound to the polypeptide (determined by its level
of radioactivity) (Table 1). This preparation was calculated
to have 461 pmol of bound acetylene prior to undergoing four
cycles of concentration and buffer exchange with water on a
Centricon-10 centrifugal ultrafiltration membrane. During
sequencing, the yields of some amino acid residues are
greater than the yields of other amino acid residues because
the former are more resistant to the harsh chemistry of the
Edman degradation procedure. Thus, the minimum estimate
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TABLE 1. Amounts of different amino acids found during each
cycle of Edman degradation sequencing of the AMO
acetylene-binding polypeptide®

Cycle Residue Amt (pmol)
1 Ser 115
2 Ile 92
3 Phe 162
4 ?

5 Thr 114
6 Glu 164
7 Glu 204
8 Ile 157
9 Leu 293
10 Lys 229
11 Ala 308
12 Ala 343
13 Lys 238
14 Met 130
15 Pro 191
16 Pro 198
17 Glu 124
18 Ala 295
19 Val 76
20 ?
21 Met 30

“ Assuming one acetylene molecule per polypeptide molecule, the prepa-
ration was calculated, from its level of radioactivity, to have 461 pmol of
acetylene-binding polypeptide prior to being concentrated by ultrafiltration
and then sequenced.

for the amount of polypeptide is the amount obtained for the
amino acid residue whose yield is greatest, in this case 343
pmol of alanine in cycle 12 (Table 1). Allowing for sequenc-
ing yield loss due to blockage and termination during the
previous cycles of the Edman degradation procedure, and
possibly allowing for some sample loss during the concen-
tration and buffer exchange step, this value is in good
agreement with the value of 461 pmol of polypeptide that we
calculated if we assumed 1 bound acetylene molecule per
polypeptide molecule.

Cloning and sequencing of the AMO gene. The chemically
determined N-terminal amino acid sequence of the 27-kDa
AMO polypeptide was used to design a degenerate oligonu-
cleotide probe for the AMO gene matching the amino acid
sequence TEEILKAAKMP. This oligonucleotide, AMO oli-
gonucleotide 1, had the sequence 5'-ACI-GA(A,G)-GA
(A,G)-ATI-(C,T)TI-AA(A,G)-GCI-GCI-AA(A,G)-ATG-
CC-3’ (inosine was used at positions of three- or fourfold
degeneracy in the genetic code). AMO oligonucleotide 1 was
used to probe Southern blots of N. europaea genomic DNA
(Fig. 2A). When DNA cut by EcoRI or Smal was used, the
AMO oligonucleotide was found to hybridize to two different
bands. With increasing washing stringency, the probe
washed off both bands simultaneously (data not shown),
suggesting that the genome contains two copies of the AMO
gene. Two bands were also seen after hybridization with
Southern blots of DNA digested with Xhol, Sall, Bcll, and
HindIII (data not shown). A single band was seen with DNA
digested with BamHI and Kpnl (Fig. 2A) and with PstI (data
not shown), which indicates that in these cases the flanking
restriction sites are conserved in the two copies of the gene.

Next, the oligonucleotide probe was used to try to clone
one of the copies of the AMO gene. However, screening of
alambda library of N. europaea DNA partially digested with
Sau3Al yielded no complete clones but only clones contain-
ing a single 432-bp Sau3AlI fragment of the gene (Fig. 3). The
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FIG. 2. (A) Autoradiograph of a Southern blot of N. europaea
cut with four restriction enzymes and electrophoresed through a
0.6% agarose gel. The blot was hybridized with radiolabelled AMO
oligonucleotide 1 and after hybridization was washed in high-
stringency buffer at 42°C for 30 min. (B) Autoradiograph of the same
Southern blot filter used in panel A, except that this filter was
hybridized to radiolabelled AMO oligonucleotide 2. After hybridiza-
tion the filter was washed in high-stringency buffer at 52°C for 30
min.

nucleotide sequence of this fragment matched exactly the
chemically determined N-terminal amino acid sequence of
the polypeptide.

This Sau3Al fragment included a KpnlI site, so an attempt
was made to clone a Kpnl fragment that would contain the
remainder of the gene. A 27-mer oligonucleotide, AMO
oligonucleotide 2, corresponding to bases 380 to 406 of the
sequence shown in Fig. 3, was synthesized, radiolabelled,
and used to probe the same Southern blot filter shown in Fig.
2A (Fig. 2B). This oligonucleotide appeared to hybridize to
the same one or two bands as AMO oligonucleotide 1 except
in the Kpnl lane. The Kpnl result was expected since the
Kpnl site at bases 366 to 371 (Fig. 3) lies between the binding
sites of the two AMO oligonucleotides. This result confirms
that there are two copies of the AMO gene and that the
hybridization of AMO oligonucleotide 1 to two bands was
not due to fortuitous hybridization of the oligonucleotide to
a second, unrelated sequence.

AMO oligonucleotide 2 hybridized to a 1.6-kb Kpnl frag-
ment (Fig. 2B), so a plasmid library of size-fractionated
1.6-kb Kpnl-digested genomic DNA was created and
screened with AMO oligonucleotide 2. This experiment
identified several clones, six of which were analyzed by
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agarose gel electrophoresis and Southern blotting. All six
were found to have identically sized 1.6-kb Kpnl inserts that
hybridized with AMO oligonucleotide 2 and that matched
the size of the Kpnl fragment from genomic DNA that
hybridized with oligonucleotide 2.

One of these clones was sequenced completely. The
resulting sequence, combined with the sequence of the
432-bp Sau3Al fragment described above, is shown in Fig. 3.
The Sau3AI and Kpnl clones overlapped at bases 366 to 432
(Fig. 3), and in this overlap region their sequences matched
exactly. Collectively, the sequence of the two clones shown
in Fig. 3 includes an open reading frame at positions 249 to
1079 that should code for a polypeptide having a molecular
weight of 31,861; this is approximately the molecular weight
of the AMO acetylene-binding polypeptide determined by
SDS-PAGE, which was 27,000. We designate this gene
amoA. :

Amino acid composition of the acetylene-binding polypep-
tide. To confirm that the sequence shown in Fig. 3 was not
the sequence of a contaminant and that amoA is indeed the
gene for the acetylene-binding polypeptide, a purified prep-
aration of the polypeptide was analyzed quantitatively for
amino acid composition (Table 2). The radiolabelled acety-
lene-binding polypeptide was purified as described above.
From its level of radioactivity and the specific activity of the
[**Clacetylene, the sample analyzed in the experiment
shown in Table 2 was calculated to contain 200 pmol of
acetylene and, assuming one bound acetylene molecule per
polypeptide molecule, 200 pmol of polypeptide. From this
information and from the sequence of amoA, we predicted
that the sample contained 46.2 nmol of the amino acids
analyzed. (Trp and Cys were excluded from the analysis
because they were destroyed in the acid hydrolysis; Gly was
excluded because glycine was in the electrophoresis buffer
and was not completely removed from the sample prior to
the amino acid analysis.) We observed 40.13 nmol of these
amino acids, 87% of the predicted amount. Table 2 also
shows that the relative mole percentages of the different
amino acids agreed reasonably well with the mole percent-
ages predicted from the sequence of amoA.

Second gene in the amo operon. Downstream from amoA a
second open reading frame was found, which continued
through the remainder of the 1,516-bp cloned KpnI fragment
(Fig. 3). The 40-kDa polypeptide that copurified with the
acetylene-binding polypeptide had been sequenced by Ed-
man degradation. Its N-terminal sequence, ?GE?SQEP-
FL?M?TVQWYDI, exactly matched the sequence of the
protein encoded by the second open reading frame in the
AMO clone (Fig. 3). The fact that the gene for this copuri-
fying polypeptide immediately follows the gene for the
acetylene-binding polypeptide is evidence that this polypep-
tide is involved in AMO activity, so we designated the gene
amoB. The partial sequence of amoB shown in Fig. 3
encodes 26.346 kDa (not including the hypothesized cleaved
leader sequence) of the polypeptide that has an apparent
molecular weight as determined by SDS-PAGE of 40,000.

Analysis of amoA and amoB sequences. The start codon for
amoA must be the GTG beginning at base 249. GTG, rather
than the usual ATG, is the start codon in 7% of the genes of
E. coli (7). The evidence that this GTG is the start codon
includes the fact that it immediately precedes the codon for
the first amino acid of the mature protein and the fact that it
is preceded by a sequence that matches reasonably well the
consensus sequence for prokaryotic ribosome binding sites.
Also, the nearest other possible in-frame start codon is the
GTG beginning at base 182 (Fig. 3). However, between this
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1 GATGATTACCCGTTATTCCAATCTGACCGATGTGGTTTGGAACAACCAAAGCAAAGAAATTCTGAATAACCG
Sau3Al
73 GATTGTAGCTTAATCTGGTATGTACTCCAGGCAGAAGTTGCGCTTGGGGTACATTAAAAGAGGAAGTCTGGC
145 CGGGTGCTGAAAGTAGCACCTGGTCAGTCAGAACCAGAGTGCGGTACATTAGAGGAAAAGAGGAATCGTAAT
Kpnl
amoA
M[E I F RTZETETTLZKAA
217 GTTACTTTTAAACTATAAGAGGGGAGGGCAGGGTGAGTATATTTAGAACGGAAGAAATCCTGAAAGCGGCC
K M P P E AV HMS®RTLTIDAVYT F?PTITULTITITL
288 AAGATGCCGCCGGAAGCGGTTCATATGTCACGTCTGATTGATGCAGTTTATTTTCCAATTCTGATTATTTTG
LV GTYHMHEPMLTLAGDUWUDT FUWMDUWI KD
360 CTGGTGEGIACATACCACATGCACTTTATGCTGCTGGCAGGTGACTGGGATTTCTGGATGGACTGGAAAGAT
Kpnl Sau3Al
R Q WWUPVVTZPIVGITT YT CSATIMYT YTLUW
432 GGTCAATGGTGGCCGGTTGTAACGCCAATCGTGGGGATCACCTACTGTTCGGCAATCATGTATTACTTGTGG
VNYRQPTFGATLTCVUVCLTLTIGETUWTLTHR
504 GTCAACTACCGCCAACCGTTTGGTGCAACGTTGTGTGTGGTGTGTCTGCTGATTGGTGAGTGGCTGACACGT
Y WG FYWWSHYZ?PINTFVTZPGTIMLTEPGA
576 TACTGGGGATTCTACTGGTGGTCACACTACCCCATCAACTTCGTAACACCGGGCATTATGCTTCCGGGTGCG
LMLDFTULVYLT®RNU WILVYVTALVGSGGGTFTF
648 CTGATGCTGGACTTCACGCTGTATCTGACACGCAACTGGCTGGTGACGGCTCTGGTTGGAGGTGGATTCTTC
G LLFY?PGNUWPTITFGT?PTU HLZPTIVVETGT
720 GGTCTGCTGTTCTATCCGGGTAACTGGCCGATTTTTGGACCAACCCATTTGCCAATCGTTGTAGAAGGCACA
LLSMAUDTYMGUHLYVRTGTZ®PETYV VR RIHI
792 TTGCTGTCGATGGCTGATTACATGGGACATCTGTATGTTCGTACAGGTACACCCGAGTATGTTCGTCATATT
E QG S LRTT FG GG GHTTUVTIAATFTFSATFTUVS
864 GAGCAAGGTTCACTGCGTACCTTTGGTGGTCATACCACAGTTATTGCAGCATTCTTCTCTGCGTTCGTATCA
M LM FTVWWYTLGI KV VY CTA ATFTFTYUVIKSGHK
936 ATGTTGATGTTCACCGTATGGTGGTATCTTGGAAAAGTTTACTGTACAGCCTTTTTCTACGTTAAAGGTAAA
R GR I VHRNUDTVTATFTGETETGTFT?PETGTI K Stop
1008 AGAGGTCGTATCGTACATCGCAATGATGTTACCGCATTCGGTGAAGAAGGCTTTCCAGAGGGGATCAAATAA
amoB
M G I KNLYXURGVMGLYGV AYAUVAATL
1080 AATGGGTATCAAAAACCTTTATAAACGGGGAGTGATGGGGCTTTACGGTGTTGCTTATGCAGTAGCCGCATTA
A MTVTLUDVSTVAAIMRLGETRSGQQETZPTFTLTZR
1153 GCCATGACAGTAACATTGGATGTCTCGACGGTAGCAGCTCATGGGGAGCGATCCCAGGAGCCGTTCCTTCGE
M R T V QW YD IJ]KWGUPEVTTI KV VNENATKII
1225 ATGCGTACAGTTCAATGGTATGACATCAAATGGGGTCCTGAGGTAACCAAAGTTAATGAGAACGCAAAAATC
T G K FHLATETDTUWPRAAAQEPDTFST FTFNUV
1297 ACCGGTAAGTTTCACTTGGCTGAAGATTGGCCACGTGCAGCTGCACAACCTGATTTTTCCTTCTTTAACGTA
G S PSPV F VRLSTIZ KTINGHTPUWT FTI?SGCF?P
1369 GGAAGCCCAAGCCCGGTATTCGTACGTTTGAGTACCAAGATCAATGGCCATCCATGGTTCATTTCAGGTCCT
L QI GRDYETFEVNLI RARTIZPGTRIUHUHEMIH
1441 CTGCAAATTGGCCGTGACTATGAGTTTGAAGTCAATCTGCGTGCACGTATTCCGGGACGTCATCACATGCAT
A°MLNVI KD A AGTPTIAGT?PG GAUWMTENTITTGS SUW
1513 GCCATGCTGAACGTCAAAGATGCAGGTCCGATTGCTGGGCCAGGTGCATGGATGAACATTACCGGAAGCTGG
D DFTNZPLTZEKLTLTSGETTIODSETT FNTLSN
1585 GATGATTTTACCAACCCACTGAAATTATTGACGGGTGAGACAATTGATTCAGAAACCTTCAACTTATCGAAC
6 I FWHUVVWMS STIGTIT FUWTIGVYVT FTA ATRTEPM
1657 GGTATATTCTGGCACGTTGTCTGGATGTCCATCGGTATTTTCTGGATTGGTGTTTTTACAGCACGGCCGATG
FLPRSU RVYVULLAYGDUDTLTLMDTPMUDIEKZKI
1729 TTCCTGCCACGTAGTCGTGTATTGTTGGCCTACGGTGATGATCTGTTGATGGATCCGATGGACAAAAAAATC
T WVULATITLTTULALVYVUWGG GYURTYTTENTEKTHP
1801 ACCTGGGTACTTGCCATTCTGACGCTGGCGCTGGTATGGGGTGGATACCGTTATACGGAAAATAAACATCCC
Y T V
1873 TACAJGGTACQ
Kpnl

FIG. 3. Combined nucleotide sequence of cloned Sau3Al (bases 1 to 432) and KpnI (bases 366 to 1883) fragments of N. europaea genomic
DNA, identified by AMO oligonucleotides 1 and 2, respectively (see text). The sequence encodes two open reading frames, amoA and amoB.
The amino acid sequences of the proteins encoded by amoA and amoB are shown above the nucleotide sequence. The portions of the amino
acid sequences encoded by amoA and amoB enclosed in boxes are the chemically determined amino acid sequences of the two polypeptides
shown in Fig. 1. Kpnl sites and two Sau3Al sites are enclosed in boxes, as are the most likely amoA4 and amoB start codons.
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TABLE 2. Quantitative amino acid analysis of the
[**C]acetylene-binding polypeptide purified by SDS-PAGE
and comparison with the amino acid composition
predicted from the sequence of amoA

No. of residues

Amino . nmol nmol mol% mol%

acid(s) g;?iz;'ug:cr: observed predicted observed predicted
Val 23 3.8 4.6 9.4 10.0
Ala 15 3.0 3.0 7.5 6.5
Leu 28 4.7 5.6 11.8 12.1
Ile 18 2.8 3.6 7.1 7.8
Pro 15 2.2 3.0 5.4 6.5
Phe 21 35 4.2 8.8 9.1
Met 12 1.8 2.4 4.6 5.2
Tyr 17 2.7 34 6.8 7.5
Ser 8 2.0 1.6 5.1 35
Thr 20 2.6 4.0 6.4 8.7
His 9 1.3 1.8 33 3.9
Lys 7 1.6 14 4.1 3.0
Arg 12 2.0 2.4 5.0 5.2
Glu 10
Gin 3
Glu + GIn (13) 2.8 2.6 7.1 5.6
Asp 8
Asn 5
Asp + Asn (13) 31 2.6 7.7 5.6
Gly 26
Trp 14
Cys 4
Total 40.1 46.2

codon and the codon for the first amino acid residue of the
mature protein is an in-frame stop codon. Thus, there are no
possible start codons other than the GTG at bases 249 to 251.

There are three in-frame ATGs upstream from amoB,
beginning at bases 1081, 1114, and 1156, plus a GTG at base
1111. Of these, the most likely start codon is probably the
one beginning at base 1081, since it is preceded by the best
ribosome binding site of the candidates and it almost imme-
diately follows the stop codon for amoA. If this is the start
codon, the gene would encode a 37-amino-acid leader se-
quence, which might direct insertion of the polypeptide in
the plasma membrane. The amoA gene product apparently
has an internal signal sequence.

No significant level of overall amino acid identity was
observed between the amoA or amoB gene products and any
of the gene products in the protein and DNA sequence data
bases. Alignments with particular gene products were also
examined in order to detect possible regions of local homol-
ogy. However, alignment of amoA and amoB with the
proteins encoded by the soluble methane monooxygenase
gene cluster (32, 33), the bacterial integral membrane mono-
oxygenases alkane hydroxylase and xylene monooxygenase
(17, 18, 37), and the copper-containing monooxygenases
tyrosinase (11, 21) and dopamine B-hydroxylase (38) re-
vealed no regions of significant local homology.

Hydropathy plots of the amoA and amoB gene products
(Fig. 4) show that the amoA gene product, the acetylene-
binding protein, is very hydrophobic and contains four
potential membrane-spanning regions. The partial sequence
of the amoB product is less hydrophobic but still contains at
least one possible membrane-spanning region in addition to a
quite hydrophobic hypothesized leader sequence.

The pl of the amoA gene product was calculated to be 7.9.

Amount of AMO in Nitrosomonas cells and k., of the
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enzyme. Radioactive labelling of AMO in vivo followed by
purification of the protein allowed the determination of the
concentration of the enzyme in cells. Cells were labelled
with [*CJacetylene (specific activity, 0.86 mCi/mmol), and
membranes were isolated and solubilized with Triton X-100.
Insoluble material was then pelleted by centrifugation, and
proteins from the soluble material were precipitated with
2.5% (wt/fvol) trichloroacetic acid. The trichloroacetic acid
pellet was washed twice with water and then counted for
radioactivity. The trichloroacetic acid pellet from 1 J (wet
weight) of cells was found to contain 42,800 dpm of **C. As
determined by SDS-PAGE and fluorography, the 27-kDa
AMO protein was the only radioactive protein in this mate-
rial. Assuming one bound acetylene molecule per AMO
molecule, this works out to 23 nmol of AMO per g (wet
weight) of cells.

This batch of cells consumed 42 nmol of O, per min per mg
(weight weight) of cells with NH; as the substrate. Assuming
1.5 mol of O, consumed per mol of NH; consumed and using
the value of 23 nmol of AMO per g of cells, the k,, in vivo
for AMO was calculated to be approximately 20 s~ 2.

DISCUSSION

The use in this study of a fluorescein tag coupled to a
suicide substrate functional group was a novel approach to
labelling an enzyme active site. However, this technique
should be adaptable to other suicide substrates and other
enzymes. Any compound with an amino group or other
nucleophilic group can be reacted with fluorescein isothio-
cyanate, which should allow many suicide substrates to be
covalently attached to fluorescein and allow enzyme active
sites to be fluorescently labelled.

The gene for the AMO acetylene-binding polypeptide and
two-thirds of the gene for a 40-kDa polypeptide that copuri-
fied with the acetylene-binding polypeptide were cloned and
sequenced in this study. Among the evidence that the first
gene is the gene for the acetylene-binding polypeptide is the
fact that its sequence exactly matches the chemically deter-
mined sequence of the N terminus of the protein and the fact
that it codes for a polypeptide having a molecular weight of
31,861, which is approximately the molecular weight deter-
mined by SDS-PAGE. The finding that the actual molecular
weight (31,861) is greater than the SDS-PAGE molecular
weight estimates (28,000 [16] and 27,000) is common for
membrane proteins (18, 41).

The evidence that the chemically determined N-terminal
sequence is the sequence of the acetylene-binding polypep-
tide rather than the sequence of a contaminant protein is as
follows. First, the number of moles of amino acid deter-
mined during each cycle of sequencing approximately
equalled the number of moles of bound acetylene present.
Second, the amino acid composition of a purified sample of
the [**CJacetylene-labelled polypeptide matches fairly
closely the composition predicted from the amoA sequence.
Furthermore, the quantity of amino acids closely matches
the quantity predicted from the level of radioactivity in the
sample and the sequence of amoA.

A cleaner proof that amoA is indeed the gene for the
acetylene-binding polypeptide would be to express amoA
and demonstrate ammonia-oxidizing activity in vitro or in
recombinant cells. Unfortunately, however, no effective in
vitro assay system has been developed for AMO, and
furthermore, we were unable to clone a complete copy of
amoA, which precludes synthesis of the polypeptide.

The first important finding from the DNA sequence re-
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FIG. 4. Hydropathy plots of the amoA and amoB gene products. The underlined regions are possible membrane-spanning regions.
Hydropathy values were calculated over a span of seven residues as described by Kyte and Doolittle (19).

ported in this paper is that the gene for the 40-kDa polypep-
tide that copurifies with the AMO acetylene-binding
polypeptide immediately follows the gene for the acetylene-
binding polypeptide and is in the same operon. This is strong
evidence that the 40-kDa polypeptide is involved in AMO
activity.

From the DNA sequence, AMO appears to be a totally
novel type of monooxygenase. It apparently has no homol-
ogy with any of the previously sequenced monooxygenases,
including the soluble methane monooxygenase (32, 33).
Since AMO is thought to be homologous to the membrane
methane monooxygenase, this supports the idea that the
membrane methane monooxygenase is also not homologous
to the soluble form of the enzyme. Interestingly, despite the
fact that they are thought to contain copper, the AMO
polypeptides exhibit no overall homology to the two previ-
ously sequenced copper-containing monooxygenases, ty-
rosinase (11, 21) and dopamine B-hydroxylase (38), and no
local homology to the CuA and CuB binding sites of tyrosi-
nase (22). Thus, if AMO contains copper, it may be a novel
type of copper center.

Hyman and Arp (13) have suggested that the AMO acet-
ylene-binding polypeptide may have a cleaved leader se-
quence that directs membrane insertion. When cells were
exposed to [*Clacetylene during recovery from prior inhi-

bition with acetylene or light, SDS-PAGE and fluorography
of cellular proteins revealed two distinct labelled bands
migrating near 27 kDa (13). Hyman and Arp speculated that
the higher-molecular-weight band might be processed into
the lower-molecular-weight band by proteolytic cleavage of
a signal sequence. However, we found in this study from the
DNA sequence that there is only one possible start codon for
amoA, which immediately precedes the codon for the first
amino acid of the mature protein. This precludes the possi-
bility of a cleaved signal sequence, at least from the product
of this copy of the gene. It is conceivable that the second
copy of amoA encodes a signal sequence.

The calculation of AMO’s k_,, for ammonia (20 s ) allows
a comparison of the kinetic properties of the enzyme with
those of the soluble methane monooxygenase. By using
other published data this k., can be used to estimate a
turnover number for AMO for methane. In the study of
Hyman and Wood (15) the V,,,, of N. europaea for ammonia
oxidation at a cell concentration of 5.5 mg/ml was 184
pM/min. On the basis of the difference in O, consumption
rates between cells with hydrazine as the substrate and cells
with hydrazine plus methane as the substrate, the data of
Hyman and Wood show that at the same cell concentration
and in the presence of 0.6 mM methane, methane is oxidized
at a rate of 28 pM/min. However, this does not represent the
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Vmax because this concentration of methane is below the K,
of 2 mM. When this K,,, value is used, the V., for methane
(which would require unattainable methane concentrations)
is 121 pM/min. This means that the kca{ for methane is
121/184 of the k_,, for ammonia, or 14 s™". This compares
favorably with the k_,, of 2.6 s~ for the soluble methane
monooxygenase from Methylosinus trichosporium OB3b (6).
However, the K,, for methane of the soluble methane
monooxygenase is much lower than the K|, for methane of
AMO (160 pM for the soluble methane monooxygenase from
Methylococcus capsulatus versus 2 mM for AMO), which
makes the velocities of the two enzymes more comparable at
lower methane concentrations. At 160 pM methane (if we
assume that the K,, of the Methylosinus trichosporium
enzyme is the same as that of the Methylococcus capsulatus
enzyme), the soluble methane monooxygenase would turn
over at a rate of 1.3 s™!, while the AMO rate would be 1.0
s~ 1. Still, this leads to the surprising conclusion that AMO is
nearly as good at oxidizing methane as an enzyme evolved
for that purpose.
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