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Purpose: To examine the molecular structure and ultrastructural distribution of a novel amine oxidase in human ciliary
body.

Methods: Human ciliary bodies were solubilized with a nonionic detergent. The solubilized material was subjected to
affinity chromatography with 2B4.14.1, a monoclonal antibody which recognizes a family of ciliary body glycoproteins.
Proteins eluted from the affinity column were further separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis. Peptides produced from a 2B4.14.1-reactive protein with an approximate molecular weight of 100 kDa
were analyzed by Edman degradation. The protein thus identified was further examined by Western blotting and
immunoelectron microscopy with anti-peptide antisera.

Results: Peptide sequences from the 100 kDa ciliary body protein were identical to the predicted protein sequence of an
amine oxidase identified recently in a human placental cDNA library. The identity of the ciliary body protein was confirmed
by Western blotting with rabbit antiserum generated against the predicted carboxy-terminal peptide of human placenta
amine oxidase. Western blotting under nonreducing conditions and following glycosidase digestion indicated that the
native enzyme is a disulfide-linked homodimer with multiple N-linked oligosaccharide side chains. By immunoelectron
microscopy, the ciliary body amine oxidase was localized to the plasma membranes of inner epithelial cells.
Conclusions:Human placenta amine oxidase is present on the plasma membranes of ciliary body inner epithelial cells.
This finding provides a potential explanation for amine oxidase enzyme activity detected in previous studies of anterior
segment tissues. Though the functional role of human placenta amine oxidase in the eye is unclear, it may contribute to the
production of HO, in agueous humor.

Amine oxidases are a diverse group of enzymes that The second class of amine oxidases, designated EC
catalyze the conversion of biogenic amines to correspondinb4.3.6, includes copper-containing enzymes with a covalently-
aldehydes by the following reaction: RgRH> + Op + HOO  linked, tyrosine-derived cofactor termed “topa quinone” [1,5].
->RCHO + NH; + HoOo. They are distributed widely in both These enzymes have been described variously as “copper-
neural and non-neural tissues [1,2], and are found in a rangentaining amine oxidases,” “semicarbazide-sensitive amine
of organisms including prokaryotes and eukaryotes [1]. Amajooxidases,” and “benzylamine oxidases” [1, 5]. Though
function of amine oxidases is the catabolism of aminenzymes of the EC 1.4.3.6 class generally appear to share all
neurotransmitters such as norepinephrine, serotonin, ard these properties, we shall hereafter refer to amine oxidases
dopamine [2]. They may also act as scavengers for potentiallyith copper-binding motifs as assessed by sequencing studies
toxic biogenic or exogenous amines [3,4]. as “copper-containing” and enzymes detected by functional

Two categories of amine oxidases with a minimal dewegssayg using semicarbazide as an inhibitqr as “s.emicarba_lzide—

sensitive.” Members of the group, whose distribution, function,

of sequence similarity have been identified. The first, 4 ul | localizati . letel d d
designated EC 1.4.3.4, are flavoproteins. This group incluggd? Y trastructural localization are incompletely understood,

a well-characterized pair of enzymes, monoamine oxidaéQCIUde bovine serum amine oxidase [6] and a diamine oxidase

(MAO) Aand MAO B, which are found in a variety of locations foUnd in human kidney [7]. The cDNA for a human amine
within the nervous system and visceral organs. The tw8x'd,ase whose sequence exhibits 84% identity with that of
enzymes catalyze similar reactions, but differ in their relatiV(%)OVIne serum amine oxidase has been isolated recently from a
affinities for various substrates and inhibitors [2]. The cDNA uman placental cDNA library [S].

sequences for human MAO A and MAO B have been Amine oxidases have been detected in ocular tissues,
published, and have approximately 70% identity [2]. At thencluding the ciliary body, by both enzyme assays [8-13] and
subcellular level, both enzymes have been localized to the outieistochemical techniques [14,15]. Studies with selective
membranes of mitochondria [2]. enzyme inhibitors have suggested the presence of both MAO
A and MAO B in ciliary epithelium [9,12]. “Semicarbazide-
Correspondence to: David N. Howell, MD, PhD, Pathology and Labosensitive” amine oxidase activity has also been reported in
ratory Medicine Service (113), VA Medical Center, 508 Fulton Streetanterior segment tissues [11-13]. Purification and
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characterization of specific amine oxidases from ciliary body  Antibodies—2B4.14.1, a mouse IgM[kappa] monoclonal
tissue has not been described, however. antibody, was produced by standard methods using human

We have recently isolated a group of high moleculalc(_)meal endothelium as an immunogen [17]. 2B4.14.1 reacts

weight glycoproteins from human ciliary body by affinity with both corneal endothelium and ciliary body epithelium as

chromatographywiththemonoclonalantibodyZB4.14.1[16]5'issessed by immunohistochemical staining and

By peptide sequencing and Western blotting with anti_peptidgnmunoelectron microscopy [16,17].
antisera, we have established the identity of one of the Rabbit antiserum was generated against a 15-amino-acid
2B4.14.1-reactive proteins as the copper-containing humasynthetic peptide constituting the predicted carboxy-terminus
placenta amine oxidase [5]. In addition, we have obtainedf human placenta amine oxidase (APDLPAFSHGGFSHN;
information about the subunit structure, glycosylation, anégmino acids 749-763) [5]. Peptide was purchased from
ultrastructural localization of the protein. BioSynthesis, Inc. (Lewisville, TX), and coupled to ovalbumin
as a carrier using glutaraldehyde [18]. Rabbits were immunized
with peptide-carrier emulsified in complete Freund’s adjuvant,
METHODS followed by two boosts at four-week intervals with peptide-
Tissues— Human eyes were obtained from the Durham branckarrier in incomplete Freund’s adjuvant; serum was obtained
of the North Carolina Eye Bank Association; donors range#vo weeks after the final boost.
in age from 50 to 88 years. All studies were performed in  |go|ation and sequencing of 2B4.14.1 ligard3wenty
accordance with the tenets of the Declaration of Helsinki anfyman ciliary bodies were solubilized in 200 ml of 1%
with approval of the responsible institutional humanyg|yoxyethylene 9 lauryl ether §GEg; Sigma Chemical Co.,
experimentation committee. Eyes were kept on ice on saling | ouis, MO) in Tris-buffered saline (TBS), pH 8.0, with the
moistened gauze until use, generally within 24 to 48 hours Qfig of a mechanical tissue homogenizer. Residual insoluble
the donor’s death. Ciliary bodies were isolated from the eyg$aterial was removed by two sequential 30-min
by a combination of blunt and sharp dissection as previouslentrifugations at 10,000 g. The supernatant was applied to an
described [16] and stored at -70 until use. affinity column of 2B4.14.1 coupled to Affi-Prep Hz (Bio-
Rad Laboratories, Richmond, CA) as previously described
[16]. A precolumn consisting of an isotype-matched control
A B antibody coupled to Affi-Prep Hz was employed to eliminate
- kDa proteins capable of nonspecific interaction with IgM. The
2B4.14.1 column was washed extensively with 0.199Hg
— 190 in TBS, pH 8.0, and bound antigens were eluted with 0.1 M
Tris, pH 11. The eluate was neutralized by addition of 1N acetic

. acid and precipitated by addition of 10 volumes excess of ice-
- ‘
-

cold absolute ethanol.
- 97

The ethanol precipitate was dried, redissolved in 50 mM
N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]
= 66 (HEPES), 150 mM NacCl, pH 7.5, mixed with sample buffer
containing dithiothreitol (DTT), and subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
- 43 PAGE) on a 5-15% gradient gel. The upper reservoir buffer
-— s contained 2.5 mg Coomassie blue/100 ml to facilitate detection
31 of the proteins. Following SDS-PAGE, the proteins were
transferred to a polyvinylidene-fluoride-based membrane (CD-
= 21 membrane, Millipore, Bedford, MA). Major bands of 80, 100,
and 130 kDa were apparent. The same bands are visible in a
= 13 small portion of the sample subjected to SDS-PAGE in parallel
and visualized using a standard silver staining procedure [19]
(Figure 1, lane A).

) - o The portion of the membrane containing the 100 kDa band
Figure 1. SDS-PAGE of human ciliary body proteins isolated by afWas excised and suspended in R0Bf 2 M acetic acid. 0.4

finity chromatography with 2B4.14.1. Samples were reduced, mock- g of porcine trypsin (Sigma Chemical Co.) was added, and

digested (lane A) or digested with a mixture of endoglycosidase Ig: . . )
N-glycosidase F (lane B), and separated on a 5-15% gradient g&€ reaction was continued for 4 hr af87[20]. The resulting

which was then silver stained. The major bands at 80, 100, and 19§ptides were separated on an Aquapore RP-300 reverse-phase
kDa (arrowheads) show a downward shift in apparent moleculagolumn (Brownlee Labs, Perkin Elmer, Norwalk, CT)
weight following glycosidase digestion. Each lane contains 2B4.14.tonnected to a 130A high-performance liquid chromatography
ligands isolated from approximately 20§ of whole ciliary body  system (Applied Biosystems, Foster City, CA). The peptides

protein. The dark band at approximately 35 kDa in lane B is thgvere detected at 214 nm and collected manually. The purified
added glycosidase.
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peptides were subjected to automated Edman degradatiarsynthetic peptide from the predicted carboxy-terminus of the
using an Applied Biosystems 477A protein sequencer witlprotein was used to probe Western blots of proteins from whole,
on-line phenylthiohydantoin analysis. detergent-solubilized human ciliary bodies. In blots of proteins

Glycosidase digestien Aliquots of ethanol-precipitated rgduced prior to SDS'RAGE' the antiserum reacted strongly
human ciliary body proteins were dried and resuspended Wth a 100-kDa t_>and (F'QUfe 2, Iane B). In sa.mples subjected
0.1% SDS, 10 mM DTT in TBS, pH 8.0. Nonidet P-40 (Sigmato SDS—PAGE.thout prior reductpn, the antiserum dgtected
Chemical Co.) was added to a final concentration of 1%. A somewhat diffuse band of approximately 200 kDa (Figure 2,

mixture of endoglycosidase F/N-glycosidase F (Sigmziane A).

Chemical Co.) was then added, followed by a 1-hr incubation Removal of N-linked oligosaccharides from reduced
at 37°C ; a control sample was treated identically with thehuman ciliary body proteins by treatment with endoglycosidase
exception that the glycosidase was omitted. Following= and N-glycosidase F prior to SDS-PAGE lowered the
digestion, the samples were reprecipitated with ethanol.  apparent molecular weight of the main band detected by the
d antiserum from 100 kDa to approximately 80 kDa (Figure 2,
lane D). No shift was detected in a reduced, mock-digested

SDS-PAGE, with or without prior reduction and/or glycosidaséSalmIOIe (Figure 2, Iane__C). Gly003|das_e _dlgestlon of proteins
digestion, and transferred to polyvinyIidene-fluoride-basedsf)Iated from human C|I|ar_y b_ody by affinity chromatography
membranes as described above. Following incubation With\é{'th 284'14_'1 Ied_ _to similar down\_/vard shifts n the
milk-powder-based blocking solution, the blots were staine(?le(:tr()ph()retIC m_Ob'“ty OT E_i" of the major 2B4.14.1 ligands
with rabbit anti-peptide antiserum used at a dilution of 1:500%5 assessed by silver staining (Figure 1, lane B).

preimmune serum served as a negative control. Binding was Similar Western blotting results were obtained with a rabbit
detected using a horseradish-peroxidase-conjugated secondangiserum raised against a peptide near the predicted amino
antibody and a chemiluminescent detection system (ECterminus of human placenta amine oxidase (DGGEPSQLPHC,
Western blotting analysis system, Amersham Corp., Arlingtommino acids 31-41). In all experiments, no significant staining
Heights, IL). was seen in control blots produced in parallel and stained with
preimmune serum (data not shown).

Western blotting— Aliquots of detergent-solubilize
whole human ciliary body (2(g protein) were subjected to

Immunoelectron microscopy Fresh human ciliary body
tissue was fixed for 2 hr in 2% paraformaldehyde in piperazine-  Localization of human placenta amine oxidase in ciliary
N,N’-bis[2-ethanesulfonic acid] (PIPES) buffer, pH 7.4, body— Immunoelectron microscopy of human ciliary body
cryoprotected in 2.1 M sucrose in phosphate-buffered salingith rabbit antiserum raised against the predicted carboxy-
(PBS), pH 7.4, snap frozen in liquid nitrogen, and stored iterminal sequence of human placenta amine oxidase revealed
the vapor phase of liquid nitrogen. Ultrathin sections werestrong reactivity with the plasma membranes of inner epithelial
produced and placed on carbon and Formvar-coated grids ealls (Figure 3). A small amount of staining was also seen on
previously described [16]. The grids were floated on PBShe surfaces of outer (pigment) epithelial cells, epithelial cell
containing 5% fetal bovine serum for 10 min; washedcytoplasm (Figure 3), cytoplasmic organelles, and nuclei, but
successively in PBS, 100 mM MBI in PBS, and PBS; then this did not exceed the background staining observed when
placed on drops containing a 1:500 dilution of rabbit antipreimmune serum was substituted for the anti-peptide serum
peptide antiserum or preimmune rabbit serum. Following a {data not shown).
hr incubation at 25C , the grids were washed 6 times with
PBS, then incubated for 30 min at% with a 1:10 dilution
of 10-nm colloidal gold-conjugated goat-anti-rabbit IgG ~ TABLE 1. FePTIDE SEQUENCESFROM 100+ DA 2B4.14.1-
(Janssen Biochimica; supplied by Amersham Corp.). The grids REACTIVE PROTEIN
were then washed and treated with methyl cellulose containing
uranyl acetate as previously described [16]. Grids were pickelgepti de

Position in predicted sequence of

up in wire loops, drained on filter paper, allowed to air-dry, human placenta amine oxidase
and examined using a Philips EM300 electron microscope
(FEI-Philips, Hillsboro, OR). YLDID 176-180
CVFEQNQGL 430-438
RESULTS FLRPYNF 704-710

Peptide sequencirg Unambiguous sequences were obtained
for four peptides from the 100-kDa ciliary body protein
isolated by affinity chromatography with 2B4.14.1 (Table 1).
All four were identical to the predicted protein sequence o
human placenta amine oxidase [5].

FDEDPSF 711-717

fSequences of peptides produced from the 100-kDa protein isolated
from human ciliary body by affinity chromatography with 2B4.14.1
are shown in the left-hand column. All four peptides are identical to
Biochemical characterization of human placenta aminethe predicted sequence of human placenta amine oxidase; the posi-
oxidase— To confirm the identity of the 100-kDa protein as tions of the peptides in the predicted sequence are provided in the

human placenta amine oxidase, rabbit antiserum raised agairight-hand column.
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DISCUSSION known to form an integral part of the 2B4.14.1 binding site

We have identified a 100-kDa glycoprotein from human ciliary[lg]' The pred|_cted protein sequence of hum.an pl_acenta amine
xidase contains six potential N-glycosylation sites [5], and

body, isolated by affinity chromatography with the monoclonaf h .. . id K to b
antibody 2B4.14.1, as a copper-containing amine oxidasai"er copper-containing amine oxidases are known to be

recently identified in a cDNA library from human placenta.glyc:osyl""ted [1]

To our knowledge, this is the first definitive identification of a Under non-reducing conditions, human placenta amine
specific amine oxidase protein in ciliary body, and the firsoxidase in ciliary body has an apparent molecular weight of
demonstration of human placenta amine oxidase in any tissa@proximately 200 kDa, suggesting that the native enzyme is
at the protein level. a disulfide-linked dimer. This finding is consistent with

Digestion of the 100-kDa ciliary body glycoprotein with previous reports that other copper-containing amine oxidases

glycosidases specific for N-linked oligosaccharides decreas&&® disulfide-linked homodimers [1,21].

its apparent molecular weight to approximately 80 kDa; the  Human placenta amine oxidase is localized primarily to
molecular weight of the deglycosylated protein is in goodhe plasma membranes of ciliary body inner epithelial cells as
agreement with the predicted molecular weight of the humaassessed by immunoelectron microscopy with rabbit antiserum
placenta amine oxidase monomer (82,525 D, assumingised against the carboxy-terminal peptide of the enzyme;
cleavage of a putative 19-amino-acid signal peptide) [5]. Theimilar reactivity was observed in previous experiments with
presence of N-linked oligosaccharide side chains on 2B4.142B4.14.1 [16]. The association of a copper-containing amine
ligands was not unexpected, since such oligosaccharides ate

A BCD 4
kDa ¢

.—’i—190

- - 97
- 66

- 45
= 3

Figure 2. Western blot of human ciliary body proteins with rabbi

antiserum against carboxy-terminal peptide of human placenta amine .

oxidase. Whole human ciliary body tissue was detergent-solubilized,™ :

subjected to SDS-PAGE, and analyzed by Western blotting with rablftigure 3. Immunoelectron micrograph of human ciliary body stained
antiserum against the carboxy-terminal peptide of human placentgth rabbit antiserum against carboxy-terminal peptide of human pla-
amine oxidase. Lane A, non-reduced sample. Lane B, reduced samplenta amine oxidase. Sections of human ciliary body produced by
Lane C, reduced sample mock-digested without glycosidase. Landtracryomicrotomy were stained with rabbit antiserum against the
D, reduced sample digested with mixture of endoglycosidase F/Narboxy-terminal peptide of human placenta amine oxidase and a
glycosidase F. The faint bands at approximately 200 kDa in lanes Belloidal-gold-conjugated secondary antibody. Numerous colloidal
D most likely represent a small amount of residual unreduced dimepold particles (black dots) are localized to the plasma membrane of
(or dimers joined by linkages other than disulfide bonds). The lowesin inner epithelial cell (top half of micrograph), visible in may areas
molecular weight bands in lanes B-D may represent proteolytic de@s a thin, lucent line. A small number of gold particles are localized
radation products; partial proteolytic degradation may also explaito the surface of an adjacent outer epithelial cell (bottom half of mi-
the molecular weight heterogeneity of the band in lane A. The anterograph) and to cytoplasm of both cells. The latter cell contains nu-
serum does not crossreact with the flavoprotein amine oxidases MA@erous electron-dense pigment granules; no significant staining of
A and B; no bands of appropriate molecular weight for these enhe granules is present. The clear halos surrounding the granules and
zymes (approximately 60 kDa for monomers, 120 kDa for dimersthe small, bubble-like lucencies within some of them are most likely
are present in the blot. artifacts of processing and embedding of the sections.
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oxidase with plasma membranes is not unexpected; other Other functions that have been suggested for
enzymes in this family, including bovine serum amine oxidassemicarbazide-sensitive amine oxidases include deamination
[6] and kidney diamine oxidase [21], are extracellular enzymef potentially toxic amines such as methylamine [4] and
The latter protein binds to cell surfaces via an interaction withegulation of cell growth by catabolism of polyamines such as
heparin [21]; inspection of the published sequence for humaputrescine [28]. In the latter proces®p and/or aldehydes
placenta amine oxidase reveals no obvious heparin-bindirgenerated as products of the amine oxidase reaction are thought
sequences, however. to inhibit protein and DNA synthesis and ultimately elicit
programmed cell death. Growth regulation by amine oxidase

In addition to binding to plasma membrane surfaces! i
2B4.14.1 also reacts strongly with the surfaces of pigmerﬁrOdUCts has been postulated to play a role in the control of

granules in ciliary body outer epithelium [16]. No signiﬁcantembryoger_“aSiS [?8]' Th_is possibility is especially i”t”gumg
reactivity of antiserum to human placenta amine oxidas ran amine oxidase |nd|genous. to the placenta, but its
peptide was seen in this location. Presumably, 2B4.14.1 "ganggtennal relevance to the adult eye is unclear. Increased levels

other than human placenta amine oxidase are associated mﬂtrpenzylam!ne oxidgse activity have also been associated with
the pigment granules. corneal angiogenesis [11].

The distribution and function of amine oxidases in the The production of HO2 by amine oxidases is of partif:ular
eye are incompletely characterized. Monoamine oxidases Rt€rest k;]ecause of the docur:;_entzd p(;es_en(;eza‘zhlnh
and B have been identified in ciliary body, iris, retina, choroid2du€ous humor [29-31].4D;-mediated oxidative damage has
and optic nerve by enzyme assay of solubilized tissue witj€&" implicated as a possible causative factor for cataracts

selective substrates and inhibitors [9,12]. Topical applicatiOILaSO'32]’ decreases in aqueous outflow facility [33], and damage

of selective inhibitors of both MAO A [22] and MAO B [8,9] to t_hg chneaI e_ndothelium_ _[34]. St_imul_ation of Na-K ATPase
is capable of lowering intraocular pressure, presumably bctivity in nonpigmented ciliary epithelial cells byp® has

potentiating the effects of sympathetic stimulation. Patient! Iso been reported recently [35]. Though much of the3

with Norrie disease, an X-linked heritable disorder in which/"! 2du€ous humor may k_)e gener_ate(_j by non-enzymatic
the genes encoding both MAO A and B are lost via deletiofgactions [29_,31], the possible contribution of enzymes such
[23], exhibit a wide range of developmental and degenerativ%S amine oxidases cannot be excluded, particularly in the

changes of both the anterior and posterior segments, and épécroe_nvironment immediately surrounding the ciliary body
generally blind at birth or become so shortly thereafter [24]_ep|thellum.

Semicarbazide-sensitive amine oxidases have also been " su:nmary, we have |qdent|f|ed a Eovel ?mlne olz(lgase,
localized to the eye by a variety of direct and indirect evidenc&UMan placenta amine oxidase, on the surfaces of human
liary body epithelial cells. This enzyme provides a potential

Semicarbazide-sensitive or benzylamine oxidase activity hdd i ‘ ) - ) X e
been reported in bovine iris, retina, choroid, and optic nerVgxplanatlon for semicarbazide-sensitive amine oxidase activity

[12,13] and rat retina, sclera [25], and cornea [11]. The CDN'&Ietected in preyious experiments in_ anterior s_egment tissues,
for a human retina-specific amine oxidase has recently bedld may contribute to the production op®p in aqueous

cloned [26]. The retinal enzyme and human placenta amir@,lmor.Arelated but distinct enzyme is present in human retina,
oxidase are clearly distinct, but their predicted proteirpU99esting that copper-containing/semicarbazide-sensitive

sequences have a 57% degree of similarity. amine oxidases may play a role in the development and/or
) ] _ function of both posterior and anterior segments.
The natural substrates and functions of semicarbazide-

sensitive amine oxidases in general, and human placenta amine
oxidase in particular, are largely unknown. Semicarbazide- ACKNOWLEDGEMENTS
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that the latter substances may be catabolized at least in part by
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