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The mao operon of Escherichia coli W3350, which comprises the genes maoC and maoA, was cloned
and appeared to be similar to that of Klebsiella aerogenes [Sugino, H., Sasaki, M., Azakami, H., Yama-
shita, M. & Murooka, Y. (1992) J. Bacteriol. 174, 2485—2492]. The gene that encodes aromatic amine
oxidase (maoA) was isolated, sequenced, and expressed in E. coli TG2.

The purified enzyme exhibited properties characteristic of a copper/topaquinone(TPQ)-containing
amine oxidase with respect to the optical absorption and EPR spectra, the size of the subunits, and the
optical absorption spectra obtained upon derivatization with hydrazines. However, high-resolution anion-
exchange chromatography revealed that the preparation was heterogeneous. The enzyme preparation ap-
peared to consist of at least four enzyme species with different specific activities, A,74nm/Azs0n0m ratios and
TPQ/subunit ratios. Since the overall properties of the overexpressed enzyme and the authentic enzyme
were similar and the separated enzyme species had identical N-terminal amino acid sequences, the hetero-
geneity does not seem to be caused by improper expression of the gene in the recombinant strain but by
factors that interfere with the processing of the specific tyrosine in the precursor enzyme to functional
TPQ. Although other causes cannot be excluded, the spectral data and TPQ/subunit ratios reported in the
literature for other amine oxidases suggest that suboptimal synthesis of functional TPQ also occurs in

other organisms.

Keywords: amine oxidase; overexpression; enzyme characterization; topaquinone.

Copper/topaquinone(TPQ)-containing amine oxidase has a
wide distribution among eukaryotic and prokaryotic organisms.
It converts primary amines into the corresponding aldehydes,
ammonia and hydrogen peroxide. Similarity exists among the
members of this enzyme group with respect to the size of the
protein (approximately 180 kDa), the number of subunits (two),
and the copper content (one/subunit) (reviewed by Mclntire and
Hartmann, 1993 ; Klinman and Mu, 1994). Unresolved questions
concern the TPQ/enzyme ratio [one (Morpurgo et al., 1992) or
two (Janes and Klinman, 1991)], the formation of TPQ [which

probably proceeds autocatalytically when copper is inserted into-

the proenzyme (Matsuzaki et al., 1994, 1995)], and the topology
of the inorganic and organic cofactors (Greenaway et al., 1991;
Turowski et al., 1993 ; Bossa et al., 1994). No three-dimensional
structure of amine oxidase is available. Since microorganisms
can be manipulated rather easily, their amine oxidases are useful
for studies of these matters.

The first quinoprotein amine oxidase purified from a micro-
organism was that from Aspergillus niger (Yamada et al., 1965).
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Abbreviations. ECAQO, Escherichia coli amine oxidase; TPQ, to-
paquinone (6-hydroxydopaquinone).

Enzymes. DNA restriction endonucleases, BamH1, Bglll, Hindlll,
EcoR1, Pstl, Clal, Hincll, Sau3A, Kpnl, Accl (EC 3.1.21.4); DNA poly-
merase [ (EC 2.7.7.7); polynucleotide 5™-hydroxyl-kinase (EC 2.7.1.78);
alkaline phosphatase (EC 3.1.3.1); DNA ligase (ATP) (EC 6.5.1.1);
amine oxidase (EC 1.4.3.6); ribonucleotide reductase (EC 1.17.4.1).

The first bacterial one was methylamine oxidase from the gram-
positive bacterium Arthrobacter P1 (van lersel et al.,, 1986).
Aromatic and aliphatic amine oxidases, probably of the quino-
protein type, have been detected in yeasts, and aromatic and
aliphatic enzymes have been found in the same strains (Hay-
wood and Large, 1981; Bruinenberg et al., 1989; Mu et al.,
1992). Subsequently, amine oxidases have been isolated from
the gram-negative bacterium Escherichia coli (Cooper et al.,
1992) and the gram-positive bacterium Arthrobacter globiformis
(Shimizu et al., 1990). Genes that encode amine oxidases of
Klebsiella aerogenes (Sugino et al., 1992), Arthrobacter P1
(Zhang et al., 1993), A. globiformis (Tanizawa et al., 1994), E.
coli (Azakami et al., 1994; Hanlon et al., 1995) and Hansenula
polymorpha (Cai and Klinman, 1994) have been cloned, se-
quenced and expressed. However, in some studies (Roh et al.,
1994; Hanlon et al., 1995) the purified overexpressed enzyme
had lower specific activity than authentic enzyme, which sug-
gests that the recombinant strains were less competent at
expression of the structural gene or processing of the pro-
enzyme.

To investigate an amine oxidase of which the synthesis could
be manipulated during overexpression, we chose the enzyme
from the genetically easily accessible organism E. coli. Short
reports on the purification and partial characterization of this
enzyme (Cooper et al., 1992) and on the cloning and expression
of the structural gene (maoA) (Azakami et al., 1994; Roh et al.,
1994 ; Hanlon et al., 1995) have been published. Here we report
the cloning of the mao operon, the overexpression of the maoA
gene, and the high-resolution purification and characterization
of the overexpressed enzyme. Direct resonance Raman spectros-
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copy of underivatized enzyme (Moénne-Loccoz et al., 1995),
EPR spectroscopy of ®*Cu-substituted and **Cu-substituted en-
zyme, ""F-NMR spectroscopy of enzyme derivatized with F-sub-
stituted hydrazines, and identification of TPQ in the enzyme
(Steinebach et al., 1995) will be described elsewhere.

MATERIALS AND METHODS

Growth media, bacterial strains and plasmids. The media
used were Luria-Bertani medium (1% tryptone, 0.5% yeast ex-
tract, 50 uM CuCl,, 0.5% NaCl) and mineral medium (medium
A; 60mM K,HPO,, 33 mM KH,PO,, 7.5mM (NH,),SO.,,
250 uM MgSO,, pH 7.0). Media were prepared with demineral-
ized water. Media were solidified with 1.5% Bactoagar.

E. coli TG2 supE hsdA5 thi A(lac-proAB) A(srb-
recA)306::Tnl0 Fltrad36 proAB™ laclt lacZAM15] (Maniatis
et al, 1989) was used as a host for cloning and expression.
E. coli CAG12026 [trg-2::Tnl0] and E. coli CAG12081 [z¢j-
3061 ::Tni0] were used for expression and were kindly provided
by C. A. Gross. E. coli PPA207 [sup0 lac gal pea™], a mutant
that grows better on 2-phenylethylamine, was derived from E.
coli W3350 [sup0 lac gal] by random mutagenesis with diethyl
sulfate, as follows. A fully grown culture of E. coli W3350 in
Luria-Bertani medium was diluted 100-fold in medium A and
100 pl was spread on solidified medium A with 0.1% (mass/
vol.) 2-phenylethylamine as a sole source of carbon and energy.
A small paper filter moistened with a drop of diethyl sulfate was
placed in the middle of the plate. After several days of incuba-
tion at 37°C, a few colonies appeared at some distance from the
filter, one of which was designated as PPA207.

Vectors used were pUC18 and M13mp19 (Yannish-Perron et
al.,, 1985), pJF119EH (Fiirste et al., 1986) and pBlueScript 1
(Stratagene Inc.).

General materials. Restriction endonucleases, T4 poly-
nucleotide kinase, T4 DNA ligase and E. coli DNA poly-
merase I (Klenow fragment) were from Pharmacia. The
Sequenase version II sequence kit was obtained from USB. Caif
intestinal phosphatase and blocking reagent were purchased
from Boehringer. [a-**P]dATP and [y-**P]dATP (3000 Ci/mmol;
11.1 TBg/mmol) were from New England Nuclear. Genescreen
Plus was obtained from Du Pont. GeneClean was purchased
from Bio101. Goat anti-rabbit IgG conjugated to alkaline phos-
phatase was obtained from BioRad. Antiserum against the puri-
fied amine oxidase was raised in a New Zealand White rabbit.
All enzymes and materials were used according to the manufac-
turers’ recommendations.

Mops, phenylhydrazine/HCl, 4-nitrophenylhydrazine/HCI,
and 2-phenylethylamine/HC! were from Fluka. PD10, DEAE-
Sepharose FastFlow, phenyl-Sepharose FastFlow, FPLC MonoQ
HR 5/5 and FPLC Superose 12 HR 10/30 columns were from
Pharmacia. All reagents were of the highest purity commercially
available and were used without further purification. All solu-
tions were prepared with demineralized water, further deionized
by passage through a Waters Milli-Q system to a resistance
greater than 17 mQ/cm.

General methods. Amine oxidase from E. coli K12 (ECAQO)
was induced and purified according to Cooper et al. (1992). Pro-
tein sequence analysis was performed by Edman degradation
with an automated sequenator (Model 477A, Applied Biosys-
tems), equipped with an on-line phenylthiohydantoin analyzer
(Model 120A, Applied Biosystems).

Methods for DNA manipulation were essentially as de-
scribed by Maniatis et al. (1989). SDS/PAGE (12 %) and native
homogeneous PAGE (9 %) was performed with a Bio Rad Mini-
Protean II. Native gradient (from 10% to 15%) PAGE was per-
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formed with the Pharmacia Phastsystem equipment. Pharmacia
low-molecular-mass and high-molecular-mass markers were
used for calibration in molecular-mass determinations. Gels
were stained with Coomassie brilliant blue G-250.

Protein content was quantitated by the method of Bradford
(1976) with desalted bovine serum as a standard. Amine oxidase
solutions were concentrated with Filtron Microsep (7000X g) or
Macrosep (at 5000Xg) centrifugal concentrators equipped with
30-kDa cut-off membranes.

For semi-preparative HPLC a Hitachi L-6210 HPLC pump
was used. The eluate was monitored with a Hewlett Packard
HP1040 II photodiode array detector.

Cloning of the gene that encodes aromatic amine oxidase
(maoA). Chromosomal DNA was isolated from E. coli PPA207
and digested with several restriction endonucleases. Digested
DNA was separated on a 0.8 % agarose gel in 0.04 M Tris/ace-
tate, pH 8, 1 mM EDTA (buffer A) and transferred to a Gene-
screen Plus membrane by means of vacuum blotting. The blot
was prehybridized in 6 XNaCl/Cit (0.9 M NaCl, 0.09 M sodium
citrate, pH 7.0), 0.1% SDS and 1% blocking reagent at 65°C.
A 23-nucleotide probe was used, whose sequence was based on
the sequence of the N-terminus of the purified enzyme from E.
coli K12 (amino acid sequence, Asp-Lys-Thr-Leu-Lys-Glu-Phe-
Gly; nucleotide sequence, GAIAAZACIITICASTTIGC). The
probe was labelled with T4 polynucleotide kinase and [y-
**P]dATP. Hybridization was carried out at 65°C for 16 h. The
filter was washed twice with 6 XNaCl/Cit, 0.1% SDS at room
temperature for 0.5 h. The autoradiograph showed signals at
6 kb after digestion with Bg/II and at 0.8 kb after digestion with
HindIll (data not shown). Chromosomal DNA was digested with
BglII. After separation of the fragments on a 0.8% agarose gel
in buffer A, 5—7-kb fragments were excised from the gel and
purified with GeneClean followed by ligation of the fragments
into BamH1-digested pJF119EH. The resulting plasmids were
used to transform E. coli TG2. Positive clones were identified
by colony/filter hybridization with the labelled oligonucleotide
as a probe. One such clone, pBCP468, was used for the isolation
of DNA, which was digested with HindIIl. After separation of
the fragments by gel electrophoresis and transfer to a membrane
followed by screening with the labelled oligonucleotide, plasmid
pBCP468 was shown to contain the 0.8-kb positive fragment.
The 0.8-kb HindIIl fragment was isolated and ligated into the
HindIII site of M13mp19 and sequenced from both directions
by means of the Sequenase kit. In a similar way, a
7-kb EcoR1—Pstl fragment was cloned into pUC18 digested
with EcoR1/Pstl and the 0.8-kb Hindlll fragment (labelled by
treatment of the recessed ends with Klenow polymerase, dTTP,
dGTP, dCTP and [y-**P]dATP) was used to identify positive
clones, which yielded plasmid pBCP467. pBCP467 was purified
and used for sequence determination of the maoA gene by the
dideoxynucleotide chain-termination method (Sanger et al.,
1977) with sequence-specific primers.

Expression of the maoA gene. In E. coli TG2 that har-
boured plasmid pBCP467, the maoA gene was expressed during
growth in Luria-Bertani medium containing 100 pg/ml ampicil-
lin or on medium A supplemented with 20 mg/l thiamin, 0.2%
(mass/vol.) glucose, 0.4 % (mass/vol.) amino acids (acid hydrol-
ysate of casein), 50 pM CuCl,, 100 pg/ml ampicillin. 100 pM
isopropyl-thio-f-D-galactopyranoside was included in the media.
Routinely, E. coli TG2 cells were freshly transformed with plas-
mid pBCP467 to produce the amine oxidase. 10-ml cultures of
supplemented medium A or Luria-Bertani medium containing
100 pg/ml ampicillin were inocculated with a transformant and
allowed to grow at 37°C for 7 h. Cells were harvested by centrif-
ugation, washed once to remove f-lactamase and used to inoc-
culate 500 ml medium (Luria-Bertani or medium A) supple-



586

mented with 100 uM isopropyl-thio-f-D-galactopyranoside in
2-1 flasks. Cultures were grown overnight at 37°C with vigorous
shaking.

Enzyme assay. Enzyme activity was routinely determined
with a biological-oxygen monitor at 37°C. The assay buffer
(1.6 ml) contained 0.1 M potassium phosphate, pH 7.0, ECAO
(greater than 1 ug/ml), catalase (2 pg/ml) and 2-phenylethylam-
ine (10 mM). Specific activities were calculated based on an
initial oxygen concentration of 0.199 mM.

Enzyme purification. All purification steps, except for
MonoQ chromatography, were carried out at 4°C. Cells were
harvested, washed once with 10 mM Tris/HCI, pH 8.0, and dis-
rupted by passage of the mixture twice through a cooled French
pressure cell at 110 MPa. The suspension was centrifuged for
30 min at 28 000X g to produce the cell-free extract.

The cell-free extract (100 ml) was applied to a DEAE-Se-
pharose FastFlow column (2.5 cmX25 cm) equilibrated with
5 mM potassium phosphate, pH 7.5 (buffer B). After washing
the column with buffer B, proteins were eluted with a linear
gradient from 0 to 1 M NaCl in buffer A over 60 min at a flow
rate of 2.0 ml/min. The fractions that contained enzyme activity
were pooled and concentrated.

The concentrate was adjusted to 1.5 M ammonium sulfate
by addition of powdered ammonium sulfate and applied to a
phenyl-Sepharose FastFlow column (2.5 cm X7 ¢cm) equilibrated
with 1.6 M ammonium sulfate, 15 mM potassium phosphate,
pH 6.6 (buffer C). After washing the column with buffer C, pro-
teins were eluted with a linear gradient from buffer C to butter
B over 60 min at a flow rate of 2.0 ml/min. The active fractions
were pooled and concentrated. The bufter was exchanged by gel
filtration on a PD10 column equilibrated with buffer B. The
enzyme was further purified in six portions on a MonoQ 5/5
column equilibrated with buffer B. After application of the sam-
ple and washing of the column with buffer A, proteins were
eluted with a linear gradient from buffer A to 0.15 M potassium
phosphate, pH 7.0, over 20 min at a flow rate of 0.5 ml/min.
Enzyme fractions 1, 2, 3 and 4 (Fig. 2A) were manually col-
lected and stored at —80°C.

Titration of ECAO with phenylhydrazines. Phenylhydra-
zine/HCI and 4-nitrophenylhydrazine/HCI solutions (approxi-
mately 10 mM in methanol) were prepared daily and kept at
—20°C in the dark. The phenylhydrazine and 4-nitrophenyl-
hydrazine solutions were diluted 10—50-fold with water before
titration. ECAO (in 10 mM Mops, pH 7.0, 20 mM NaCl) was
titrated with small aliquots (1—10 pl) of phenylhydrazine or 4-
nitrophenylhydrazine. The course of the titration was monitored
by means of ultraviolet/visible spectra recorded with a HP8452A
photodiode array spectrophotometer. Complete titration was de-
termined independently by activity measurements. The molar
absorption coefficients of the adducts in the enzyme were deter-
mined by application of a linear line-fitting routine (provided by
the program Igor Pro) to the titration data obtained.

EPR spectroscopy. ECAO preparations (in 50 mM potas-
sium phosphate, pH 7.0) were concentrated to approximately
60 mg/ml. Approximately 200 pl of these concentrated enzyme
solutions were transferred to quartz EPR tubes and the spectra
were recorded at 60 K on a Varian E9 EPR spectrometer at
9.23 GHz.

RESULTS

Cloning and expression of maoA. E. coli W3350 grows very
poorly on 2-phenylethylamine. Therefore a faster-growing vari-
ant strain, PPA207, was selected to obtain a higher cell yield.
The cells probably express the amine oxidase enzyme (or other

Steinebach et al. (Eur. J. Biochem. 237)

pBCP468
A
E H K P E HTHE
[ £0 I el 1 L
pJF119EH maoC  maoA
B pBCP467
P EHTH C H H K P
= =TT | | 1 1 i
pUC18 C maoA
Fig.1. Schematic representation of plasmids pBCP468 and

pBCP467. (A), a 6-kb Bglll fragment in BamH1-digested pJF119EH;
(B), a 7-kb EcoR1— Ps1] fragment in EcoR1/PstI-digested pUC18. Thick
lines indicate coding regions. P and O indicate the promoter and operator
of the lacZ a-peptide coding region, respectively. C, Clal; E, EcoR1; H,
HindIIl; K, Kpnl; P, Psil, T, TthITl.

Table 1, Purification of E. coli amine oxidase.

Purification step Specitic  Total Total Yield Purifica-
activity ~ protein  activity tion factor
U/mg mg 8] % -fold

Cell-free extract 0.59 663 391 100 1

DEAE-Sepharose  2.06 180 371 95 35

Phenyl-Sepharose  4.84 70 339 87 8.2

MonoQ 5/5 6.98" 24 167 42 118

* Species B.

enzymes in the degradation pathway) at an increased level due
to a promoter mutation. maoA was cloned from E. coli PPA207.
As a probe we used an oligonucleotide based on the N-terminal
amino acid sequence of the aromatic amine oxidase purified
from an E. coli K12 strain. A Southern blot of several digests of
PPA207 chromosomal DNA revealed that hybridisation occurred
either with large fragments (greater than 10 kb; EcoR1, Psi,
BamH1, Accl) or small fragments (less than 1kb; Hincll,
HindIIl). Digestion with Bg/ll and Kpnl yielded fragments of
6 kb and 8 kb, respectively. Cloning the Kpnl fragment was un-
successful but we cloned the Bg/ll fragment, which yielded plas-
mid pBCP468 (Fig. 1A).

A 0.8-kb HindIIl fragment was subcloned from plasmid
pBCP468 in phage M13mp19 and sequenced. Comparison of its
translated sequence with the amino acid sequence of the N-ter-
minus of the purified enzyme and the published sequence of the
mao operon from K. aerogenes (Sugino et al., 1992) showed
that the cloned HindIll fragment coded for the last 20 amino
acids of the C-terminal part of maoC (whose function is un-
known), the intergenic region between maoC and maoA, and
the N-terminal part of maoA. Further restriction-enzyme analysis
revealed that the 6-kb Bgl/Il fragment of pBCP468 contained the
upstream region of the mao operon, the complete maoC gene,
but only 0.4 kb of the maoA gene.

Screening of blots of doubly digested E. coli PPA207 chro-
mosomal DNA with the 0.8-kb HindIIl fragment from plasmid
pBCP468 as a probe identified a 7-kb FcoR1—Pstl fragment
that could contain the complete maoA gene. Four identical
clones were obtained with the desired insert, which yielded plas-
mid pBCP467 (Fig. 1B). The inserts contained part of the maoC
gene, the entire maoA gene and 4 kb of downstream sequence.
Sequencing of the Hindlll fragment, isolated from plasmid
pBCP467, demonstrated that the plasmid contained the maoA
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Fig. 2. High-resolution anion-exchange chromatography of ECAO.
(A), MonoQ 5/5 separation of the phenyl-Sepharose fraction. The absor-
bance at 474 nm (continuous line) is shown expanded 104-fold such that
the maximum is at the same height as the absorbance maximum at
280 nm (dotted line). The ranges in which the fractions were collected
are indicated by the vertical bars. (B), rechromatography of fractions 1,
2, 3 and 4. The absorbance at 474 nm (continuous lines) is shown ex-
panded 77-fold compared with the absorbance at 280 nm chromatograms
(dotted lines). The range in which the fractions were collected are indi-
cated by the vertical bars. (C), ultraviolet/visible spectra (measured with
the photodiode array detector at the maximum of the peaks in the 474 nm
chromatograms) of ECAQ species A, B and C.
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gene. Based on restriction-enzyme analysis, a map was con-
structed which indicated that the complete maoA gene should be
located on three Hindlll fragments. Subcloning of these
fragments into M13mp19 and partial sequencing of the inserts
from both orientations demonstrated this. The complete maoA
sequence was determined by means of pBCP467 and specific
oligonucleotide sequence primers designed on the basis of
sequence data already obtained. Comparison of the nucleotide-
sequence-derived amino acid sequence published by Azakami et
al. (1994) revealed amino acid substitutions at six positions (the
histidine residue of the mature enzyme was regarded as position
1): Glu218—Lys; Val228—Gly; 11e229—Tyr; 1le260— Pro;
Pro426— Ala; and Asp629—His. The isoleucine residue at
position 246 was absent and an alanine residue was found at
residue 258 (between tryptophan and histidine residues).

When E. coli TG2 (pBCP467) was grown in Luria-Bertani
medium, expression of maoA was constitutive and high
(590 mU/mg protein in cells that harboured pBCP467 versus
0 mU/mg protein in cells that harboured pUC18). SDS/PAGE
confirmed this (data not shown) because protein staining
revealed a band at 80 kDa (which migrated with the purified
amine oxidase) only in cells that harboured pBCP467. The
expression of maoA by E. coli TG2 (pBCP467) is approximately
29-fold higher than in the wild-type strain (Cooper et al,,
1992).

Inspection of the sequence of the K. aerogenes mao operon
(Sugino et al., 1992) and our sequence data of the E. coli mao
operon did not reveal the presence of a promoter. Expression of
the E. coli maoA gene must, therefore, depend on the promoter
of the plasmid, i.e., the lac promoter of pUC18. This was con-
firmed by the finding that when the insert was cloned in the
opposite direction in pUC19, the maoA gene was not expressed,
etther in a constitutive way or after addition of isopropyl-thio-
f-D-galactopyranoside. The finding that the expression was
constitutive is probably due to leakiness of the lac promoter in
E. coli TG2. To ensure high expression of the maoA gene,
100 uM isopropy!-thio-f$-D-galactopyranoside was included in
the growth media.

Enzyme purification and characterization. ECAO was puri-
fied from cell-free extracts of strain TG2 (pBCP467), grown in
Luria-Bertani medium, with a yield of 42% (Table 1). The
enzyme appeared (data not shown) to prefer aromatic amines
(2-phenylethylamine, tyramine, tryptamine) to aliphatic amines
(methylamine, putrescine), as has been found by others (Roh et
al., 1994). Therefore, the enzyme is an aromatic amine oxidase.
The preparation after the phenyl-Sepharose purification step was
homogeneous, as judged by SDS/PAGE and native gradient
PAGE, which showed one protein band on each gel with relative
molecular masses of 77 kDa and 174 kDa, respectively. Anion-
exchange chromatography (MonoQ 5/5 column) of this prepara-
tion revealed, however, that it was not homogeneous (Fig. 2 A),
and (overlapping) peaks with different A,4/A,;, ratios were ob-
tained. Fractions 1-4, which corresponded to the main peaks,
were collected as indicated. To verity whether the collected frac-
tions contained stable entities, rechromatography was carried
out. This showed that chromatographic (Fig. 2B) and spectral
(Fig. 2A,C) behaviour was rather constant, which suggests that
the chromatographic fractions contain distinct enzyme species.
For this reason, and to distinguish them from fractions 1—4, the
fractions collected after rechromatography (Fig.2B) were
named ECAO species A—D (the latter fraction was not collected
because the amount of TPQ was too low). The enzyme species
differ in chromatographic, enzymatic and spectral properties
(Table 2; Fig. 2C). High activity appears to correspond to high
AsalAse and TPQ/subunit ratios. Since species B (termed
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Table 2. Characteristics of the E. coli amine oxidase species. Specific
activities, TPQ/subunit ratios (based on phenylhydrazine titrations) and
Ay74/Asq tatios were determined for the rechromatographed fractions
(Fig. 2B).

ECAO species Specific activity TPQ/subunit AszalAse
U/mg
A 4.18 0.35 0.74
B 6.98 0.5 1.03
C 2.42 0.2 0.68
pNPH
1.5
PH
o 10
g
£
2
£0
<
05
0.0 AR N R R R RN R RN R A R AR R R En]
0 10 20 30 40 50

{hydrazine] (3M)

Fig. 4. Titration curves for ECAO-B with hydrazines. 35 yM ECAO-
B (in 10 mM Mops, pH 7.0, 20 mM NaCl) was titrated with phenylhy-
drazine and 4-nitrophenylhydrazine. The course of the titration was
followed by monitoring the absorbance at the absorption maxima of the
reaction products (436 nm for the TPQ-phenylhydrazine and 466 nm for
the TPQ-4-nitrophenylhydrazine adduct).

ECAO-B hereafter) was optimal in these respects, it was used
for further investigations. Its A%\" value was determined (van
Iersel et al., 1985) to be 1.67. Based on this value and an esti-
mated molecular mass of 160 kDa, the molar absorption coeffi-
cient of this enzyme species at 474 nm was calculated as
3100 M~" - ecm™.

N-terminal amino acid sequencing (five amino acids) of spe-
cies A, B and C revealed identical sequences that lacked the
leader sequence. Therefore, the steps of protein synthesis and
transport to the periplasm seem not to be reponsible for the
heterogeneity observed.

The absorption spectrum of ECAO-B is similar in shape to
that of E. coli K12 amine oxidase (Cooper et al., 1992) but has
a higher A,;./A,,, ratio (Figs 2C and 3). The specific activity of
our enzyme, determined under similar conditions as those for
the E. coli K12 enzyme (Cooper et al, 1992), was higher
[8 U/mg protein versus 5.8 U/mg protein (at 5 mM 2-phenyleth-
ylamine)]. Substrate inhibition occurred, such that the optimal 2-
phenylethylamine concentration for the assay was approximately
200 puM, which yielded a specific activity of 17.6 U/mg ECAO-
B. Due to the sensitivity limit of the biological-oxygen monitor
and the high affinity of the enzyme for 2-phenylethylamine, no
reliable K, value could be determined for this substrate (the
value should be below 100 pM).

Titration of amine oxidase with phenylhydrazines. The addi-
tion of phenylhydrazine and 4-nitrophenylhydrazine to ECAO-
B induced a new absorbance maxima at 436 nm and 466 nm,
respectively (Fig. 3), with a concomitant disappearance of the
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Fig.5. Low-temperature EPR spectrum of ECAO-B. The EPR
spectrum of approximately 200 pl ECAO-B (60 mg/mi in 50 mM potas-
sium phosphate, pH 7.0) was measured at 60 K with the following set-

tings: microwave power, 2 mW; frequency, 9.2316 GHz; modulation
amplitude, 1 mT.
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Fig.3. Absorption spectra of untreated and hydrazine-treated
ECAO species B. The absorption spectrum of ECAO-B [5.6 mg/ml (a)]
was measured in 5 mM potassium phosphate, pH 7.5. Titration of
ECAO-B (5.6 mg/ml in 10 mM Mops, pH 7.0, 20 mM NaCl) to nearly
full saturation was carried out with phenylhydrazine (b) and 4-nitrophe-
nylhydrazine (c).

activity. The molar absorption coefficients of the two hydrazine
adducts were calculated as 33429 M~ - cm™’ for the TPQ-phe-
nylhydrazine product and 42005 M™' - em™' for the TPQ-4-ni-
trophenylhydrazine product. The ratios between the amount of
hydrazine required for complete inactivation or adduct formation
and the amount of amine oxidase subunits were 0.57 and 0.52
for phenylhydrazine and 4-nitrophenylhydrazine, respectively
(Fig. 4).

EPR spectroscopy. The EPR spectrum of ECAO-B showed the
characteristic spectrum of Cu(Il) in a tetragonal structure, with
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8 & and g, values of 2.027, 2.094 and 2.299, respectively
(Fig. 5). The Cu site seems to be homogeneous since the EPR
spectrum could be interpreted if the presence of one Cu(Il)
species was assumed (data not shown).

DISCUSSION

To obtain large amounts of ECAQ, we set out to clone and
overexpress the gene that encoded this enzyme. The amino-acid-
sequence-derived DNA  probe, though degenerate, yielded
unique signals that, after cloning of the corresponding fragments
and verification by sequence analysis, appeared to contain the
maoA gene, as judged from the following results. The deduced
N-terminal amino acid sequence of the gene was identical to the
N-terminal amino acid sequence of the enzyme. A database
search with the complete DNA sequence revealed similarity with
the K. aerogenes (Sugino et al., 1992) and the E. coli maoA
genes (Azakam et al., 1994). However, as mentioned in Results,
six amino acid substitutions, one deletion and one insertion were
found with respect to the published E. coli maoA sequence.
Whether these changes are relevant to the overall structure or
catalytic function of the enzyme is doubtful since the enzyme is
very well expressed and not truncated, and has a specific activity
that is equal to, or even higher than, those reported previously
(Cooper et al., 1992; Roh et al., 1994). It is also unlikely that a
second maoA gene with sufficient sequence similarity to the one
described in this report exists in E. coli since Southern blot
analysis with the 0.8-kb HindIIl fragment revealed only one
copy of the gene (data not shown). SDS/PAGE of cell-free ex-
tract from E. coli (pBCP467) showed a band that migrated with
the purified authentic enzyme. After purification, the enzyme
showed the typical physicochemical and enzymatic features of
a copper-quinoprotein amine oxidase.

When the pUC18-based plasmid pBCP467, containing the
maoA gene, was used to transform E. coli TG2 cells, expression
of the gene appeared to be constitutive and high, even in the
absence of isopropyl-thio-f-D-galactopyranoside. By reversal of
the insert, it was shown that the expression was directed by the
lac promoter. High expression of a cloned gene under the direc-
tion of the lac promoter in E. coli TG2 cells in the absence of
isopropyl-thio-f-D-galactopyranoside has been reported before
(Benen et al., 1989).

Our sequence data demonstrate that in E. coli W3350 there
is a sequence, upstream of the maoA gene, with very high sim-
ilarity to the reported maoC gene of K. aerogenes (Sugino et al.,
1992). This is in contrast with results obtained by Azakami et
al. (1994) who reported that there is no maoC gene present
upstream of the maoA gene in the Kohara clone 5F1 (Kohara et
al., 1987), from which they obtained the maoA gene, but rather
a gene that encodes another amine oxidase. The restriction map
of the mao operon and its upstream and downstream regions, as
obtained for our strain, is identical to the Kohara map at
31.1 min of the E. coli chromosome, as compiled by Rudd
(1992) in the Ecoseq6 library. It is different from the one re-
ported by Azakami et al. (1994). Therefore we conclude that we
have cloned the maoA gene of E. coli and that it is preceded by
the maoC gene, as in K. aerogenes. Despite the deviation from
the published E. coli map and genetic organization, the sequence
data of the maoA gene, as published by Azakami et al. (1994),
are nearly identical to the sequence data of the E. coli maoA
gene obtained here.

The isolated preparations (Fig. 2B, species B) appeared to
consist of the expected ECAO for two reasons. Firstly, they
showed the characteristics of copper-quinone amine oxidases
with respect to the size of the subunits, the absorption spectra
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of underivatized and hydrazine-derivatized enzyme (Fig. 3), the
EPR spectrum (Fig. 5), and the presence of TPQ and the consen-
sus sequence that surrounds it (Gly-Asn-TPQ-Asp), as shown
with electrospray mass spectrometry and 'H-NMR spectroscopy
(Steinebach et al., 1995). Secondly, compared with authentic en-
zyme, they showed similar substrate specificities, chromato-
graphic and electrophoretic behaviours, and N-terminal amino
acid sequences.

The preparations were homogeneous with respect to their
subunit composition (SDS/PAGE and native gradient PAGE
showed only one band) and N-terminal amino acid sequence
(only one dominant amino acid was observed in each of the six
sequencing steps). Homogeneity also applied to the Cu(Il) ions
in the protein because the EPR spectrum (Fig. 5) could be fitted
assuming the presence of one single type of Cu(Il). However,
slight heterogeneity was observed upon homogeneous PAGE of
native enzyme, which revealed one diffuse band. High-resolu-
tion anion-exchange chromatography also indicated that the
preparations were heterogeneous (Fig. 2A).

Rechromatography of the separately collected fractions un-
der the same conditions showed their persistent chromatographic
behaviour and A,;4/A., ratio (Fig. 2B), which suggests that dif-
ferent enzyme species were present in the preparations. This pro-
posal was confirmed when the properties of the nearly homoge-
neous fractions, as judged from their peak symmetry (Fig. 2B),
were compared (Table 2), which showed differences in specific
activity, hydrazine-titratable TPQ (Fig. 4) and peak ratios in the
absorption spectrum, as reflected by the A,.,/As,, value. Thus
the preparation must consist of at least four distinct enzyme
species, the TPQ content of which (as estimated from the
AqralAsq 1atio and the amount of hydrazine required for com-
plete inhibition) correlates with the specific activity. The results
suggest that proper expression of the gene (homogeneity in pro-
tein size and N-terminal amino acids) but improper processing
of the precursor enzyme to holoenzyme occurred, as illustrated
by the different TPQ contents of the ECAO species. Whether
the organism, the overexpression system or the growth condi-
tions used for the recombinant strain were responsible for the
suboptimal synthesis of functional TPQ is unknown.

The specific activity of another overexpressed £. coli amine
oxidase (Roh et al., 1994) was much lower than that of authentic
enzyme. The specific activity of our preparation is the highest
value reported for E. coli amine oxidase [17.6 U/mg (at 200 uM
2-phenylethylamine) versus 1.2 U/mg protein (at 100 uM tyra-
mine) for overexpressed enzyme (Roh et al., 1994) and 5.6 U/
mg protein (at 5 mM 2-phenylethylamine) for authentic enzyme
(Cooper et al., 1992)] and the A,./As,, ratio is higher than the
value derived from the spectrum of authentic enzyme [1.0 versus
0.8 (Cooper et al., 1992)]. Recently, it was shown (Hanlon et
al., 1995) that the specific activity of overexpressed E. coli
amine oxidase varies with the recombinant strain and growth
conditions used. Thus, although the activity of the overexpressed
enzyme varies, the overexpression system per se is not responsi-
ble but the processing system present in the recombinant strain
and the conditions during overexpression, are. However, is this
inherent to E. coli or do other organisms exhibit the same
inadequacy ?

Direct quantification of TPQ in amine oxidases is not pos-
sible since the losses that occur during isolation by means of
existing methods (Janes et al., 1990; Steinebach et al., 1995)
preclude this. It is common, therefore, to estimate the amount in
an indirect way by titration of the enzymes with hydrazines.
Upon comparison of the TPQ/subunit ratio for a number of
amine oxidases (Table 3), it appears that the values are in the
range 0.82—0.50. It could be reasoned that the variability de-
rives from analytical problems, e.g. from incorrect protein con-
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Table 3. TPQ/subunit ratios and molar absorption coefficients of
TPQ-phenylhydrazine adducts in amine oxidases. BSAO, bovine
serum amine oxidase; DAO, pig kidney diamine oxidase; ECAO, E. coli
amine oxidase. TPQ/subunit ratios were determined from the compiete-
titration experiments (mol hydrazine/mol amine oxidase subunit).

Phenylhydrazine e TPQ/ References
adduct in subunit

M™'-cm !
BSAO 41500 0.53 Morpurgo et al., 1992
BSAQO 32 400 0.82 Janes et al., 1991
DAO 31700 0.74 Steinebach et al., 1995
ECAO species B 33200 0.5 this work

centration or molecular mass estimates. However, this seems
very unlikely since the values calculated for the molar absorp-
tion coefficient of the TPQ-hydrazine adducts in the enzymes
(the slope of the plot of absorbance versus amount of added
hydrazine; Fig. 4) are very similar (except for one case; Table
3) and the value for the Cu(Il)/subunit ratio is nearly always
close to one. Thus the data suggest that the values found reflect
the presence of substoichiometric amounts of TPQ in the en-
zymes. There are two possible explanations for these data.
Firstly, not all the TPQ present is available for the reaction with
hydrazine or the substrate, e.g., since the enzyme has half-of-
the-site reactivity (Morpurgo et al., 1992) or some active sites
in the preparation are not properly formed, which prevents reac-
tion of TPQ to the common product or keeps it in a state (proton-
ated, reduced) unsuited for reaction. Secondly, TPQ may be ab-
sent from some of the active sites due to a defect in the TPQ-
formation route. At present, insufficient knowledge exists on
amine oxidases to discriminate between the two possibilities.
The work presented here shows, however, that the ECAO prepa-
ration is composed of enzyme molecules with different activi-
ties, which can be separated from each other. This finding elimi-
nates the possibility that the effects are caused by half-of-the-
site reactivity.

Since enzyme activity seems to correlate with the A,;./A4.
ratio, it could be reasoned that a precursor in the biosynthesis of
TPQ or a non-reactive form of TPQ in the active site, has an
absorption band at 340 nm. In the simplest situation, three en-
zyme species can be imagined: one that contains two TPQ/en-
zyme molecule; one that contains one TPQ and one product that
absorbs at 340 nm; and one that contains no TPQ and two pro-
ducts that absorb at 340 nm. The finding that at least four en-
zyme species are present and that the TPQ/subunit ratios of the
three investigated species deviate from 1, 0.5 and 0, indicate that
the situation is more complex than supposed.

The imperfect conversion of a particular tyrosine in the pro-
enzyme into a cofactor, proposed here to be the cause of the
heterogeneity of ECAQ, is not unique. Expression of the gene
for ribonucleotide reductase occurs properly [as judged from
identical subunits observed in the three-dimensional structure
(Nordlund et al., 1990)] but processing of the specific Tyr in the
precursor enzyme to Tyr’, catalyzed by Fe(Ill), does not, since
suboptimal values of the Tyr/subunit ratio (in the range 0.15—
0.30) are found (Ehrenberg and Reichard, 1972).

The authors are grateful to Paola Loreti, who contributed to the isola-
tion of authentic enzyme, and the Dutch Foundation for Scientific
Research (NWO) for providing financial support (to 1. B.) in the frame-
work of NWO/stimulans.



Steinebach et al. (Eur. J. Biochem. 237)

REFERENCES

Azakami, H., Yamashita, M., Roh, J., Suzuki, H., Kumagai, H. &
Murooka, Y. (1994) Nucleotide sequence of the gene for monoamine
oxidase (maoA) from Escherichia coli, J. Ferment. Bioeng. 77, 315—
319.

Benen, J. A. E., van Berkel, W. J. H., van Dongen, W. M. A. M., Miiller,
E. & de Kok, A. (1989) Molecular cloning and sequence determina-
tion of the /pd gene encoding lipoamide dehydrogenase from Pseu-
domonas fluorescens, I. Gen. Microbiol. 135, 1787—1797.

Bossa, M., Morpurgo, G. O. & Morpurgo, L. (1994) Models and molecu-
lar orbital semiempirical calculations in the study of the spectro-
scopic properties of bovine serum amine oxidase quinone cofactor,
Biochemistry 33, 4425—4431.

Bradford, M. M. (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of pro-
tein-dye binding, Anal. Biochem. 72, 248—254.

Bruinenberg, P. G., Evers, M., Waterman, H. R., Kuipers, 1., Amberg,
A. C. & Ab, G. (1989) Cloning and sequencing of the peroxisomal
amine oxidase gene from Hansenula polymorpha, Biochim. Biophys.
Acta 1008, 157—167.

Cai, D. & Klinman, J. P. (1994) Evidence for a self-catalytic mechanism
of 2,4,5-trihydroxyphenylalanine quinone biogenesis in yeast copper
amine oxidase, J. Biol. Chem. 269, 32039—32042.

Cooper, R. A., Knowles, P. F., Brown, D. E., McGuirl, M. A. & Dooley,
D. M. (1992) Evidence for copper and 3,4,6-trihydroxyphenylalanine
quinone cofactors in an amine oxidase from the gram-negative bacte-
rium Escherichia coli K-12, Biochem. J. 288, 337-—340.

Ehrenberg, A. & Reichard, P. (1972) Electron spin resonance of the iron-
containing protein B2 from ribonucleotide reductase, J. Biol. Chem.
247, 3485—3488.

Firste, J. P, Pansegrau, W., Frank, R., Blocker, H., Scholz, P, Bagda-
sarian, M. & Lanka, E. (1986) Molecular cloning of the plasmid RP4
primase region in a multi-host-range facP expression vector, Gene
(Amst.) 48, 119—131.

Greenaway, F. T., O’Gara, C. Y., Marchena, J. M., Poku, J. W,, Urtiaga,
J. G. & Zou, Y. (1991) EPR studies of spin labeled bovine plasma
amine oxidase: the nature of the substrate binding site, Arch. Bio-
chem. Biophys. 285, 291—-296.

Hanlon, S. P, Carpenter, K., Hassan, A. & Cooper, R. A. (1995) Forma-
tion in vitro of the 3,4,6-trihydroxyphenylalanine quinone cofactor,
Biochem. J. 306, 627—630.

Haywood, G. W. & Large, P. J. (1981) Microbial oxidation of amines.
Distribution, purification and properties of two primary-amine oxi-
dases from the yeast Candida boidinii grown on amines as sole nitro-
gen source, Biochem. J. 199, 187—201.

Janes, S. M., Mu, D., Wemmer, D., Smith, A. J., Kaur, S., Maltby, D.,
Burlingame, A. L. & Klinman, J. P. (1990) A new redox cofactor in
eukaryotic enzymes: 6-hydroxydopa at the active site of BSAQ, Sci-
ence 248, 981—987.

Janes, S. M. & Klinman, J. P. (1991) An investigation of BSAO active
site stochiometry: evidence for an aminotransferase mechanism in-
volving 2 carbonyl cofactors per enzyme dimer, Biochemistry 30,
4599--4605.

Klinman, J. P. & Mu, D. (1994) Quinoenzymes in biology, Annu. Rev.
Biochem. 63, 299—344.

Kohara, Y., Akiyama, K. & Isono, K. (1987) The physical map of the
whole E. coli chromosome: application of a new strategy for rapid
analysis and sorting of a large genomic library, Cell 50, 495—508.

Maniatis, T., Fritsch, E. F. & Sambrook, J. (1989) Molecular cloning: a
laboratory manual, 2nd edn, Cold Spring Harbor Laboratory Press,
Cold Spring Harbor NY.

Matsuzaki, R., Fukui, T., Sato, H., Ozaki, Y. & Tanizawa, K. (1994)
Generation of the topaquinone cofactor in bacterial monoamine
oxidase by cupric ion-dependent autooxidation of a specific tyrosyl
residue, FEBS Lert. 351, 360—364.

Matsuzaki, R., Suzuki, S., Yamaguchi, K., Fukui, T. & Tanizawa, K.
(1995) Spectroscopic studies on the mechanism of the topaquinone
generation in bacterial monoamine oxidase, Biochemistry 34, 4524—
4530.

591

Meclntire, W. S. & Hartmann, C. (1993) Copper-containing amine oxi-
dases, in Principles and applications of quinoproteins (Davidson, V.
L., ed.) pp. 97—171, Marcel Dekker, Inc., New York.

Moénne-Loccoz, P., Nakamura, N., Steinebach, V., Duine, J. A., Mure,
M., Klinman, J. P. & Sanders-Loehr, J. (1995) Characterization of
the topaquinone cofactor in amine oxidase from Escherichia coli by
resonance Raman spectroscopy, Biochemistry 34, 7020—7026.

Morpurgo, L., Agostinelli, E., Mondovi, B., Avigliano, L., Silvestri, R.,
Stefancich, G. & Artico, M. (1992) BSAOQ: half-site reactivity with
phenylhydrazine, semicarbazide and aromatic hydrazides, Biochem-
istry 31, 2615—2621.

Mu, D, Janes, S. M., Smith, A. I, Brown, D. E., Dooley, D. M. &
Klinman, J. P. (1992) Tyrosine codon corresponds to topaquinone at
the active site of copper amine oxidases, J. Biol. Chem. 267, 7979~
7982,

Nordlund, P, Sjoberg, B. & Eklund, H. (1990) Three-dimensional struc-
ture of the free radical protein of ribonucleotide reductase, Narure
345, 593—598.

Roh, J. H., Suzuki, H., Azakami, H., Yamashita, M., Murooka, Y. &
Kumagai, H. (1994) Crystallization and preliminiary X-ray analysis
of copper amine oxidase from Escherichia coli K-12, Biosci. Bio-
tech. Biochem. 58, 1652—1656.

Rudd, K. E. (1992) Alignment for E. coli DNA sequences 1o a revised,
integrated genomic restriction map, in A short course in bacterial
genetics: a laboratory manual and handbook for E. coli and related
bacteria (Miller, J., ed.) pp. 2.3—2.43, Cold Spring Harbor Labora-
tory Press, Cold Spring Harbor NY.

Sanger, F., Nicklen, S. & Coulson, A. R. (1977) DNA sequencing with
chain-terminating inhibitors, Proc. Natl Acad. Sci. USA 74, 549—
556.

Shimizu, E., Ichise, H. & Yorifuji, T. (1990) Phenylethylamine oxidase,
a novel enzyme of Arthrobacter globiformis, may be a quinoprotein,
Agric. Biol. Chem. 54, 851—853.

Steinebach, V., Groen, B. W., Wijmenga, S. S., Niessen, W. M. A,
Jongejan, J. A. & Duine, J. A. (1995) Identification of topaquinone,
as illustrated for pig kidney diamine oxidase and Escherichia coli
amine oxidase, Anal. Biochem. 230, 159—166.

Sugino, H., Sasaki, M., Azakami, H., Yamashita, M. & Murooka, Y.
(1992) A monoamine-regulated Klebsiella aerogenes operon con-
taining the monoamine oxidase structural gene (maoA) and the maoC
gene, J. Bacteriol. 174, 2485—2492.

Tanizawa, K., Matsuzaki, R., Shimizu, E., Yorifuji, T. & Fukui, T. (1994)
Cloning, sequencing of phenylethylamine oxidase from Arthrobacter
globiformis and implication of Tyr-382 as the precursor to its cova-
lently bound quinone cofactor, Biochem. Biophys. Res. Commun.
199, 1096—1102.

Turowski, P. N., McGuirl, M. A. & Dooley, D. M. (1993) Intramolecular
electron transfer rate between active site copper and topaquinone in
pea seedling amine oxidase, J. Biol. Chem. 268, 17680—17682.

van lersel, J., Frank, J. & Duine, J. A. (1985) Determination of absorp-
tion coefficients of purified proteins by conventional ultraviolet spec-
trophotometry and chromatography combined with multiwavelength
detection, Anal. Biochem. 151, 196—204.

van lersel, J., van der Meer, R. A. & Duine, J. A. (1986) Methylamine
oxidase from Arthrobacter P1. A bacterial copper-quinoprotein
amine oxidase, Eur. J. Biochem. 161, 415—419.

Yamada, H., Adachi, O. & Ogata, K. (1965) Amine oxidases of microor-
ganisms part II. Purification and crystallization of amine oxidases of
Aspergillus niger, Agric. Biol. Chem. 33, 1707—1711.

Yannish-Perron, C., Vieira, J. & Messing, J. (1985) Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the

~M13mp18 and pUC19 vectors, Gene (Amst.) 33, 103—119.

Zhang, X., Fuller, J. H. & Mclntire, W. S. (1993) Cloning, sequencing,
expression, and regulation of the structural gene for the copper/to-
paquinone-containing methylamine oxidase from Arthrobacter strain
P1, a gram-positive facultative methylotroph, J. Bacteriol. 175,
5617-5627.





