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Antithrombin Ill, a Serpin Family Protease Inhibitor, Is a
Major Heparin Binding Protein in Porcine Aqueous Humor
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Our hypothesis is that the proteins in aqueous hu-
mor may be involved in the regulation of outflow fa-
cility through the trabecular meshwork and uveoscle-
ral meshwork. In this study, we analyzed the profile of
heparin-binding proteins present in porcine aqueous
humor to identify and characterize secretory proteins
with a binding affinity for heparin. A single step in-
volving heparin-sepharose affinity chromatography of
porcine aqueous humor yielded a ~60 kDa protein as
the major heparin-binding species. This protein was
specifically eluted from the column by heparin. The
N-terminal sequence and immunological cross reactiv-
ity of this protein confirmed its identity as antithrom-
bin I11. Aueous humor from different species, as well
as cells from human trabecular meshwork, Schlemm’s
canal, and lens epithelium, contained detectable
amounts of antithrombin I11. Based on its known an-
ticoagulative function in endothelial cells and effects
on the production of prostacyclin, it is reasonable to
speculate that antithrombin Ill present in aqueous
humor might influence the physiology of the trabecu-
lar and uveoscleral meshwork and thereby regulate
intraocular pressure. © 2000 Academic Press
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Aqueous humor is secreted by the nonpigmented
ciliary body epithelium of the eye and its protein com-
position has been found to be qualitatively and quan-
titatively different from that of serum (1). Several se-
cretory and regulatory proteins have been documented
to be present in the aqueous humor (2-6). Interest-
ingly, ocular conditions such as inflammation and glau-
coma, and certain ocular medications have been shown
to change the protein composition of the aqueous hu-
mor (7-9). However, the role of aqueous humor pro-
teins in the maintenance of intraocular pressure is not
well understood at the present (10-13).

The extracellular matrix of the trabecular mesh-
work, and its turnover are thought to have a critical
role in the regulation of outflow facility (14—-16). Mem-
bers of several families of cell surface and secretory
proteins bind glycosaminoglycans (GAGs), and this
binding is thought to be important for the cellular
effects of these proteins (17, 18). A number of secretory
proteins including growth factors, fibronectin, throm-
bospondin, hormone receptor, SERPIN family protease
inhibitors, interleukins, and other cell surface proteins
are recognized to have affinity for heparin (17-20).
Additionally, heparin, a highly sulfated glycosamino-
glycan, has been found to influence intraocular pres-
sure when injected intracamerally (21). The molecular
mechanism(s) mediating this effect of heparin how-
ever, is not understood. Here we attempted to identify
the heparin-binding proteins present in aqueous hu-
mor with the intention of elucidating their potential
involvement in modulation of aqueous humor outflow
facility. Using heparin-sepharose affinity chromatog-
raphy of porcine aqueous humor, we identified and
characterized antithrombin IIl as a major heparin
binding protein present in aqueous humor.

MATERIALS AND METHODS

Heparin Sepharose CL-6B was purchased from Pharmacia Biotech
Company. Heparin (low molecular weight) and antithrombin Il1
polyclonal antibody were obtained from Sigma Chemical Company.
All other reagents were of analytical grade.

Collection of aqueous humor. Enucleated pig and bovine eyes
were obtained from a local abattoir. Fresh rhesus monkey (Macaca
mulatta) eyes were obtained from the Center for Biological Evalua-
tion and Research, U.S. Food and Drug Administration (Bethesda,
MD). Eyes from these different species were transported to the
laboratory on ice and aqueous humor was collected within 2 to 6
hours. Aqueous humor from these enucleated eyes was collected by
paracentesis (perforation of the cornea), using a 30 ga. Precision
Glide needle. Fresh human aqueous humor was obtained from pa-
tients who underwent either cataract or glaucoma surgery at the
Duke University Eye Center. Human aqueous samples were ob-
tained after informed and written consent from patients. All the
aqueous humor samples were stored at —80°C until use.

Heparin-sepharose affinity chromatography. A Bio-Rad polyprep
chromatography column was packed with heparin-sepharose gel (5
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ml bed volume), in accordance with the protocol provided by the
manufacturer. Before loading aqueous humor samples, the column
was equilibrated at room temperature (=~23°C) with 10 mM phos-
phate buffer pH 7.3 containing 0.15 M NaCl, 0.2 mM EDTA, 0.2 mM
PMSF and 0.2 mM mercaptoethanol (buffer A). Porcine aqueous
humor (20 ml) was dialyzed overnight against buffer A, prior to
centrifugation at 12000 RPM for 20 minutes at 4°C. The supernatant
was loaded onto the heparin sepharose column and elution per-
formed by gravity. The eluant was reloaded onto the column, follow-
ing which the column was washed with 20 ml of buffer A (4 volumes
of the gel bed volume). Subsequently, the column was washed with 4
volumes of buffer A containing 1 M NaCl. Heparin-bound proteins
were finally eluted using heparin (3 mg/ml) in buffer A, and the
eluant (20 ml) was concentrated down to 0.3 ml using a Millipore
Ultrafree centrifugal filter with a 10 kDa cutoff. This sample was
then analyzed by SDS—-PAGE (under reducing condition) to evaluate
the profile/composition of heparin-bound proteins present in the
aqueous humor.

Electrophoresis and Western blot analysis. Sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot analysis were performed as described earlier (22). The
12.5% polyacrylamide gels used to separate heparin-bound proteins
were visually examined after staining with Coomassie Blue-250. For
N-terminal sequence determination, protein(s) was transferred to
polyvinylidene difluoride membrane (Bio-Rad Sequi-Blot PVDF, 0.2
wm) and visualized with Ponceau S. A portion of the PVDF mem-
brane containing the major heparin-bound protein of 60 kDa molec-
ular weight was excised and sequenced by the Howard Hughes
Protein Sequence Facility at Duke University Medical Center. Im-
munoblots were developed according to the Bio-Rad protocol using
an antibody (polyclonal) raised against purified anti-human anti-
thrombin 111 (Sigma Chemicals), and protein bands were visualized
using a peroxide-linked secondary antibody and ECL detection re-
agent (Amersham Pharmacia Biotech).

Immunocytochemistry. Human trabecular meshwork and Schlemm'’s
canal primary cell cultures were generated and cultured in Dulbec-
co's modified Eagle medium (DMEM) with 10% fetal calf serum as
described earlier (23). The human lens epithelial cell line (SRA01/04)
was provided by V. N. Reddy from Kelloggs Eye Institute, Michigan.
Cells were plated on gelatin (2%)-coated glass cover slips, fixed with
3.7% formaldehyde and stained for antithrombin Il using anti-
human antithrombin 1l polyclonal antibody and anti rabbit 1gG
(whole molecule) conjugated to a FITC secondary antibody (Sigma),
as described earlier (23). Control cells were incubated with preim-
mune serum instead of primary antibody. Cells were viewed and
photographed using a Zeiss Axioplan 2 microscope.

RESULTS AND DISCUSSION

Porcine aqueous humor samples applied to a column
of heparin sepharose CL-6B were eluted sequentially
using Buffer A alone, Buffer A plus 1 M NacCl, and
Buffer A plus heparin (3 mg/ml), respectively. SDS—
PAGE analysis of heparin-eluted fractions revealed a
single protein of 60-63 kDa molecular weight, as vi-
sualized with Coomassie Blue-250 staining (Fig. 1).
The 63 kDa protein was then transferred onto PVDF
membrane, visualized with Ponceau S, excised from
the membrane and subjected to N-terminal sequencing
at the Howard Hughes Protein Sequencing Facility,
Duke University Medical Center. The N-terminal se-
guence confirmed presence of a single species in the
60-63 kDa heparin-bound protein fraction, and
yielded information on a total of 19 amino acid residues
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FIG. 1. Coomassie Blue-stained SDS—polyacrylamide gel profile
of the heparin-bound protein fraction of porcine aqueous humor. The
heparin-sepharose column was sequentially eluted with buffer A
alone, buffer A plus 1 M NaCl, and finally buffer A containing
heparin (3 mg/ml). The heparin-bound protein fraction eluted in the
last elution step was then concentrated down to 0.3 ml, of which 10
and 15 ul aliquots were analyzed by SDS-PAGE (lanes 1 and 2).
Arrow indicates location of the 60 kDa heparin-binding protein from
porcine aqueous humor.

(of which 2 were undetermined). A BLAST search con-
ducted against the NCBI protein data bank to detect
sequence homology with known proteins, confirmed
identity of the 60-63 kDa heparin-bound protein as
porcine antithrombin 111, with 16 of the 17 amino acid
residues matching those present in the porcine and
sheep antithrombin 111 sequence. The identity of this
aqueous humor protein as porcine antithrombin 111 is
also in agreement with the reported molecular weight
range (58-63 kDa), strong affinity for heparin, and
unblocked N-terminal residue of antithrombin II1.
The identity of this 60—63 kDa heparin-binding pro-
tein was further confirmed by analysis of immunolog-
ical cross reactivity. An anti-human antithrombin 111
polyclonal antibody displayed a very strong immunopo-
sitive reaction with the heparin-bound protein as as-
sessed by Western blot analysis (Fig. 2). This protein
was also confirmed to be present in the aqueous humor
of other species by subjecting aqueous humor (20 wl)
samples from human, monkey, bovine, and porcine
eyes to Western blot analysis, as described above. Hu-
man and porcine samples exhibited clearly positive
immunopo-reactive bands with a molecular weight cor-
responding to that of molecular weight purified anti-
thrombin 111 from porcine aqueous humor. Monkey and
bovine aqueous humor samples also yielded a positive
reaction upon longer exposure of the ECL blots to film
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1 SPVEDIXTAKPXDIPVNGM 19 (N-terminal sequence of heparin-sepharose bound protein)
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1 SPVEDICTAKPRDIPVNPM 21 (Porcine antithrombin III)

FIG. 2. Alignment of partial N-terminal sequence of the heparin sepharose bound 60 kDa protein of porcine aqueous humor. 16 out of
17 residues of the 60 kDa heparin bound protein are identical to the sequence of porcine antithrombin I11.

(Fig. 3). Longer exposures also revealed some nonspe-
cific signals however, which most likely can be attrib-
uted to cross-reactivity of albumin, a major protein
present in the agueous humor of various species. In
support of our data, Schmut and Hofmann et al. (24)
has reported the presence of immunologically detect-
able antithrombin 111 in aqueous humor.

The vast majority of agueous humor proteins are
believed to be blood-derived, entering the anterior
chamber by simple filtration or seepage through the
ciliary body (1, 25). Alternatively, tissues of the ante-
rior chamber of the eye could contribute to the protein
make-up of the aqueous humor. To explore whether the
antithrombin 111 found in agueous humor of different
species could potentially be contributed by the tissues
of anterior chamber of the eye, primary cell cultures
isolated from human trabecular meshwork (HTM) and
Schlemm’s canal (SC), and a human lens epithelial cell
line (SRA01/04) were analyzed for the presence of
antithrombin 111 by immunocytochemistry using the
antithrombin 111 polyclonal antibody and a fluo-
rescein (FITC)-conjugated anti-rabbit secondary anti-
body. Both confluent HTM and SC cells, as well as lens
epithelial cells exhibited very distinct positive staining
as compared to control cells treated with preimmune
rabbit serum. The immunostaining revealed a vesicu-
lar pattern which is typical of many secretory proteins
(Fig. 4). Furthermore, these data are consistent with
previously reported work (26) which documented anti-
thrombin 111 expression in HTM cells, based on results
of PCR amplification strategies. Among the three dif-
ferent cell types tested, SC cells were found to have a
relatively higher concentration of antithrombin I1I1.
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FIG. 3. Immunological identification of the heparin-bound 60
kDa protein as antithrombin Il (lanes 1 and 2) and a Western blot
showing the immunoreactivity of antithrombin Ill in the aqueous
humor from different species (lanes 3 to 7) with a polyclonal antibody
raised against human antithrombin Ill. The heparin bound protein
fraction (lanes 1 and 2) and aqueous humor (20 wl aliquots) derived
from human (3 and 4), pig (5), monkey (6), and bovine eyes (7) were
analyzed by SDS-PAGE, followed by electrophoretic transfer to ni-
trocellulose. Nitrocellulose blots were subsequently probed using a
polyclonal antibody generated against human antithrombin Il and a
peroxidase-conjugated secondary antibody. Blots were developed us-
ing enhanced chemiluminescence reagents.

49.5 kDa

This difference might be related to lumenal platelet
aggregation on the endothelium of Schlemm’s canal as
has been reported under various conditions (27).

Our study convincingly demonstrates the presence of
antithrombin 111 as a major heparin-binding protein in
the aqueous humor. While this is the only protein
detectable by Coomassie Blue staining in our experi-
ments, it does not exclude the presence of other minor
heparin-binding proteins in aqueous humor, which
might be visible upon silver stain analysis. ol-
antitrypsin, another serpin protease inhibitor, «- and
B-lipoproteins and thrombospontin, which also have an
affinity for heparin, have been reported to be present in
the agueous humor of human and other species (2-5).

FIG. 4. Immunolocalization of antithrombin Il in human tra-
becular meshwork (HTM), Schlemm’s canal (SC) primary cells and in
a human lens epithelial cell line (LENS). Cells were plated on
gelatin-coated glass cover slips and grown to confluence in DMEM
medium containing fetal bovine serum. Cells were fixed with form-
aldehyde and stained for antithrombin I11 using an antithrombin 111
polyclonal antibody and a fluorescein-conjugated secondary anti-
body. Control cells treated with preimmune serum and stained with
secondary antibody showed no immunoreactivity (not shown). All
three different cells used for this analysis exhibited a distinctly
vesicular pattern of immunoreactivity against the anti-human anti-
thrombin 111 antibody.



Vol. 272, No. 1, 2000

Antithrombin 111, which has a very high binding
affinity for heparin, is reported to undergo both confor-
mational change and activation as a result of the bind-
ing interaction (28, 29). Evolutionarily this protein be-
longs to the serine protease inhibitor family (SERPIN)
and it inactivates thrombin as a result of an irrevers-
ible binding interaction with the latter protein (29). Its
main physiological role as an anticlotting agent is well
understood. Antithrombin 111 also blocks other serine
proteases besides thrombin, in the clotting cascade,
namely, Xlla, Xla, 1Xa, and Xa (28). Although the
aqueous humor and anterior chamber of the eye are
avascular in nature, blood leakage due to trauma and
clot formation that might occur under certain condi-
tions such as hyphema, have the potential to block
aqueous humor outflow through the trabecular mesh-
work and Schlemm'’s canal (30). Under such situations,
aqueous humor antithrombin 111 may play a critical
role in preventing blood clot formation, which could
otherwise block aqueous humor outflow.

Its presence in the aqueous humor and its possible
secretion by ciliary processes, HTM, SC cells and lens
cells all suggest a role for antithrombin Il in the
anterior chamber of the eye. Further in addition to its
role as an anti-clotting agent. Intracameral heparin
perfusion of the rabbit eye has been reported to reduce
the intraocular pressure elevation induced by sodium
hyaluronate (21). Since antithrombin Il is a major
protein that binds to heparin (28), this heparin effect
could conceivably be mediated through its antithrom-
bin 111 function.

In addition, several other cellular effects of this pro-
tein might be of physiological relevance. For instance,
antithrombin 111 has been shown to induce the produc-
tion of prostacyclin in a dose-dependent manner in
vascular endothelial cells (31, 32). This effect has been
thought to be important in PGI2 induced vasodilation
of blood vessels (31-34). Interestingly, various prosta-
glandins including prostacyclin exhibit ocular hypoten-
sive effects (35—-39). Prostaglandin analogs are cur-
rently used in clinical practice to lower intraocular
pressure (37-39), and the uveoscleral outflow pathway
has been identified as the tissue target for this effect
(37-39). Therefore, the known effects of antithrombin
111 on the production of PGI2 in endothelial cells could
be involved in such unconventional outflow pathway
regulation.

Cultured HTM cells have been shown to produce
prostacyclin, PGE2, PGF2 and other eicosanoid metab-
olites and the production of these metabolites is influ-
enced by serum, thrombin, and bradykinin (40, 41).
Both the HTM and SC cells are thought to be endothe-
lial in nature and found to express several endothelial
cell surface markers (23, 40). Therefore, antithrombin
111 secreted by HTM and SC as well as that is present
in agqueous humor might also influence conventional
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aqueous humor outflow facility through the HTM
and SC.

Recently, antithrombin 111 was also shown to stim-
ulate nitric oxide production in macrophages through
an as yet uncharacterized signaling pathway(s) (42).
This aspect may also be relevant to the regulation of
intraocular pressure. Nitric oxide producing agents
have been found to enhance aqueous outflow facility,
an effect presumably involving the known endothelial
relaxation property of nitric oxide (43, 44).

Thus, based on the collective understanding of these
known effects of antithrombin 111, it is reasonable to
speculate that its presence in aqueous humor could be
of significance in the regulation of aqueous humor
outflow. Studies designed to explore antithrombin-
mediated regulation of prostacyclin production in HTM
and SC cells could provide better understanding of the
potential role(s) of antithrombin Il in regulating in-
traocular pressure.
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