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The genome of Nitrosomonas europaea contains at least three copies each of the genes coding for
hydroxylamine oxidoreductase (HAO) and cytochrome c554. A copy of an HAO gene is always located within
2.7 kb of a copy of a cytochrome cs54 gene. Cytochrome P-460, a protein that shares very unusual spectral
features with HAO, was found to be encoded by a gene separate from the HAO genes.

Multiple copies of protein-encoding genes in prokaryotes
are unusual. Among the relatively few examples of such
genes are the genes coding for the D1 and D2 polypeptides of
the photosystem II core complex in cyanobacteria (8, 10, 11,
20, 26), elongation factor Tu (1, 16, 27) and ornithine
transcarbamylase (5, 9, 25) in Escherichia coli, and phos-
phoribulokinase and ribulose-1,5-bisphosphate carboxylase
in Alcaligenes eutrophus (6, 17) and Rhodobacter sphaeroi-
des 2.4.1 (12, 23, 24).

In this paper we report on the use of Southern blotting to
probe the organization of the genes coding for hydroxyl-
amine oxidoreductase (HAO), cytochrome C554, and cyto-
chrome P-460 in the bacterium Nitrosomonas europaea. We
found that HAO and cytochrome C554 are encoded by
multiple genes.
N. europaea is a slowly growing, obligately chemo-

lithotrophic' organism that acquires energy by oxidizing
ammonia to nitrite. Ammonia is first oxidized to hydroxyl-
amine by the integral membrane enzyme ammonia monoxy-
genase (13):

NH3 + 02+ 2e- + 2H+ -> NH2OH + H20

Next, hydroxylamine is oxidized to nitrite in a dehydroge-
nase reaction (2) in the periplasm, which is catalyzed by the
multiheme enzyme HAO (15) in concert with the tetraheme
electron acceptor cytochrome C554 (3, 4):

NH2OH + H20 - HNO2 + 4e- + 4H+
Another protein whose gene was probed in this study is

cytochrome P-460 (7, 19). Cytochrome P-460 contains an
unusual chromophore with an absorption maximum in the
reduced state at 460 nm. Since a similar chromophore is
present in HAO at the protein's active site, it has been
speculated that cytochrome P-460, which has a molecular
weight of 18,000, is a proteolytic fragment of the 63,000-
molecular-weight HAO polypeptide. Immunological evi-
dence, however, suggests that cytochrome P-460 is a distinct
protein (19). In this study we resolved this question by
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determining that cytochrome P-460 is encoded by a gene
separate from the genes coding for HAO.
N. europaea was grown and harvested and DNA was

prepared as described by McTavish et al. (18). HAO (4),
cytochrome C554 (3), and cytochrome P460 (19) were puri-
fied as described previously. Each of the proteins was
further purified by reverse-phase high-performance liquid
chromatography (HPLC) on a C4 or C8 column with a
trifluoroacetic acid-acetonitrile-water solvent system before
the protein was sequenced. Agarose gel electrophoresis,
Southern blotting, radioactive end labelling of oligonucle-
otides, and hybridization of oligonucleotide probes to South-
ern blots were performed by standard techniques (22). After
hybridization, Southern blots were washed in high-strin-
gency buffer (15 mM NaCl, 1 mM sodium phosphate [pH
7.4], 0.2% sodium dodecyl sulfate) at different temperatures
to remove nonspecifically bound probe.
HAO and cytochrome C554 were each digested with trypsin

(0.05 mg/ml) at approximately 10 ,uM heme in 100 mM Tris
acetate (pH 7.6). The resulting peptides were separated by
reverse-phase HPLC on a C8 column with a trifluoroacetic
acid-acetonitrile-water solvent system. A heme-containing
peptide from HAO with the sequence GGNAPTCAACHM
EYEGEYYTHNIT was isolated. A degenerate oligonucle-
otide corresponding to the underlined portion of this se-
quence was synthesized and used to probe a Southern blot of
N. europaea genomic DNA digested with various restriction
enzymes (Fig. 1). This oligonucleotide hybridized to three
bands in the SmaI digest, as was previously found with N.
europaea DNA digested with XhoI, Sail, and BclI (14). This
indicates there are at least three copies of the gene coding for
HAO. The HAO oligonucleotide hybridized to only one
band in the BamHI and EcoRI digests and to two bands in
the KpnI digest. This indicates that the flanking restriction
sites are conserved in all three copies of the gene in the cases
of BamHI and EcoRI and in two copies in the case of KpnI.
A second oligonucleotide, made to correspond to the amino-
terminal sequence of the HAO polypeptide, hybridized to
the same three bands on Southern blots of DNA digested
with SmaI, XhoI, SalI, BclI, and PstI (data not shown),
confirming that the results obtained with the first oligonucle-
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FIG. 1. Autoradiograph of a Southern blot of N. europaea DNA
cut with four different restriction enzymes, hybridized with radio-
labelled HAO oligonucleotide [5'-ATG-GA(A,G)-TA(T,C)-GA
(A,G)-GGI-GA(A,G)-TA(T,C)-ACI-CA(T,C)-AA-3'], and washed
in high-stringency buffer at42iCfor 30 mi.

otide were not due to fortuitous hybridization of the oligo-
nucleotide to two additional, unrelated, segments of the
genome.
A trypsin-generated heme-containing peptide was also

isolated from cytochrome C554, and the amino acid sequence,
VLSEGEWETLYLHj~YWAK was determined. An oligonu-
cleotide corresponding to the underlined portion of the
sequence was used to probe the same Southern blot filter
used in the experiment shown in Fig. 1 (Fig. 2). Like the
HAO oligonucleotide, this oligonucleotide hybridized to
multiple bands (three bands in the BamHI and SinaI lanes,
two bands in the IKonI lane, and one band in the EcoRI lane).
Furthermore, in the SmnaI, IKvnI, and EcoRI lanes it ap-
peared to hybridize to the same bands as the HAO oligonu-
cleotide. The HAO and cytochrome C554 oligonucleotides
also appeared to hybridize to the same three bands on
Southern blots of DNA digested with XhoI, Sail, or PstI
(data not shown). These oligonucleotides hybridized to
different bands when DNA was digested with BamHI (Fig. 1
and 2) or BMI (data not shown). These results indicate that
the genes encoding HAO and cytochrome C554 are near each
other in all three copies of the genes. They must be within at

kb X

23

9.4

6.6

4.4

2.3
2.0

FIG. 2. Autoradiograph of the same Southern blot filter used in
the experiment shown in Fig. 1, hybridized with radiolabelled
cytochrome C554 oligonucleotide [5'-GA(A,G)-TGG-GA(A,G)-(T,C)
TI-GTI-(C,T)TI-CA(T,C)-GTI-TGG-GCI-AA-3'], and washed in
high-stringency buffer at 320C for 30 min.

most 2.7 kb of each other in all three copies since both
oligonucleotides hybridized to just one 2.7-kb EcoRI band
(Fig. 1 and 2).
Cytochrome P-460 from N. europaea was also isolated,

and its N-terminal sequence was determined. The sequence,
AQVAEFNDKGELLLPKNYREWV, differed from the se-
quence described in a previous report (21) only in having Lys
instead of Ile at position 9. A degenerate oligonucleotide
corresponding to the underlined portion of the amino acid
sequence was synthesized and used to probe Southern blots
of N. europaea DNA. With DNA digested by any of the
restriction enzymes tested (BamHI, EcoRI, Kpnl, SmnaI,
Xhol, Sall, BMI, PstI, and HindIII) the cytochrome P-460
probe was found to hybridize to only one band, and that
band was different from any of the bands identified by the
HAO or cytochrome C554 oligonucleotides (data not shown).
Thus, cytochrome P-460 is a separate gene product from
HAO and is not a proteolytic fragment of HAO or a
truncated product of the HAO gene.

J. BACTERIOL.



NOTES 2447

We thank Candace Pilon for growing N. europaea cells.
This work was supported by funds from the National Science

Foundation (grant DMB-9019687-01).

REFERENCES
1. An, G., and J. D. Friesen. 1980. Nucleotide sequence of tufB

and four nearby tRNA structural genes of Eschenchia coli.
Gene 12:33-39.

2. Andersson, K. K., and A. B. Hooper. 1983. 02 and H20 are each
the source of one 0 in N02-: 15N-NMR evidence. FEBS Lett.
164:236-240.

3. Arciero, D. M., C. Balny, and A. B. Hooper. 1991. Spectro-
scopic and rapid kinetic studies of reduction of cytochrome
c-554 by hydroxylamine oxidoreductase from Nitrosomonas
europaea. Biochemistry 30:11466-11472.

4. Arciero, D. M., M. J. Collins, J. Halladjian, P. Bianco, and A. B.
Hooper. 1991. Resolution of the four hemes of cytochrome c-554
from Nitrosomonas europaea by redox potentiometry and op-
tical spectroscopy. Biochemistry 30:11459-11465.

5. Bencini, D. A., J. E. Houghton, T. A. Hoover, K. F. Foltermann,
J. R. Wild, and G. A. O'Donovan. 1983. The DNA sequence of
argI from Escherichia coli K12. Nucleic Acids Res. 11:8509-
8518.

6. Bowien, B., M. Gusemann, R. Klintworth, and U. Windhovel.
1987. Metabolic and molecular regulation of the C02-assimilat-
ing enzyme system in aerobic chemoautotrophs, p. 21-27. In
H. W. Van Verseveld and J. A. Duine (ed.), Microbial growth
on C1 compounds. Martinus Nijhoff Publishers, Dordrecht, The
Netherlands.

7. Erickson, R. H., and A. B. Hooper. 1972. Preliminary charac-
terization of a variant CO-binding heme protein from Ni-
trosomonas. Biochim. Biophys. Acta 275:231-244.

8. Gingrich, J. C., G. E. Gaspavich, K. Sauer, and D. A. Bryant.
1990. Nucleotide sequence and expression of the two genes
encoding D2 protein and the single gene encoding the CP43
protein of photosystem II in the cyanobacterium Synochococ-
cus sp. PCC 7002. Photosynth. Res. 24:137-150.

9. Glansdorf, N., G. Sand, and C. Verhoef. 1967. Dual genetic
control of ornithine transcarbamylase synthesis in E. coli K12.
Mutat. Res. 4:743-751.

10. Golden, S. S., J. Brusslan, and R. Haselkorn. 1986. Expression
of a family ofpsbA genes encoding a photosystem II polypep-
tide in the cyanobacterium Anacystis nidulans R2. EMBO J.
5:2789-2798.

11. Golden, S. S., and G. W. Stearns. 1988. Nucleotide sequence
and transcript analysis of three photosystem II genes from the
cyanobacterium Synechococcus sp. PCC 7942. Gene 67:85-96.

12. Hallenbeck, P. L., and S. Kaplan. 1988. Structural gene regions
of Rhodobacter sphaeroides involved in CO2 fixation. Photo-
synth. Res. 19:63-71.

13. Hollocher, T. C., M. E. Tate, and D. J. D. Nicholas. 1981.
Oxidation of ammonia by Nitrosomonas europaea: definitive
180-tracer evidence that hydroxylamine formation involves a
monooxygenase. J. Biol. Chem. 256:10834-10836.

14. Hooper, A. B., D. M. Arciero, A. A. DiSpirito, J. Fuchs, M.
Johnson, F. LaQuier, G. Mundfrom, and H. McTavish. 1990.
Production of nitrite and N20 by the ammonia oxidizing nitrifi-
ers, p. 387-392. In P. M. Gresshoff, W. E. Newton, W. E. Roth,
and G. Stacey (ed.), Nitrogen fixation: achievements and objec-
tives. Chapman-Hall, New York.

15. Hooper, A. B., P. C. Maxwell, and K. R. Terry. 1978. Hydrox-
ylamine oxidoreductase from Nitrosomonas: absorption spectra
and content of heme and metal. Biochemistry 17:2984-2989.

16. Jaskunas, S. R., L. Lindahl, M. Nomura, and R. R. Burgess.
1975. Identification of two copies of the gene for elongation
factor EF-Tu. Nature (London) 257:458-462.

17. Klintworth, R., M. Husemann, J. Salnikow, and B. Bowien.
1985. Chromosomal and plasmid locations for phosphoribuloki-
nase genes in Alcaligenes eutrophus. J. Bacteriol. 164:954-956.

18. McTavish, H., J. A. Fuchs, and A. B. Hooper. 1993. Sequence of
the gene coding for ammonia monooxygenase in Nitrosomonas
europaea. J. Bacteriol. 175:2427-2435.

19. Miller, D. J., P. M. Wood, and D. J. D. Nicholas. 1984. Further
characterization of cytochrome P-460 in Nitrosomonas euro-
paea. J. Gen. Microbiol. 130:3049-3054.

20. Mulligan, B., N. Schultes, L. Chen, and L. Bogorad. 1984.
Nucleotide sequence of a multicopy gene for the B protein of
photosystem II of a cyanobacteria. Proc. Natl. Acad. Sci. USA
81:2693-2697.

21. Numata, M., T. Saito, T. Yamazaki, Y. Fukumori, and T.
Yamanaka. 1990. Cytochrome P-460 of Nitrosomonas euro-
paea: further purification and further characterization. J. Bio-
chem. 108:1016-1021.

22. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

23. Suwanto, A., and S. Kaplan. 1989. Physical and genetic mapping
of the Rhodobacter sphaeroides 2.4.1 genome: genome size,
fragment isolation, and gene localization. J. Bacteriol. 171:
5840-5849.

24. Suwanto, A., and S. Kaplan. 1989. Physical and genetic mapping
of the Rhodobacter sphaeroides 2.4.1 genome: presence of two
unique circular chromosomes. J. Bacteriol. 171:5850-5859.

25. Van Vliet, F., R. Cunin, A. Jacobs, J. Piette, D. Gigot, M.
Lauwereys, A. Pierard, and N. Glansdorff. 1984. Evolutionary
divergence of genes for ornithine and aspartate carbamoyl-
transferases-complete sequence and mode of regulation of the
E. coli argF gene; comparison of argF with argI and pyrB.
Nucleic Acids Res. 12:6277-6289.

26. Williams, J. G. K., and D. A. Chisholm. 1987. Nucleotide
sequences of both psbD genes from the cyanobacterium Syn-
echocystis 6803, p. 809-812. In J. Biggins (ed.), Progress in
photosynthesis research, vol. 4. Martinus Nijhoff Publishers,
Dordrecht, The Netherlands.

27. Yokata, T., H. Sugisaki, M. Takanami, and Y. Kaziro. 1980.
Nucleotide sequence of the cloned tufA gene of Escherichia
coli. Gene 12:25-31.

VOL. 175, 1993


