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SUMMARY
A trout liver monoamine oxidase (MAO) cDNA was cloned by
screening a cDNA library with a human MAO-A cDNA probe.
The trout MAO cDNA encodes 499 amino acids, with a molecular
mass of 56.6 kDa. The deduced amino acid sequence of trout
MAO shows 70% and 71 % identity with those of human MAO-
A and MAO-B, respectively. Trout MAO contains the pentapep-
tide sequence Ser-Gly-Gly-Cys-Tyr, to which the cofactor FAD
is covalently bound. Transient expression of the cDNA in
COS-7 cells shows that trout MAO oxidizes both serotonin [5-
hydroxytryptamine (5-HT)] and fl-phenylethylamine (PEA), unlike

human MAO-A and MAO-B, which oxidize only 5-HT and PEA,
respectively. The Km for 5-HT is similiar for trout MAO (130 ± 17
mM) and human MAO-A (68 ± 4 mM). The Km for PEA is similiar

for trout MAO (1 2.5 ± 2.0 mM) and human MAO-B (1 .5 ± 0.2
mM). When 5-HT is used as a substrate, trout MAO is more
sensitive to clorgyline (lC�, 2.8 ± 0.2 x 1 0� M) than deprenyl
(IC50, 1 .0 ± 0.1 x 1O_6 M), a result similiar to the inhibtion
selectivity of human MAO-A. However, trout MAO is less sensi-
tive to clorgyline than is human MAO-A (lCso, 5.8 ± 0.1 X �
M). Trout MAO is less sensitive to deprenyl (IC50, 4.6 ± 0.3 x
1O� M) than is human MAO-B (IC50, 1 .4 ± 0.1 x iO� M) when
PEA is used as the substrate. These results indicate that trout
MAO displays substrate and inhibitor selectivities that are not
identical to those of either MAO-A and -B, and it therefore
represents a novel type of MAO. The structure of trout MAO will
provide insights into the substrate and inhibitor selectivities of
the MAOs.

MAO (EC 1.4.2.4) is a flavoenzyme, located in the outer

mitochondrial membrane (1), that catalyzes the oxidative
deamination of many neurotransmitters and dietary amines.
Two types of MAO (A and B) have been described, based on

substrate preferences and inhibitor selectivity (2-5). MAO-A
preferentially oxidizes biogenic amines such as 5-HT, norepi-
nephrine, and epinephrine and is irreversibly inactivated by
lower concentrations of clorgyline than is MAO-B. MAO-B

preferentially oxidizes PEA and benzylamine and is inactivated
by lower concentrations ofdeprenyl than is MAO-A. Dopamine,

tyramine, and kynuramine are common substrates for MAO-A
and -B.

Cloning of the H-MAO-A (6, 7) and H-MAO-B cDNAs (6)

and their expression in mammalian cells (8) provided unequiv-
ocal evidence that the substrate and inhibitor selectivities of

MAO-A and B reside in their primary amino acid sequences.
Comparisons of the deduced amino acid sequences from the
H-MAO-A, R-MAO-A, and B-MAO-A and the H-MAO-B and
R-MAO-B cDNAs show greater identity for the same MAO
subtype from different species, compared with the identity

between MAO-A and -B from the same species (9). Both forms
of MAO have been detected in birds, reptiles, and amphibia
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(10). Sea urchins (11) and starfish (12) contain a single form
of MAO that oxidizes both 5-HT and PEA but shows a higher
affinity for PEA. Furthermore, this MAO activity is more

sensitive to deprenyl than clorgyline regardiess of the substrate

used, which suggests that it is like the B subtype. Similarly,

MAO activity found in octopus oxidizes both 5-HT and PEA,

but the latter has a higher affinity (13). However, octopus MAO
is equally sensitive to clorgyline and deprenyl regardless of the

substrate, suggesting that it does not correspond to the A or B

subtype. Teleosts, including goldfish (14), perch (15), carp (16,
17), trout (17), and pike (18), contain a single form of MAO,
unlike tetrapods, which contain both MAO-A and -B subtypes.
Evidence for a single form of MAO in teleosts is based on the
observation that MAO inhibitors display single-phase sig-
moidal inhibition curves. In contrast, tetrapods display a dou-
ble-phase sigmoidal inhibition curve using either clorgyline or

deprenyl, which indicates the presence of two MAO subtypes.
It is believed that MAO-B confers an advantage for a terrestrial
mode of life (10).

The sensitivity of teleost MAO to inhibition by MAO-A-
selective inhibitors such as harmaline and clorgyline suggests

a type A-like enzyme (10, 14, 15). However, other studies using
MAO-A- and -B-selective substrates and inhibitors show that

teleost MAO is equally sensitive to clorgyline and deprenyl and

is capable of oxidizing both 5-HT and PEA (16-18). This paper
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was designed to further evaluate the enzymatic properties of

teleost MAO by cloning and expressing a T-MAO cDNA. It is

of great interest to determine the primary structure of T-MAO

for comparisons at the amino acid level, to help identify do-

mains important for substrate and inhibitor selectivity.

Materials and Methods

cDNA representing nucleotides 553-1201 (6). Three clones

were identified; they differ only in the lengths of their 3’ ends.

The nucleotide sequence and deduced amino acid sequence of
the longest clone, of 2.8 kilobases (T-MAO-2.8), are shown in
Fig. 1. The open reading frame of T-MAO-2.8 contains an ATG
initiation codon at nucleotide 100 and a TAG stop codon at

Chemicals. [a-32P]dATP (3000 Ci/mmol) was purchased from

Amersham. [3H]5-HT (26.7 Ci/mmol) and [‘4C]PEA (58 Ci/mmol)

were purchased from DuPont.
Screening ofa cDNA library. A AZapil cDNA library constructed

from trout liver poly(A)� mRNA was kindly provided by Dr. T. T.

Chen. Approximately 1 x 10” plaques were screened by hybridization
to a 32P-labeled Sac! restriction fragment that represents nucleotides
553-1201 of the H-MAO-A cDNA (6).

Three positive clones were initially selected and partially sequenced

to identify sequence homologies with MAO. A clone containing the
largest positive cDNA insert (2.8 kilobases) was sequenced on both

strands by the dideoxy method, using Sequenase version 2.0 (United

States Biochemicals) (19). Universal and reverse primers, in addition

to primers based on obtained sequences, were used for DNA sequencing.

Transient expression of MAO cDNAs. T-MAO, H-MAO-A, and
H-MAO-B cDNAs were subcloned into the EcoRI site of the mamma-

han expression vector pECE (yielding T-MAO/pECE, H-MAO-A/

pECE, and H-MAO-B/pECE, respecitvely) (8). The correct orientation

of the cDNAs with respect to the simian virus 40 promoter was

determined by endonuclease digestion. The resulting plasmids were
purified by two CsCl gradients and were transiently transfected into

COS-7 cells by a high efficiency, calcium phosphate transfection
method (20). Fifty milligrams each of H-MAO-A/pECE, H-MAO-B!

pECE, and T-MAO/pECE were transfected under the same conditions.

Determination of MAO-A and -B catalytic activity. Catalytic
activities of T-MAO and H-MAO-A and -B were determined by using
whole-cell homogenates of the transfected cells, as described previously
(21). Approximately 5 x 106 transfected COS cells were homogenized

in 250 �l of 50 mM sodium phosphate buffer, pH 7.4. The final
concentrations in the 1-ml assay mixture were 50 mM sodium phosphate

buffer, pH 7.4, 100 �zM [3H]5-HT or 10 �sM [‘4C]PEA, and 40 �l of the

transfected cell homogenate. After a 20-mm incubation at 37�, the
reaction was terminated by the addition of 0.1 ml of 6 N HC1. The

reaction product was extracted with 6 ml of ethyl acetate/benzene (1:1)

(for 5-HT) or toluene (for PEA). Each tube was vortexed for 30 sec
and centrifuged at 2000 x g for 10 mm. Four milliliters of the organic
layer were withdrawn and mixed with 5 ml of scintillation fluid. The
radioactivity of the reaction product was determined by liquid scintil-
lation counting.

For determination of kinetic parameters, [3H]5-HT (10-100 �M) and
[‘4C]PEA (1-10 �sM) were varied over a 10-fold concentration range,

and approximately the same number of cells (-.8 x i0�) were used for
each assay point. K,,, and V� values were determined by the direct

linear estimate method, as implemented in the Enzyme Kinetics pro-
gram (D. G. Gilbert, dogStar Software, Biology Department, University
of Indiana, Bloomington, IN).

Inhibition of the expressed wild-type and mutant MAO-A and -B by
deprenyl and clorgyline was performed by preincubating various con-
centrations of the inhibitors with whole-cell homogenates (-.8 x 10”
cells) at 37’ for 30 mm before addition of the substrate. The concen-
tration of deprenyl or clorgyline required for 50% inhibition of MAO
activity (IC�) was calculated by Hill analysis. The IC� values were the
mean of two determinations. The protein concentration of the cell
homogenate was determined by the method of Lowry et a!. (22).

Results

Isolation of the T-MAO eDNA. A trout liver cDNA library

was screened by hybridization to a 32P-labeled H-MAO-A

1 GGAATTcGCGGCCGCCGAGGCAAcGGCAGOCAGGCTrGGT�AG&GCGAGAGAT�ACAG

61 �
MTAQNT?

121 �
DVIVIGGGISGLSAAXLLXZ

181 ACCGGG�GGTGGACGGACCT�C
XGLSPVVLEARDRVGGRT?T

241 GTAGCTA�TA�TCTOGGcGOGGcCT�CGTCGGGCCTACTCAG
VQNEQTXYVDLGGAYVGPTQ

301 �
NRILRLAEECGVXTIKVNEB

361 G5G�GCTGGTGCATTATGTAAAGGGGAAGTCCTACCCATTCAAAGGCTCCTTCCcCCCC
ERLVHTVXGXSYPFKGSFPP

42 1 �
H S N P P AL N D Y N N L N RN N D SM

481 GGC�CGAGATCcCCAGAGAOGCTCCATGGAAGGCTCCACATGCTG�G�TGGGNA&G
C SE I PREAPWKAPHAEEWDM

541 ATG�CATGAGC�CTrr�AThAGATCTGC?GGACCAGTTCTGCGAGGCGGTTCGCA
MTMXQLFDXICWTSSARRFA

601 �
TLPVNVNVTSEPHEVSALWF

661 C�GT�GGCAcCA�GG�GGA
LWYVXQCGGTMRIFSTTNGG

72 1 �
QERXFLGGSSQISECMAXEL

781 GGTGCGGGTCAGA�GtCTACAA�G�CN�ACAGGGGNATGGTC
GERVXMESPVYXIDQTGDMV

841 GAGGTCGAGACGCTCAACAAGGAAACATACAAGGCCAAGTATGTGATTGTGGCGACCCCT
EVETLNXETYKAKYVIVATP

901 CCTGG1’CTGAAC�’rGAA.GM’GCACTTCAACCCCGAGCTACCCCCTCTCaGAA�C�CTG
PGLNLKMHFNPELPPLRNQL

961 �
I HRVPMGSVIXC IVY YREN?

102 1 1�G�GAAGAM.GGGTACTGTGGCACTATGGTGATCGNG�GAAG�GcCCcCA1’NGC
WRXXGYCGTMVIEEEEAPIG

1081 ��TGGAGCCCGA�GGTGCCCGCCATTA1�GGCTTCATCCTG
LTLDDTXPDGTVPAIMGFIL

1 141 �
ARKCRKLCGLTXEERXXRIC

1201 GAGATCT�tCGCT�GCT�AGGAGGCTCTGCATCCTGTGC5CTATG�GAG
E I Y SRVLGSEEALHPVM YEE

1261 AGG�GTATrC1�GN1GCTGCT�ACTGCT1�T1tCCCCCTGGT
XNWCEEE YSGGC YTAYFPPG

132 1 ATACTC�CCAGTACGGCAGGT�tTCAGGGAGCC�TAGGCAGGCTGT�TTrGCAGGA
ILTQYGXVLREPVGRLYPAG

1381 �
TETATEWSGYMEGAVQAGER

1441 GCCGCCGGTCATGTA1AAATGGGC�GATTCCAC�GAGTC�MVTGGCAA�A

AAREVMYEMGRIPQSQIWQT

1501 �

EPESVEVPALPFVTTFWERN

1561 CTTCCAGGCGGG�ATC�TTCCTGGCGT�CCTCCGTCCTGTCTGTTGCAA

LPSVGGFINFLA

1621 CTGCAGCAGGCATGTTt�GCCTATCAGAAGGGGCTTCTCACCCGGAGCTWCCTAMCCC

1681 CTCCCACCA�CACCTCTCTCCTGCATCTCAGAGGGCAATTCTCTGACGGCAC�TAT1tC

1741 �

1801 GTGTATA�TAGC�TrATAGGAACAGGTTGCATGTGAG&CGTTGCC�CTCT

1861 �

192 1 �TCATTC�AGTGTCAACAAGGACTATAAGCAGCTCACAATATATGA1�TTGCTAAGT

1981 GCT�ATCTAGGGAAGTCTAGCAAAT5GT5GTTAAGTT�AThCAT

2041 AG�AGC5CT 2050

Fig. 1. T-MAO cDNA sequence and deduced amino acid residues (one-
letter code).



A

0
-12 -10 -8 -6 -4

log [Inhibitorl (M) (Deprenyl or Clorgyline)

0

0

If)

0.1w

B

-12 -10 -8 -6 -4
log [Inhibitorl (M) (Deprenyl or Clorgyline)

1228 Chen of al.

nucleotide position 1548. It codes for a polypeptide of 499 amino
acids, with a molecular mass of ‘�56.6 kDa.

Catalytic activity and Km values for T-MA0 expressed

in transfected COS-7 cells. T-MAO expressed in COS-7
cells was capable of oxidizing both 5-HT and PEA (Table 1).

In contrast, cells transfected with the H-MAO-A or -B cDNA

showed only 5-HT or PEA oxidation, respectively. No endog-
enous MAO enzymatic activity towards 5-HT or PEA was
detected in COS-7 cells.

The kinetic parameters Km and Vmax were determined from

homogenates prepared from COS-7 cells transfected with the

T-MAO, H-MAO-A, or H-MAO-B cDNA (Table 1). The Km

values for 5-HT were similar for T-MAO (130 ± 17 sM) and
H-MAO-A (68 ± 4 mM). Likewise, the Km values for PEA were
similar for T-MAO (12.5 ± 2.0 �zM) and H-MAO-B (1.5 ± 0.2

mM). The V� values obtained by using 5-HT as a substrate

were similar for T-MAO (22 ± 2 nmol/20 mm/mg of protein)

and H-MAO-A (21 ± 1 nmol/20 mm/mg of protein), as were

the Vm.� values for T-MAO (8.4 ± 0.9 nmol/20 mm/mg of

protein) and H-MAO-B (4.8 ± 0.2 nmol/20 mm/mg of protein)

obtained by using PEA as the substrate. Of interest was the
difference in V� values of T-MAO for 5-HT (22 ± 2 nmol/20

mm/mg of protein) and for PEA (8.4 ± 0.9 nmol/20 mm/mg of

protein). This difference was not due to transfection efficien-

cies, because the same transfections were used to measure both

5-HT and PEA oxidation. Despite a higher Km for 5-HT,
compared with PEA, T-MAO oxidizes 5-HT at a higher rate
than it does PEA.

Inhibitor sensitivity of T-MAO expressed in COS-7
cells. The inhibitory effects of clorgyline and deprenyl on

T-MAO, H-MAO-A, and H-MAO-B expressed in transfected
COS-7 cells are shown in Fig. 2. The difference in sensitivity

between these two inhibitors was more pronounced for
H-MAO-A or H-MAO-B than T-MAO when either 5-HT or
PEA was used as a substrate (Table 2). T-MAO was approxi-

mately 36-fold more sensitive to inhibition by clorgyline (IC�,

2.8 ± 0.2 x iO-� M) than deprenyl (ICro, 1.0 ± 0.1 X 10_6 M)

when 5-HT was used as a substrate. However, H-MAO-A was

approximately 2000-fold more sensitive to inhibition by clor-
gyline (ICro, 5.8 ± 0.1 x 10-’#{176}M) than deprenyl (ICro, 1.2 ± 0.1
x 10_6 M). The difference in the relative potencies of these two

inhibitors for inhibition of T-MAO and H-MAO-A was due to
the fact that T-MAO was approximately 48-fold less sensitive

to inhibition by clorgyline than was H-MAO-A. The two were

equally sensitive to inhibition by deprenyl when 5-HT was used

TABLE 1

Kinetic parameters of 1-MAO, H-MAO-A, and H-MAO-B expressed
in COS-7 cells
The cDNAs for these proteins were transfected into mammalian COS cells as
described ui the text. Km Wid Vm.� V&LJ�S of th� expressed enzymes were deter-
mined as described in Materials and Methods, using [‘4CJPEA (1-10 �M) and [3H]
5-HT (10-100 �sM) as the substrates. The protean concentration of the cell homog-
enate was determined by the method of Lowry et a!. (22). The Km �fld Vm.� V�IL1�S

are the means of two determinations.

131115-HT (‘4CJPEA

Km V,� Km V,m,

U nrno!/20 mm/mg nmo!/20 mm/mg
Ii olptclein �sM of protein

T-MAO 130±17 22±2 13±2 8.4±0.9
H-MAO-A 68 ± 4 21 ± 1 ND� ND
H-MAO-B ND ND 1.5 ± 0.2 4.8 ± 0.2

a ND, activity not detected.

Fig. 2. Clorgyline and deprenyl inhibition of T-MAO (Lx, 0) and H-MAO-A
(A, U) activity expressed in COS cells, using 5-HT (1 00 mM) as the
substrate (A), and of T-MAO (Li, 0) and H-MAO-B (A, U) activity ex-
pressed in COS cells, using PEA (1 0 mM) as the substrate (B). See
Materials and Methods for a detailed description of the assay. �, A,
clorgyline; 0, t deprenyl.

as the substrate. Although T-MAO and H-MAO-A display
similar Km and deprenyl ICro values for the oxidation of 5-HT,
they possess different sensitivities towards clorgyline.

When PEA was used as a substrate, T-MAO was approxi-
mately 8-fold more sensitive to inhibition by clorgyline (ICro,

5.5 ± 0.1 x 10_8 M), compared with deprenyl (ICro, 4.6 ± 0.3 X

iO-� M). However, H-MAO-B was about 290-fold more sensitive

to deprenyl (ICro, 1.4 ± 0.1 x i0� M) than clorgyline (ICro, 4.0

± 0.2 x i0� M). Taken together, these data indicate that
T-MAO is capable of oxidizing both 5-HT and PEA. Further-
more, T-MAO is more sensitive to inhibition by clorgyline,
regardiess of whether 5-HT or PEA is used as the substrate,

suggesting that T-MAO is different from either H-MAO-A and
H-MAO-B but is more like H-MAO-A.

Comparison of the amino acid sequence of T-MAO
with those of H-MAO-A, B-MAO-A, R-MAO-B, H-MAO-
B, and R-MAO-B. To understand the structural requirements
underlying MAO-A and -B substrate and inhibitor selectivity,

the amino acid sequence of T-MAO was compared with those

of R-MAO-A (23), H-MAO-A (6), B-MAO-A (24), H-MAO-B

(6), and R-MAO-B (25). The percentage identity between the



TABLE 2
lCse values for 1-MAO, H-MAO-A, and H-MAO-B expressed in COS cells
IC50 values were determined in the presence of various concentrations of deprenyl and clorglyline. Inhibitors were preincubated for 30 mm before addition of the
substrates. The lCse values are the means of two determinations.

IC50

[3HJ5-HT [“CIPEA

Clorgyhne Deprenyf CklrgyIine Depren�l

T-MAO
H-MAO-A
H-MAO-B

2.8 ± 2 x 10_s
5.8 ± 0.8 x 10b0

ND

1.0 ± 0.1 x 10�
1.2 ± 0.1 x 10�

ND

U

5.5 ± 0.1 x 10_8

ND8
4.0 ± 0.2 x i0�

4.6 ± 0.3 x i0�
ND

1.4 ± 0.1 x i0�

a ND, not determined.
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amino acid sequence of T-MAO and those of R-MAO-A,
H-MAO-A, and B-MAO-A ranges from 69 to 70%, which is
similar to the identity between T-MAO and H-MAO-B or R-

MAO-B (Table 3). The highest levels of amino acid identity
were found for the same form of MAO from different species,

i.e., MAO-A (85-88%) and MAO-B (88%) (Table 3).

Alignment of T-MAO, R-MAO-A, H-MAO-A, B-MAO-A,

H-MAO-B, and R-MAO-B is shown in Fig. 3. There are four

highly conserved regions among T-MAO and MAO-A and -B
from various species (Fig. 3). The first is located near the amino

terminus of all MAO molecules, corresponding to T-MAO
amino acids 8-45. This region is predicted to fold as an ADP-

binding � unit, based on a set of rules describing the type of

amino acid required at 11 specific positions of a peptide frag-
ment (26). Position 11 of the ADP “fingerprint” region hydro-

gen bonds with the 2’-OH of the FAD cofactor and must be

either aspartic acid or glutamic acid. All MAO molecules have

an aspartic acid residue in this position (amino acid residue 39
for T-MAO) except for B-MAO-A, which contains glutamic
acid. The second region is located at T-MAO residues 180-223

and currently has no known function. The third region is
located at T-MAO residues 382-453 and represents the most

conserved region among all MAO molecules regardless of the

subtype. This region contains the pentapeptide Ser-Gly-Gly-

Cys-Tyr, in which the obligatory cofactor FAD is covalently
bound to cysteine. The fourth region is structurally conserved

for all species except for trout. It is located at the carboxyl

terminus (R-MAO-A amino acids 500-518) and consists of a

transmembrane segment that was predicted, by the method of
Rao and Argos (27), using the PCGENE software program
RAOARGOS (Intelligenetics, Mountain View, CA), to form a
membrane-associated a-helix. Furthermore, this motif is fol-

lowed by eight or nine amino acids, three of which are basic

TABLE 3
Comparison of the overall percentage identity among the amino
acid sequences of 1-MAO, R-MAO-A, H-MAO-A, B-MAO-A, H-MAO-
B, and R-MAO-B

The Genetics Computer Group molecular biology software program GAP was used
to determine the percentage identity.

identty

1-MAO A-MAO-A H-MAO-A B-MAO-A H-MAO-B

%

T-MAO 100
A-MAO-A 70 100
H-MAO-A 70 87 100
B-MAO-A 69 85 88 100
H-MAO-B 71 72 73 72 100
A-MAO-B 71 71 72 70 88

(Fig. 3). The mitochondrial targeting signal for R-MAO-B is

located in the carboxyl-terminal 29 amino acids (28). Strikingly,

T-MAO lacks a transmembrane segment and the basic residues
found in the mammalian forms of MAO.

Amino acid residues that are conserved between species but

different between MAO-A and MAO-B, especially the noncon-

served substitutions, may represent residues that are important

for conferring substrate and inhibitor selectivity. Among these
nonconserved amino acid substitutions between MAO-A and

-B, the amino acids conserved between T-MAO and MAO-A
might be important for conferring MAO-A characteristics

(H-MAO-A amino acids Leu-26, Glu-58, Ala-68, Tyr-100, Ala-
120, His-148, Lys-154, Phe-173, Asn-181, Ser-184, Pro-186,

Phe-208, Glu-286, Met-300, Pro-347, Lys-370, and Asn-494)

and those amino acids conserved between T-MAO and MAO-

B may confer MAO-B characteristics (H-MAO-B amino acids

Ala-72, Glu-84, Thr-201, Glu-232, Ala-257, Ser-293, Thr-314,

Arg-350, Thr-356, Glu-359, Leu-407, Pro-458, Gln-464, Val-

470, and Pro-476) (Fig. 3).

Comparison of the secondary structures of T-MAO and

H-MAO-A and -B. The secondary structures of H-MAO-A
and -B and T-MAO were predicated by the method of Gamier

et al. (29), using the PCGENE software program GARNIER

(Intelligenetics). As shown in Fig. 4, the four highly conserved

amino acid regions, consisting of the ADP-binding motif, a

putative substrate binding region, the site of FAD covalent

attachment, and a membrane-spanning segment, also show
high levels of similarity in predicated secondary structure.

Other regions of similar secondary structure for all MAO mol-
ecules correspond to T-MAO amino acids 53-72 and 138-155

(Fig. 4). The differences between the secondary structure of

T-MAO and those ofthe other MAO forms seem to be scattered

throughout the polypeptide. However, there are clusters of
secondary structures that are conserved only between T-MAO

and H-MAO-A or between T-MAO and MAO-B. For example,

regions corresponding to T-MAO residues 174-177, 339-343,

and 473-476 form structures that are conserved with MAO-A
but not MAO-B. Although the amino acid identity between
T-MAO and both MAO subtypes (69-71%) is similar to the
identity between MAO-A and MAO-B subtypes (70-73%), it
appears that the secondary structure is more conserved between

the MAO-A and MAO-B subtypes. Whether these differences

in secondary structure impart inhibitor or substrate selectivity

remains to be studied.

Discussion

The present study clearly demonstrates that transient

expression of a T-MAO cDNA can generate deprenyl and
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Fig. 3. Alignment of amino acid sequences for
T-MAO, A-MAO-A, H-MAO-A, B-MAO-A,
H-MAO-B, and A-MAO-B. Sequences were
aligned using the Genalign program (Intelligenet-
ics). �, Nonconserved amino acids that are iden-
tical specifically between T-MAO and MAO-A.
Vertical lines, nonconserved amino acids that
are identical specifically between T-MAO and
MAO-B. Boxed regions, highly conserved re-
gions; underlined amino acids, basic amino
acids.
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clorgyline inhibition curves similar to those found in trout eggs
(17), liver, brain, kidney, and intestine (30). The single-phase

sigmoidal inhibition curve provides evidence for a single en-
zyme in homogenized tissue and mitochondrial isolates (17).

Our results show that T-MAO has properties more like those

of the MAO-A form, for the following reasons: 1) T-MAO is

capable of oxidizing both 5-HT and PEA in transient expres-

sion assays, unlike the MAO-A or -B subtypes, with which only

5-HT or PEA, respectively, is deaminated, and 2) T-MAO is
more sensitive to inhibition by clorgyline than deprenyl, me-
gardiess of whether 5-HT or PEA is used as substrate (Fig. 2).

These features of T-MAO are very similar to those of placenta

H-MAO-A (31), which can oxidize both 5-HT and PEA and is
more sensitive to clorgyline than deprenyl. However, T-MAO

shares 68% and 69% amino acid homology with MAO-A and
-B, respectively, which does not reflect any more resemblance

to MAO-A (Fig. 3; Table 3).

Although the mechanism determining the selectivity of the
two forms of MAO remains uncertain, the increasing number

of primary structures from different species provide insight for
relating structure to enzymatic selectivity. Which residues con-

fer MAO-A or -B enzymatic activity is a central question that

remains to be answered. Comparison of the sequences of the

different forms (MAO-A and -B) with those from other species

(human, cow, and rat) (Fig. 3) showed that there is a greater
degree of similarity between the same form from different

species than between different forms from the same species.
For example, R-MAO-B and H-MAO-B have approximately

90% identical amino acid residues, whereas H-MAO-A and -B
share only approximately 70% of their amino acid residues.

Those amino acid residues that are identical in different species
and subtypes can be inferred to have been conserved during
evolution because they are functionally important. More im-
portantly, those residues that are conserved between species

but are different in the MAO subtypes, especially nonconserved
substitutions, could be residues that are important in conferring

the selectivity of the two types of MAO. Among these noncon-
served substitutions, T-MAO shares homology with both
H-MAO-A and H-MAO-B (Fig. 3).

There are only 15 nonconservative amino acid residues that

are identical in T-MAO and MAO-B but not in MAO-A
(H-MAO-B amino acid residues Ala-72, Glu-84, Thr-201, Glu-

232, Ala-257, Ser-293, Thr-314, Arg-350, Thr-356, Glu-359,

Leu-407, Pro-458, Gln-464, Val-470, and Pro-476). It is tempt-

ing to speculate that these amino acids may partly contribute

to the MAO selectivity. Our intron-exon mutagenesis studies on
H-MAO-A show that Ala-257 does not affect MAO-A or MAO-

B enzymatic selectivity. Mutagenesis of the remaining 14 amino

acids of T-MAO to those of MAO-A may impart more MAO-

A-specific properties.

T-MAO has 499 amino acids, which is the shortest among

all the cloned MAOs (Fig. 3). The carboxyl-terminal 29 amino
acids have been shown to be the mitochondrial targeting signal

in liver R-MAO-B (28). It is intriguing that the carboxyl
terminus of T-MAO is not predicted to form a membrane-

associated a-helix but T-MAO is localized to the mitochondria.

However, the last 10 amino acids in T-MAO are all hydrophobic

and may favor membrane anchorage. The absence of basic
residues in the carboxyl terminus of T-MAO may decrease the
rate of import to the mitochondria. The yeast outer mitochon-

drial membrane protein 70 molecule contains at its amino

terminus a “signal-anchor” motif made up of a short stretch of
basic residues followed by a membrane-spanning region (32).

The mitochondrial import rate of this molecule is dependent
on the amino-terminal basic region.

In summary, we have cloned the T-MAO cDNA and ex-
pressed it in mammalian cells to characterize its substrate and

inhibitor selectivities. Our results demonstrate that T-MAO 1)

oxidizes both 5-HT and PEA (but the former is the preferred
substrate), 2) is inhibited by lower concentrations of clorgyline

than deprenyl, 3) has similar levels of amino acid identity to

both MAO subtypes, and 4) lacks carboxyl-terminal structural
homology to mammal MAOs. It is for these reasons that

T-MAO represents a novel type of MAO.
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