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Abstract 

Inherited variations in monoamine oxidase (MAO) activity are thought to affect human behavior and 
expression of disease. The present study has established the chromosomal location of one of the structural 
genes coding for this enzyme. Mapping was carried out by somatic cell hybridization between normal 
human skin fibroblasts and mouse neuroblastoma cells. Selective media for growth of cells with or without 
hypoxanthine phosphoribosyltransferase (HPRT) activity were used to obtain hybrid lines which had 
retained or lost the human X chromosome, respectively. Cytogenetic techniques, isozyme analysis, and 
limited proteolysis and peptide mapping of [3H]pargyline-labeled MAO were used to characterize hybrid 
lines. With one exception, only lines containing the human X chromosome and human forms of two X- 
linked enzymes (phosphoglycerate kinase and glucose-6-phosphate dehydrogenase) expressed the human 
form of the flavin polypeptide of type A MAO. The exceptional hybrid line contained a putative 
translocation of part of the human X chromosome, since it expressed human forms of both MAO and 
phosphoglycerate kinase but neither the human form of glucose-6-phosphate dehydrogenase nor HPRT 
activity. This evidence indicates that the structural gene for the flavin polypeptide of MAO-A is on the 
human X chromosome. This represents the first chromosomal assignment of a human gene coding for an 
enzyme of neurotransmitter metabolism. This information will help to elucidate the structure of MAO and 
modes of its inheritance in the human population. 

Inherited variations in the activity of enzymes involved 
in neurotransmitter metabolism are thought to affect 
individual differences in neurophysiology, behavior, and 
susceptibility to disease. In order to understand the mo- 
lecular basis of these variations, it is necessary to estab- 
lish the number of genes and the nature of the gene 
products critical to expression of these enzymes. Knowl- 
edge of the chromosomal location of genes involved in 
neurotransmitter metabolism should contribute to this 
understanding. 

Monoamine oxidase (MAO, EC 1.4.3.4) is the enzyme 
primarily responsible for degradative deamination of bio- 
genie amine transmitters in the nervous system (for 
reviews, see Murphy, 1978; Houslay et al., 1976). Two 
types of activity have been distinguished on the basis of 
substrate affinity and drug sensitivity. Type A has a 
higher affinity for norepinephrine and serotonin and is 
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inhibited by lower concentrations of clorgyline; type B 
has a higher affinity for phenylethylamine and benzyla- 
mine and is inhibited by lower concentrations of de- 
prenyl. These types of activity differ in their tissue dis- 
tribution and developmental expression. Both types are 
active in the human nervous system (Owen et al., 1979; 
Oreland and Fowler, 1979). 

Monoamine oxidase is an integral membrane protein 
located in the outer mitochondrial membrane (Sottocasa 
et al., 1967). It is thought to be a dimer composed of two 
subunits of approximately equal molecular weight (about 
60,000 daltons), one of which bears a covalently attached 
flavin cofactor (Oreland et al., 1973; Collins and Youdim, 
1975; Minamiura and Yasunobu, 1978). This flavin poly- 
peptide can be analyzed by gel electrophoresis following 
covalent binding of the irreversible inhibitor [“Hlpargy- 
line (Hellerman and Erwin, 1968; Chuang et al., 1974). 
The flavin polypeptides associated with A and B types of 
activity differ in apparent molecular weight (Callingham 
and Parkinson, 1979; R. M. Cawthon, J. E. Pintar, F. P. 
Haseltine, M. S. Buchsbaum, D. L. Murphy, and X. 0. 
Breakefield, submitted for publication) and specific pro- 
teolytic cleavage sites (Cawthon and Breakefield, 1979) 
and may be the products of separate gene loci. No infor- 
mation is available on the structure of the non-flavin- 
containing polypeptide. 

In the present study, techniques of somatic cell ge- 
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netics were utilized to map the chromosomal location of 
the human gene coding for the flavin polypeptide asso- 
ciated with type A MAO activity. Hybrid cells were 
prepared by fusing normal human skin fibroblasts, which 
express predominantly the A type of MAO activity (Roth 
et al., 1976; Groshong et al., 1977), with a variant line of 
mouse neuroblastoma cells which lack MAO activity 
(Breakefield et al., 1976). Individual human chromo- 
somes retained in hybrids were identified by Giemsa 
staining; human and rodent isozymes of phosphoglycer- 
ate kinase (PGK, EC 2.7.2.3) and glucose-6-phosphate 
dehydrogenase (GGPD, EC 1.1.1.49) were resolved by 
electrophoretic techniques; and human and rodent forms 
of the flavin polypeptide of MAO were distinguished on 
the basis of peptide maps generated by limited proteol- 
ysis of [“Hlpargyline-labeled molecules. 

Materials and Methods 
Cell culture. Human skin tibroblasts from a normal 

male were obtained from the Human Genetic Mutant 
Cell Repository (GM316, Institute for Medical Research, 
Camden, NJ). Mouse neuroblastoma line NlE-115 
(Amano et al., 1972) was obtained from Dr. Marshall 
Nirenberg (National Institutes of Health, Bethesda, 
MD). Line NlE-115TG2 was cloned from NlE-115 in the 
presence of 0.1 mu 6-thioguanine (6TG) to select for loss 
of hypoxanthine phosphoribosyltransferase (HPRT, EC 
2.4.2.8) activity (Breakefield et al., 1976). Human neuro- 
blastoma line BE(2)C was provided by Dr. June Biedler 
(Sloan-Kettering Institute, Rye, NY). Cells were grown 
in Dulbecco’s modified Eagle’s medium (DMEM, 
GIBCO) supplemented with 5% fetal calf serum (Flow), 
as previously described (Edelstein et al., 1978), unless 
otherwise indicated. Cells with HPRT activity were se- 
lected by growth in medium containing 0.1 mM hypoxan- 
thine, 10 pM aminopterin, and 40 pM thymidine (HAT; 
Littlefield, 1964). In hybridization experiments, human 
parental cells were selected against by addition of 0.2 PM 

ouabain (Mankovits et al., 1974). All lines are stored 
viably in liquid nitrogen. 

Hybrids were prepared by mixing 5 x 10” fibroblasts 
and 5 x 10” NlE-115TG2 cells in 1 ml of DMEM con- 
taining 500 hemagglutinating units of inactivated Sendai 
virus, as described (Giles and Ruddle, 1973). Cells were 
plated at several densities (0.5 to 5 X 10”/100-mm tissue 
culture dish) in DMEM with 10% fetal calf serum. Two 
days later, the medium was changed to DMEM with 5% 
fetal calf serum containing HAT and ouabain to select 
against growth of the neuroblastoma and fibroblast pa- 
rental cells, respectively. After 2 weeks, hybrid lines were 
isolated as colony clones from separate dishes with the 
aid of Penicylinders (Fisher). Hybrid colonies appeared 
at a frequency of about five per 2.5 x lo5 parental cells 
plated. After three to five subcultures in medium con- 
taining HAT, but no ouabain, two of these hybrid clones 
(NGMl and NGM5) were recloned in DMEM with 5% 
fetal calf serum. After three to five subcultures in non- 
selective medium, two of these clones (NGMlEl and 
NGM5Fl) were cloned again in the presence of 6TG 
or HAT yielding lines designated NGMlElTGlA, 
NGMlElHATlA, etc. Hybrids were analyzed using cells 
from parallel cultures. 

Enzyme assays. Cultures were grown to 80 to 90% 

confluency in the designated medium, then in two 
changes of nonselective medium at 24-hr intervals prior 
to harvesting. For cultures in HAT, the first change was 
with medium containing hypoxanthine and thymidine 
but no aminopterin. Cells were rinsed with isotonic phos- 
phate-buffered saline and removed from the dish by 
scraping (Hawkins and Breakefield, 1978) into a small 
volume of the same buffer. Cell suspensions were centri- 
fuged at 8000 x g for 2 min and cell pellets were frozen 
at -65°C. Prior to analysis, the cells were resuspended 
in the appropriate buffer and homogenized by sonication, 
as described (Hawkins and Breakefield, 1978). 

MAO activity was measured against saturating concen- 
trations of [“Hltryptamine by a modification (Costa et 
al., 1980) of the method of Wurtman and Axelrod (1963). 
To establish the type of MAO activity, cell homogenates 
were preincubated with clorgyline (Abbott Laboratories) 
over a range of concentrations from 1 mM to 0.1 fiM 
(Hawkins and Breakefield, 1978). Homogenates were as- 
sayed in triplicate at two protein concentrations within 
the range of linearity with respect to time and protein. 

Hypoxanthine phosphoribosyltransferase activity was 
determined by a modification (Roth et al., 1976) of the 
method of Kelley et al. (1967), except that 0.12 mM 
[J4C]hypoxanthine was used and reactions were incu- 
bated for 30 min. The amount of [‘4C]inosinic acid formed 
was determined by binding to DEAE-cellulose discs 
(Degnen et al., 1976). Cell extracts were assayed in trip- 
licate at two protein concentrations within the range of 
linearity with respect to time and protein. 

Protein concentrations were determined by the 
method of Bradford (1976) using bovine serum albumin 
as standard. 

Isozyme analysis. The presence of mouse and human 
forms of phosphoglycerate kinase (PGK) and glucose-6- 
phosphate dehydrogenase (GGPD) in cell homogenates 
was determined by electrophoresis on cellulose acetate 
using a commercial Cellogel apparatus (Chemetron) and 
histochemical stains for enzyme activity (Meera Khan, 
1971). 

Chromosome analysis. Logarithmically growing cells 
were arrested in metaphase by treatment with 0.4 mM 
Colcemid. Chromosome preparations were spread onto 
slides, air dried, and baked at 95°C for 10 to 20 min; 
individual chromosomes were identified by Giemsa band- 
ing patterns following brief treatment with 0.05% trypsin 
and staining with 0.06% Giemsa solution at pH 7.0 
(Francke and Oliver, 1978). Human and mouse chromo- 
somal material was distinguished by a modification of 
the Giemsa-11 technique (Magenis et al., 1978) in which 
staining is carried out at pH 11.3 using only two compo- 
nents (0.012% azure B and 0.0025% eosin Y) of the Giemsa 
dye. 

Electrophoretic analysis of MAO. Crude mitochon- 
drial fractions were prepared from cell lines and MAO 
was specifically labeled with [“Hlpargyline (New England 
Nuclear) as described (Costa and Breakefield, 1979). In 
some cases, fractions were incubated with 1 pM deprenyl 
(Dr. J. Knoll, Sammelweis University, Budapest, Hun- 
gary) or 0.1 PM clorgyline (Abbott Laboratories) for 10 
min at 37°C prior to incubation with [3H]pargyline, to 
block labeling of MAO-B and MAO-A, respectively. A 
and B forms of the [3H]pargyline-labeled flavin polypep- 
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tides were separated on the basis of apparent molecular 
weight using sodium dodecyl sulfate (SDS)-polyacryl- 
amide gel electrophoresis (PAGE) and fluorography (R. 
M. Cawthon et al., submitted for publication). Limited 
proteolysis and peptide mapping of labeled flavin poly- 
peptides was carried out by a modification (Cawthon and 
Breakefield, 1979) of the method of Cleveland et al. 
(1977) using varying amounts of Staphylococcus aureus 
V8 protease. The distribution of radioactivity in gels was 
determined by a modification of the method of Horvitz 
(1973) recommended by New England Nuclear. 

Results 

MAO and HPRT activities in parental lines. The 
mouse neuroblastoma line NlE-115TG2 used as one of 
the parental cell types in the hybridization was selected 
for loss of HPRT activity from line NlE-115 in medium 
containing 6TG. Line NlE-115TG2 has ~1% HPRT ac- 
tivity of line NlE-115 (Breakefield et al., 1976) and 
undetectable levels of MAO activity (Table I). In con- 
trast, line NlE-115 has relatively high levels of MAO 
activity (Table I) (exclusively of the A type; Donnelly et 
al., 1976). The simultaneous loss of HPRT and MAO 
activities in NlE-115TG2 cells originally suggested a 
biochemical connection between these two enzymes. 
However, selection for revertants of NlE-115TG2 cells 
with restored HPRT activity (by growth in medium 
containing HAT) did not result in recovery of MAO 
activity (Breakefield et al., 1979). Since the gene for 
HPRT is on the X chromosome in the mouse (Epstein, 
1969) (as well as the human; Nabholz et al., 1969; Shows 
et al., 1976), another explanation for the simultaneous 
loss of HPRT and MAO activities in line NlE-115TG2 
might be that a chromosomal event occurred involving a 
segment of the X chromosome containing loci for both 
enzymes. 

The human fibroblast line GM316 used as the other 
parental cell type was obtained from a normal male and 
hence cells contain a single X chromosome. These cells 
express moderate levels of MAO activity (Table I), pre- 

TABLE I 
MAO activities in parental lines and HAT-selected hybrid clones 

Lines MAO 

pmol/min/mg protein 

Parents 
NIE-115TG2 -co.05 (5)” 
NlE-115 103.0 + 9.0 (5)” 
GM316 24.5 f 2.1 (12) 

Hybrids 
NGMl 28.4 f 11.5 (3) 
NGM2 13.8 f 9.0 (3) 
NGM4 3.6, 4.3 
NGM5 75.6, 150.0 
NGM6 1.3 f 1.0 (3) 
NGM7 0.4 f 0.1 (4) 
NGM9 1.6 f 1.0 (4) 
NGMIO 4.5 f 1.6 (3) 

o Values are given as mean f SEM. The number in parentheses is 
number of separate homogenates assayed. When only two values are 
available, they are listed separately. 

’ From Breakefield et al., 1976. 

dominantly of the A type, as well as normal levels of 
HPRT activity (data not shown). 

MAO and HPRT activities in hybrids. Hybrids be- 
tween NlE-115TG2 and GM316 cells were cloned ini- 
tially in medium containing HAT. Although human chro- 
mosomes were lost randomly during initial divisions of 
these hybrid cells, this medium selected for cells which 
expressed HPRT activity and hence retained the human 
X chromosome. In the initial set of seven hybrid lines 
examined, all expressed MAO activity. The levels ranged 
from 0.4 (less than that of the human fibroblast) to 112.8 
pmol/min/mg of protein (similiar to NlE-115) (Table I). 
Thus, the lesion causing loss of MAO activity in NlE- 
115TG2 cells was not phenotypically dominant, i.e., it did 
not block expression of this enzyme in hybrids. Further, 
expression of MAO activity in hybrids appeared to cor- 
relate with retention of the human X chromosome. 

Four hybrid lines were chosen for further studies; two 
expressed very low and two expressed very high MAO 
activities. Lines were recloned to allow further loss of 
human chromosomes and to achieve cell populations 
with more homogeneous karyotypes. Recloning of the 
two low lines, NGM7 and NGM9 (MAO activity, 0.4 and 
1.6 pmol/min/mg of protein, respectively) in HAT me- 
dium, yielded four lines, NGM7A1, NGM7B1, NGMSAl, 
and NGM9B2, with somewhat higher levels of MAO 
activity, 5.7, 6.2, 7.6, and 5.2 pmol/min/mg of protein, 
respectively (single determinations). The higher MAO 
activity may result from loss of additional human chro- 
mosomes and retention of the human X chromosome in 
a larger percentage of the cells (see below). Recloning of 
the two high lines, NGMl and NGM5 (MAO activity, 
28.4 and 112.8 pmol/min/mg of protein, respectively) in 
nonselective medium, yielded nine lines from each, all 
with high MAO activity ranging from 10.5 to 330.0 pmol/ 
min/mg of protein (duplicate determinations). Two of 
these recloned lines with high activity, NGMlEl and 
NGM5Fl (Table II), were cloned again in medium con- 
taining 6TG to establish whether selection for loss of 
HPRT activity (i.e., loss of the human X chromosome) 
would result in loss of MAO activity. Of 10 hybrid clones 
grown in 6TG, nine lost MAO activity, while one, 
NGM5FlD2, retained levels comparable to the line 
NGM5Fl from which it was derived (Table II). In con- 
trast, recloning of line NGMlEl in HAT medium yielded 
two clones with high MAO activity (Table II). 

The type of MAO activity expressed in hybrids was 
evaluated in the fibroblast parental line, GM316, and 
hybrids, NGM7, NGMS, NGMlElHATBB, NGM5F1, 
and NGM5FlD2, by the dose-dependent inhibition of 
tryptamine deamination by clorgyline. All lines showed 
a monophasic inhibition curve with at least 90% of activ- 
ity being inhibited by 0.1 PM clorgyline which is con- 
sistent with the predominant activity being type A. 

In all cases, hybrid clones which were able to grow in 
HAT medium had high levels of HPRT activity, while 
those which grew in 6TG medium had low levels (cl% 
high values) of activity (Table II). 

Chromosome analysis. The parental neuroblastoma 
line is a heteroploid line containing a modal chromosome 
number of 134 and many chromosomal rearrangements. 
Sixteen hybrid lines were examined karyotypicalIy, using 
Giemsa banding to identify individual chromosomes. 
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TABLE II 
Analysis of NGM hybrids 

Enzyme Activities 
Lines Medium” 

Human X Chromosome” H”“‘~~,,,I~~J- Other Human 
Chromosomes 

‘MAO” HPRT PrW3lCe FWqWnC> PGK G6PI) 

pmol/min/mg prolein 

NGM7 HAT 0.4 2 0.1 (4)’ 176 (1) + 12/15 + + 3. 5, 7. 10. 11, 1;. ‘0. “1 

NGM9 HAT 1.6 f 1.0 (4)# 198 (1) + 10/15 + + 1. 2. 5. i. 8. 10. 12. 18, 19. 20 

NGiMlEl C 152.6 * 39.4 (5)” 185 (2) + 15/20 + + 1. 4 

NGMlElTGlA 6TG t1.4 + 1.3 (3) <l (2) - O/I9 - - None 
NGMlElTGSA 6TG t0.i f 0.5 (3) 2 (2) - o/12 - - 1. 4 

NGMlElTG3A 6TG <O.i (2) 1 (1) 
(1) I 

ndh - t1.d. 

NGMlElTG4 6TG to.3 (1) <l tld. - n.d. 

NGMlElTG5 6TG 10.1 (1) 1 (1) 
NGMlElHATZB HAT 135.2 f 35.9 (4)Y 378 (2) + 

n.d. n.d. 

18/18 + + None 

NGMlElHAT3A HAT 210.8 + 48.9 (3) 515 (2) + 8/K + + 4 

NGM5Fl C 154.2 f 41.5 (5)” 642 -c 158 (3) + 18/35 + + None 

NGM5FlA2 6TG to.1 f 0.05 (3) <12 (2) - nd. - - None 

NGlM5FlB2 6TG <0.2 f 0.1 (3) 13 (2) - o/14 - - None 

NGM5FlC2 6TG <0.2 f 0.05 (3) <24 C-9 - o/12 - - None 

NGM5FlD2 6TG 105.9 -t 13.6 (5)” <13 * 3 (3) - O/50 + - None 

NGM5FlE2 6TG <O.l * 0.02 (3) <21 (2) - o/10 - None 

n Medium used during cloning and growth of lit&s. C refers to DMEM with 57 fetal calf serum. Concentrations of GTG and HAT added to this 
medium are provided under “Materials and Methods.” 

h Values obtained from assay of separate homogenates (A’). When more than three homogenates were assayed. values are given as the mean 
f SEM: for two homogenates, the mean is listed. The lower limit of detection varied from 0.05 to 0.7 pmol/min/mg of protein depending on the 
amount of homogenate protein assayed. 

’ Values are listed as described for MAO. The lower limit of detection varied from 1 to 35 pmol/min/mg of protein depending on the amount 
of homogenate protein assayed and the number of assays run simultaneously (more samples gave higher backgrounds). 

“The presence of the human X chromosome was determined by scanning metaphase chromosome spreads stained by the Giemsa banding 
technique. Frequency refers to the number of spreads with a human X chromosome over the total number of spreads examined. 

’ Human forms of these enzymes were detected by electrophoresis on cellulose acetate thin layer sheets, followed by specific staining for 
enzyme activity (Meera Khan, 1971). 

‘The presence of other human chromosomes observed in at least 50% of metaphase spreads examined. 
r Activity was inhibited completely by preincubation of homogenates with 1 pM clorygline. 
’ n.d., not done. 

Nine hybrids with MAO activity had at least one human 
X chromosome present in most cells (Fig. 1); six with no 
MAO activity lacked a human X chromosome in all cells 
examined (Table II and J. E. Pintar, J. Barbosa, U. 
Francke, C. M. Castiglione, M. Hawkins, Jr., and X. 0. 
Breakefield, unpublished data). Only one hybrid, 
NGM5FlD2, with MAO activity lacked a recognizable 
human X chromosome in all cells examined. 

With the exception of NGM5FlD2 (see below) and 
NGMlJ2 (not further studied), there appeared to be an 
inverse correlation between the total number of human 
chromosomes in hybrid cells and their levels of MAO 
activity. Seven lines containing from 3 to 13 human 
chromosomes had levels of activity from 0.4 to 28.4 pmol/ 
min/mg of protein; while six lines containing from one to 
three human chromosomes had activities from 112.8 to 
330.0 pmol/min/mg of protein. 

The Giemsa-11 staining technique was used to estab- 
lish whether hybrids contained small fragments of human 
chromosomal material (Bobrow and Cross, 1974). With 
this staining procedure, mouse chromosomal material 
stains darkly except in centromeric regions and human 
material stains lightly. Of five hybrid lines examined by 
this technique (20 cells for each line), three, NGM5F1, 
NGM5FlC2, and NGM5FlD2 (Fig. 2), contained a trans- 
location and one to three small autonomous fragments of 
human chromosomal material in all cells examined. An- 

other line, NGM5FlE2, contained one or two very small 
autonomous fragments in all cells. The fragments present 
in the first three lines could not be distinguished from 
each other on the basis of their morphology but appeared 
to be different from the fragments present in 
NGM5FlE2. One line, NGM5FlB2, did not have a iden- 
tifiable human fragment in any of 20 cells examined. 
These observations indicate that small portions of human 
chromosomal material can be retained in hybrids either 
as translocated fragments to mouse chromosomes or as 
self-replicating units. 

Isozyme analysis. Hybrid lines were examined for the 
presence of human and mouse forms of two enzymes, 
PGK and GGPD, which are coded for by genes on the X 
chromosome of both these species. All hybrid lines which 
expressed MAO and HPRT activities expressed the hu- 
man as well as the mouse forms of PGK and GGPD 
(Table II). Lines lacking MAO and HPRT activities did 
not express the human forms of PGK and GGPD. The 
exceptional case, hybrid line NGM5FlD2, expressed 
MAO activity and the human form of PGK but lacked 
HPRT activity and the human form of GGPD. 

Electrophoretic analysis of MAO. Electrophoretic 
techniques were employed to confirm the type of MAO 
expressed in hybrids and to establish whether the flavin 
polypeptide was encoded in human and/or rodent genes. 
Binding of [3H]pargyline to the flavin polypeptide of 
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Figure 1. Metaphase spread of Giemsa-banded chromosome from hybrid line NGM5Fl. 
The only human chromosome present is the X, which is present in three copies (marked 
with arrows). Multiple copies of a single chromosome can arise through non-disjunction of 
duplicated chromosomes during anaphase of mitosis. This metaphase spread was the only 
one in those examined from this line which contained multiple copies of the human X 
chromosome. Magnification X 1500. 

MAO was used to examine the structure of this molecule. 
Electrophoretic analysis of mitochondrial preparations 
from the parent GM316 in SDS-polyacrylamide gels re- 
vealed a single [3H]pargyline-labeled protein band which 
had an apparent molecular weight of 63,000 similar to 
the A form of the flavin polypeptide from other human 
cells (R. M. Cawthon et al., submitted for publication). 
Further, no band was observed when preparations were 
incubated prior to [3H]pargyline binding with 0.1 PM 

clorgyline. No [3H]pargyline-labeled molecules were de- 
tected in mitochondrial preparations from NlE-115TG2 
cells (Pintar et al., 1979) consistent with their lack of 

MAO activity. Electrophoretic analysis of labeled prep- 
arations from NlE-115 cells revealed a single band indis- 
tinguishable from that present in human cells (Pintar et 
al., 1979). Two hybrid lines, NGM5Fl and NGM5FlD2, 
examined by these criteria were identical to the human 
parent. One hybrid line, NGMlEl, had two bands of [3H] 
pargyline-labeled protein. One (containing about 70% of 
the label) coincided with that present in the human 
parent and was blocked by preincubation with low con- 
centrations of clorgyline (A form). The other (30%) had 
an apparent molecular weight of 60,000 similar to the B 
form of the flavin polypeptide from other human cells 
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lines, NGMlEl, NGM5F1, and NGM5FlD2, were found 
to exhibit maps similar to that of the human flavin 
polypeptide (Fig. 3, III to V). Peptide maps from two 
other hybrids, NGMlJ2 and NGM5C2, also showed the 

Figure 2. Metaphase spread of Giemsa-11-stained chromo- 
some from hybrid line NGMSFlD2. Mouse chromosomes stain 
darkly throughout their length except in the centromeric region. 
Human chromosomes stain lightly. The putative fragments of 
human chromosomal material are marked with arrows. Mag- 
nification X 1000. 

(R. M. Cawthon et al., submitted for publication) and 
was blocked by preincubation with low concentrations of 
deprenyl (B form). We have no evidence whether the B 
form of the flavin polypeptide from mouse and human 
sources can be distinguished by this procedure; however, 
other studies indicate that the rat and human forms of 
this polypeptide are nonseparable (R. M. Cawthon et al., 
submitted for publication). 

Although human and mouse type A flavin polypeptides 
could not be distinguished by molecular weight, they 
could be resolved on the basis of internal structural 
differences using limited proteolysis and peptide map- 
ping. [“H]Pargyline-labeled peptide fragments generated 
by partial digestion with a site-specific protease were 
resolved in SDS gels. The peptide map of the mouse 
form of the type A flavin polypeptide was obtained using 
line NlE-115 (Fig. 31). Due to the relatively low levels of 
MAO activity present in GM316 cells, it was not possible 
to carry out limited proteolysis and peptide mapping on 
this line. In order to establish peptide maps of the human 
form of the type A flavin polypeptide, two other human 
cell types which contain only this type of activity were 
used, human neuroblastoma line BE(2)C (Fig. 311) and 
human male trophoblast tissue (J. E. Pintar, J. Barbosa, 
U. Francke, C. M. Castiglione, M. Hawkins, Jr., and X. 
0. Breakefield, unpublished data). The peptide maps 
generated from both these sources of human MAO-A 
were similar to each other and distinct from that of 
mouse MAO-A. Five peptide fragments were obtained by 
limited proteolysis of the human form; three were similar 
in molecular weight to fragments generated from the 
mouse form. However, two peptides with approximate 
molecular weights of 40,000 and 33,000 were unique to 
the human form, and a peptide with a molecular weight 
of 38,000 was unique to the mouse form. Three hybrid 
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Figure 3. Peptide maps of [“Hlpargyline-labeled MAO from 
mouse, human, and hybrid cells. The migration relative to the 
bromphenol blue dye (R,) is plotted on the lower abscissa. The 
migration of standard molecular weight markers is plotted on 
the upper abscissa. The radioactivity in each 2-mm slice is 
plotted on the ordinate. [“H]Pargyline was bound to MAO in 
crude mitochondrial preparations as described under “Materi- 
als and Methods.” After washing and solubilization, preparative 
polyacrylamide slab gel electrophoresis was carried out in a 
7.5% acrylamide running gel with a 3% stacking gel, both 
containing 0.1% SDS. The portion of the gel containing radio- 
actively labeled MAO was located, cut out, and placed in the 
sample wells of a proteolytic gel containing a 3% acrylamide 
stacking gel and a 15% running gel. Four identical samples of 
MAO for each cell type were loaded into the gels. Stuphylococ- 
cus aureus V8 protease was added in amounts of 0.125, 0.25, 
1.25, or 2.5 pg per well. This protease cleaves predominantly at 
glutamic acid residues. Electrophoresis was carried out as de- 
scribed (Cawthon and Breakefield, 1979), allowing proteolysis 
to occur in the stacking gel. The distribution of radioactive 
peptides in the gel was determined after slicing and solubiliza- 
tion. Analysis for all lines was performed in at least two separate 
experiments. A representative map illustrating all peptides ob- 
served is shown for each line. The leftmost peak is the position 
of intact MAO. Z, Mouse neuroblastoma line NlE-115 (from 
which NlE-115TG2 was derived); ZZ, human neuroblastoma 
line BE(2)C; ZZZ, hybrid line NGMlEl; IV, hybrid line 
NGM5Fl; V, hybrid line NGM5FlD2. 
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human pattern (data not shown). Although we cannot 
exclude the presence of the mouse flavin polypeptide in 
these hybrids, we estimate that it could represent, at 
most, 20% of the labeled flavin polypeptide molecules. 

In order to establish that expression of MAO-B activity 
in these hybrids did not interfere with peptide analysis, 
peptide maps of lines NGM5Fl and NGM5FlD2 were 
also generated from mitochondrial fractions which had 
been preincubated with 1 pM deprenyl to block MAO-B 
activity prior to [“Hlpargyline binding. These maps (data 
not shown) were identical to those for the same lines 
without preincubation with this inhibitor (Fig. 3). 

Discussion 

Somatic cell hybrids between human and rodent cells 
have been widely used to map the chromosomal location 
of human genes coding for many proteins (Ruddle and 
Creagan, 1975). This approach can be applied to any 
human protein if it is expressed in hybrid cells and can 
be distinguished from the rodent form. Both these crite- 
ria are met by MAO. Although the primary function of 
this enzyme is neurotransmitter catabolism, it is active 
in both non-neuronal (e.g., human fibroblasts) as well as 
neuronal (e.g., mouse neuroblastoma) cells and continues 
to be expressed in hybrid cells. It has not been possible 
to distinguish human and rodent forms of this enzyme 
on the basis of electrophoretic mobility using standard 
techniques (Meera Khan, 1971) since MAO loses activity 
upon solubilization. Here, we have used a radioactively 
labeled inhibitor, [“Hlpargyline, to specifically and irre- 
versibly label the active enzyme in situ. Although the 
mouse and human flavin polypeptides of this enzyme 
have similar apparent molecular weights, they can be 
distinguished on the basis of structural differences by 
limited proteolysis and peptide mapping. This is the first 
time, to our knowledge, that this technique has been 
used in gene mapping. 

MAO activity in hybrids correlates with presence of 
human X chromosome. Somatic cell hybrids were pre- 
pared between normal male human .fibroblasts which 
expressed MAO-A and HPRT activities and a mouse 
neuroblastoma variant lacking both these activities. In 
these hybrids, human chromosomes were lost rapidly 
during early cell division, but eventually reached a stable 
number. By growing hybrids in HAT medium, only cells 
that retained the human X chromosome bearing the gene 
for HPRT or cells immediately adjacent to them (Subak- 
Sharpe et al., 1969) can survive. In the initial set of 
hybrid clones selected in HAT medium, all expressed 
MAO activity. Two lines with the lowest activity, NGM7 
and NGMS, were found to have the human X chromo- 
some present in 60 to 80% of the cells examined and to 
express HPRT activity and the human forms of two X- 
linked isozymes, PGK and GGPD. They also contained 
from 8 to 10 other human chromosomes. Recloning of 
these lines in HAT medium yielded subclones with MAO 
activity 4 to 20 times higher than the original clones. 
Presumably, these subclones have retained the human X 
chromosome in a larger percentage of cells and have 
fewer human chromosomes, associated with higher MAO 
activity (see below). The two lines with the highest MAO 
activity, NGMl and NGM5, were subcloned under non- 

selective conditions to establish correlations between 
expression of MAO activity and the presence of specific 
human chromosomes; all subclones expressed MAO ac- 
tivity. Eight of these hybrid subclones (five derived from 
NGMl and three from NGM5) were analyzed karyotyp- 
ically and all retained the human X chromosome and a 
small variable number of human autosomes. For exam- 
ple, line NGMlEl retained human autosomes 1 and 4, 
and line NGM5Fl retained no human autosomes. They 
both expressed HPRT activity and the human forms of 
PGK and GGPD. These two lines, originating from sep- 
arate clones, were chosen for further analysis to reduce 
the chances that the same portion of an unidentifiable 
human autosome would be present in both. 

If expression of MAO activity in these hybrids is de- 
pendent on the presence of the human X chromosome, 
then selection of lines in 6TG medium for loss of HPRT 
should result in simultaneous loss of this chromosome 
and MAO activity. Five lines derived from NGMlEl by 
cloning in 6TG medium all lost HPRT and MAO activi- 
ties, the human X chromosome, and the two X-linked 
human isozymes. Similar results were obtained in four 
subclones derived from NGM5Fl in the presence of 6TG. 

In one notable case, however, a hybrid line selected 
from line NGM5Fl for loss of HPRT activity by growth 
in 6TG continued to express MAO activity. Further 
analysis of this line, NGM5FlD2, revealed that it had 
lost HPRT activity, the human form of GGPD, and a 
recognizable human X chromosome but had retained the 
human form of PGK along with MAO activity. Appar- 
ently, the portion of the human X chromosome contain- 
ing genes for PGK and MAO had been retained while 
the terminal portion of the human X chromosome con- 
taining genes for HPRT and GGPD had been lost. This 
would place the gene for MAO between the centromere 
and the gene for HPRT on the q arm of the X chromo- 
some. 

It was hypothesized that NGM5FlD2 contained a 
small fragment of human X chromosomal material either 
translocated to a mouse chromosome or as a self-repli- 
cating unit. We have attempted to identify this fragment 
using the Giemsa- 11 technique which distinguishes 
mouse and human chromosomes on the basis of differ- 
ences in staining intensity. The large number of chro- 
mosomes (model number 134) contributed by the mouse 
parent and their high degree of rearrangement made it 
difficult to recognize a small portion of human X chro- 
mosomal material by Giemsa banding. NGM5FlD2 cells 
did contain a translocated piece and a small autonomous 
fragment of human chromosomal material, although it 
was not possible to determine whether they originated 
from the X chromosome. Further, the presence of human 
chromosomal fragments was not unique to this line, but 
also occurred in two sibling subclones, NGM5FlC2 and 
NGM5FlE2, as well as NGM5F1, all of which have an 
apparently intact human X chromosome. 

Human MAO flavin polypeptide is expressed in hy- 
brids. The above observations supported the idea that 
human genes critical to expression of MAO activity in 
these hybrids are X-linked. In order to establish whether 
these genes were structural or regulatory, the flavin 
polypeptides produced by three of these lines, NGM5F1, 
NGM5FlD2, and NGMlEl, were labeled with [“HIpar- 
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gyline and examined by SDS-PAGE. Resolution of A and 
B forms of the flavin polypeptides revealed that the first 
two lines expressed only the A form, while the latter line 
expressed both A and B forms. To eliminate the possi- 
bility that simultaneous expression of these two forms of 
the flavin polypeptide might confound subsequent pep- 
tide mapping, labeling with [“Hlpargyline was performed 
with and without preincubation with low concentrations 
of deprenyl to block labeling of the B flavin polypeptide. 
Limited proteolysis and peptide mapping of the A form 
of the flavin polypeptide in these hybrids yielded peptide 
fragments which were similar in size to those from the 
human form of the A flavin polypeptide from human 
neuroblastoma cells and trophoblast tissue and different 
from the mouse form of the A flavin polypeptide from 
mouse neuroblastoma cells. These findings combined 
with results in the previous section demonstrate that the 
structural gene coding for the flavin polypeptide of MAO- 
A is on the human X chromosome. 

It is not known whether the gene coding for the flavin 
polypeptide of MAO-B is also on the X chromosome. 
Because of the evolutionary conservation of genes on the 
X chromosome among mammalian species (Ohno, 1967) 
and structural similarities between A and B forms of the 
flavin polypeptides in the rat (Cawthon and Breakefield, 
1979), it is anticipated that the A and B forms of the 
flavin polypeptide represent the products of a duplicated 
gene locus and that both loci are retained on the X 
chromosome. Regulatory genes necessary for expression 
of MAO activity and structural genes coding for the non- 
flavin-containing polypeptide may or may not be on the 
human X chromosome. 

MAO activity levels vary in hybrids. Levels of MAO 
activity varied widely among hybrid lines. Some hybrids 
had levels below that of the human parent, GM316, while 
most were similar or even above that found in line NlE- 
115. Three possible explanations for this phenomenon 
are considered here. (1) Variations in the human chro- 
mosomal complement may affect levels of activity. Al- 
though the presence of a specific human autosome did 
not correlate with low MAO activity in hybrid lines, there 
was a clear inverse correlation between the total number 
of human chromosomes retained by hybrid lines and 
their level of MAO activity. Since MAO is an integral 
membrane protein and its activity depends on associated 
lipids (Houslay et al., 1976), it is possible that the prod- 
ucts of genes on other human chromosomes affect the 
lipid composition of the outer mitochondrial membrane 
and limit MAO activity. Hybrids with many human 
chromosomes presumably have a mitochondrial mem- 
brane more like the human parental cells than do hybrids 
with few human chromosomes and thus have MAO ac- 
tivity similar to the fibroblast parent. As human chro- 
mosomes are lost, the lipid environment in hybrids re- 
sumes the state conferred by the mouse genome and 
MAO activity levels approach that of the mouse neuro- 
blastoma line, NlE-115, from which the hybrid parent, 
NlE-115TG2, was derived. 

(2) The mouse genome may vary among hybrids. The 
chromosomal composition of the mouse neuroblastoma 
parent is heteroploid and varies among celIs even in a 
clonal population. Since independently derived hybrid 
lines had different neuroblastoma parent cells, they may 

have differed in their initial mouse chromosomal comple- 
ment. Further, with subsequent divisions of hybrids, 
mouse chromosomal material may not have been distrib- 
uted equally to daughter cells and hence more chromo- 
somal diversity may have been generated. Since we do 
not know the nature of the “mutation” leading to loss of 
MAO activity in the NlE-115TG2 parent cells, it is not 
possible to predict to what extent this mouse genotype 
can contribute to production of active MAO molecules 
and to what extent variations in this genotype can affect 
expression of MAO activity. For example, if the mouse 
form of the non-flavin-containing polypeptide can inter- 
act with the human form of the flavin polypeptide to 
form an active MAO molecule, then variations in number 
of copies of the gene coding for the mouse non-flavin- 
containing polypeptides could affect MAO activity. 

(3) Lines may vary in expression of the human and 
mouse flavin polypeptides. The number of flavin poly- 
peptides present in these hybrid cells could be regulated 
in many ways. The number of human flavin polypeptides 
could reflect the number of active copies of the human 
structural gene and/or the activity of regulatory and 
processing genes on human or mouse chromosomes. Fur- 
ther, degradation of flavin polypeptides might be has- 
tened in the presence of low amounts of the non-flavin- 
containing polypeptide or the “flavin attachment en- 
zyme.” It is of interest that some cells in one hybrid line 
with high activity had three human X chromosomes (Fig. 
1) and, presumably, three structural genes for the human 
type A flavin polypeptide. This line also had high HPRT 
activity, which suggests that all three X chromosomes 
may have been active. Active mouse flavin polypeptides 
might be produced in the hybrids if a human regulatory 
gene activates a silent mouse gene. Alternatively, post- 
translational modifications encoded in the human ge- 
nome might allow incompletely processed mouse flavin 
polypeptides to become active. These last possibilities do 
not appear, however, to explain the high MAO activity 
in three hybrid lines with human chromosomes 1, 4 and 
the X. In these lines, only the human form of the flavin 
polypeptide could be demonstrated, although minor con- 
tributions of the mouse form could not be excluded. This 
result suggests that the presence of these human chro- 
mosomes was not sufficient to activate the mouse flavin 
polypeptide. 

Significance. Levels of MAO activity are inherited in 
the human population and may have a role in behavior 
and disease. Analysis of MAO-B in platelets from unre- 
lated and related individuals, including monozygotic and 
dizygotic twins, has indicated that activity levels are 
determined to a substantial degree by genetic factors 
(Nies et al., 1973; Wyatt et al., 1975; Gershon et al., 1980). 
Further, a rare, temperature-sensitive variant of MAO-B 
is found in several members of a control pedigree (Bridge 
et al., 1981). Activity of MAO-A in cultured skin fibro- 
blasts from monozygotic twins was highly concordant, 
also indicating genetic control (Breakefield et al., 1980). 
In addition, several lines of evidence indicate that inher- 
ited variations in MAO activity can affect neuronal func- 
tion. Individuals with platelet MAO-B activity in the low 
normal range appear to have distinctive personality fea- 
tures (Donnelly et al., 1979) and an increased tendency 
to express certain types of psychiatric illness (Gershon et 
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al., 1980; Wyatt et al., 1975). Variations in MAO activity 
in uiuo resulting from administration of MAO inhibitors 
can lead to mood elevation in depressed patients (Lipper 
et al., I979), as well as increased sensitivity to exogenous 
amines which can lead to poor control of blood pressure 
(Sandler et al., 1979). Although it is not clear at this time 
whether inherited variations in the structure of the flavin 
polypeptide underlie inherited differences in activity 
levels, knowledge of the chromosomal location of the 
gene coding for this protein allows us to predict an X- 
linked mode of inheritance for at least some of these 
differences. Our studies suggest a possible role for altered 
MAO in inherited neurologic and/or psychiatric diseases 
which have an X-linked mode of transmission and altered 
biogenic amine metabolism. Candidates for such diseases 
include the Lesch-Nyhan syndrome (Edelstein et al., 
1978); X-linked mental retardation (Jacky and Dill, 1980; 
Howard-Peebles et al., 1979), the Gilles de la Tourette 
syndrome (Giller et al., 1980; Kidd et al., 1980), and some 
forms of bipolar depressive illness (Mendlewicz et al., 
1979). 

A genetic approach to neurotransmitter metabolism 
provides a means of establishing the molecular basis of 
inherited variations in enzyme activity, as well as deter- 
mining the number of genes and the nature of gene 
products critical to expression of these enzymes. We have 
demonstrated X linkage of the gene coding for the flavin 
polypeptide of human MAO-A, begun regional mapping 
of the chromosomal location of this gene, and expect to 
establish the relationship between this gene and others 
coding for the flavin polypeptide of MAO-B and the non- 
flavin-containing polypeptide(s) associated with MAO-A 
and MAO-B. 
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