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antibodies,24,32 but we had previously not paid serious
attention to the higher molecular weight bands whose
potential significance was validated with 1F5. Since protein
separation was denaturing, the implication is that much tear
lacritin may be covalently cross-linked with itself (as dimers
and trimers), or with another tear protein.

Oligomerization of Lacritin

How might lacritin become covalently cross-linked? Although
absence of cysteines and inclusion of b-mercaptoethanol or
dithiothreitol in gel-loading buffers ruled out disulfide bonding,
lacritin is relatively rich in lysine and glutamine residues (Fig.
2A). TGM2 catalyzes the covalent interaction of glutamine c-
carboxamide groups with lysine e-amino groups (Fig. 2B).
TGM2 is a 77.3 kDa member of the normal tear proteome.2,3

Could cross-linking be TGM2 dependent?
We purchased active guinea pig liver transglutaminase

(Tgm2),12 and performed incubations with 1 l M recombinant
lacritin at 378C. Tgm2 rapidly and progressively converted
lacritin monomer into oligomers with detectable monomer
exhausted by 10 or 20 minutes (Figs. 3A, 3B), although some
monomer occasionally remained when mixing was not optimal
(Figs. 3C, 3D). By 90 minutes, cross-linked lacritin below and
greater than ~75 kDa form had formed (Figs. 3A, 3B) in
preparations containing 3 l M lacritin, although oligomeriza-
tion was apparent over a broad lacritin dose range and initially

formed very high molecular species (Fig. 3A). Boiled Tgm2 or
inactive human recombinant TGM2 all failed to cross-link
lacritin monomer (Fig. 4A). Interestingly, the amount of
immunodetected material increased with time of Tgm2
incubation (Figs. 3A, 3C). We considered whether Tgm2 may
have incorporated into the lacritin complex and/or have some
affinity for 1F5 mab. The sequence ‘P_QEAGT’ of the 1F5
antigen DPAQEAGTSKPNEEIS is shared with human TGM2
amino acids 66 to 73, the latter with a below threshold
antigenic score of 0.992,33 and is conserved in guinea pig
Tgm2 as DPAseEAGT. To address these questions, Tgm2 cross-
linked lacritin (Fig. 4B) was purified on a 1F5 mab column and
then blotted with ab Tgm2. No Tgm2 was detected (Fig. 4C).
We also tested blots of 1.5 l M Tgm2 incubated with lacritin for
0 or 90 minutes (Fig. 4D) or with itself (Fig. 4E). No 1F5 cross-
reactivity was detected in the absence of lacritin (Fig. 4D), and
introduction of lacritin had no effect on the size distribution of
Tgm2 (Fig. 4E).

Donor and Acceptor Sites in Lacritin Cross-Linking

Deprotonated lysines couple with acceptor glutamines via e-(c-
glutamyl)-lysl linkages. To ask which lysines and glutamines are
affected, we analyzed Tgm2-modified lacritin by mass spec-
trometry (Figs. 5, 6), and discovered that glutamine 106 was
bridged to lysines 82 and 85. Interestingly, glutamine 106
resides within the syndecan-1 binding domain,16,21 as recently
confirmed and further refined by Zhang et al. (Zhang Y, et al.
IOVS 2010;51:ARVO E-Abstract 4179).

Cross-Linking Suppresses Lacritin Cell Surface
Targeting

Lacritin targeting of cells is dependent on local heparanase
deglycanation of the ubiquitous cell surface proteoglycan
syndecan-121 (Fig. 7A), with coupling between lacritin’s C-
terminal amphiphathic a-helix and a domain within syndecan-
1’s heparan sulfate rich N-terminus.40 When syndecan-1 or
heparanase are depleted by siRNA, no lacritin-dependent
mitogenesis is observed.21 To ask whether or not cross-linking
interferes with coupling, we treated lacritin with Tgm2 while
still an intein fusion protein immobilized on chitin beads. In
controls, immobilized lacritin was similarly treated with
inactive recombinant TGM2, or boiled Tgm2. Tgm2 cross-
linking substantially diminished the affinity of lacritin for
syndecan-1. Ligation was unaffected by incubation under the
same conditions and same duration with inactive TGM2, or
with boiled Tgm2 (Fig. 7B).

Native TGM2 Activity in Tears

If a significant population of tear lacritin is covalently cross-
linked in normal human tears and Tgm2 readily cross-links
lacritin in vitro, can native tear TGM2 do the same? We
immunodepleted all lacritin monomers, multimers, and frag-
ments from normal human basal tears, and then spiked in 1.1
l M recombinant lacritin for overnight incubation at 378C (Fig.
8). TGM2 requires Caþþ for activity. Incubations that included
Caþþ displayed lacritin species with mobilities appropriate of a
lacritin monomer, dimer, trimer, and tetramer, at relative levels
(Fig. 8A) similar to that seen for endogenous lacritin (Figs. 1E,
1F). However, without Caþþ and instead with EDTA, lacritin
remained monomeric, with trace amounts of apparent
tetramer (Fig. 8A). Without tears, no multimerization occurred
although there was some dimer with Caþþ (Fig. 8B). We next
compared blottable levels of human recombinant and tear
TGM2 over several concentrations or loading volumes. As a
GST fusion protein generated in a wheat germ translation

FIGURE 1. Respective N- and C-terminal specificity of new anti-lacritin
antibodies 1F5 mab and ab C-term, and primary detection of a ~75 kDa
and lower lacritin band human tears. (A) 1F5 mab blot of equal loads of
recombinant lacritin, lacritin N-truncations, and a lacritin C truncation.
(B) Ab C-term polyclonal antibody blot of equal loads of recombinant
lacritin, lacritin C-truncations, and a lacritin N truncation. (C) 1F5 mab
localization of lacritin in human lacrimal gland. Primary staining is over
acini. Some background is associated with endothelial cells. Original
magnification 3200. (D) Ab C-term localization of lacritin in human
lacrimal gland. (E) 1F5 mab blot of human tears and saliva. (F) Ab C-
term blot of human tears and saliva.
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system (therefore not glycosylated; one N-linked site predict-
ed), recombinant TGM2 (~80 kDa) migrates only slightly
higher than tear TGM2 (~75 kDa). Comparative densities
suggest a tear level of 0.6 l M TGM2 (Fig. 8C), in line with 1.5
l M Tgm2 employed in Figures 3 and 4, but with kinetics
presumably slowed by competing tear proteins. The nature of
a ~10.5 kDa band in tears is unknown. Thus, normal tear
TGM2 appears to reconcile the discrepancy between total tear
lacritin levels, and the much lower level necessary for lacritin
bioactivity on ocular surface epithelia. Corneal TGM2 increases
in dry eye stress,9 and might thereby differentially downreg-
ulate levels of epithelial bioactive lacritin.

DISCUSSION

We sought to reconcile lacritin’s 1 to 10 nM biphasic dose
optimum in epithelial cell culture with the ~18 to 27 l M level in
normal human tears, as implied by an ELISA estimate of 4.2 ng
lacritin per 100 ng total tear protein,24 and a suggested basal tear
protein concentration of ~8 mg/mL.25 We observed by
immunoblotting that some tear lacritin appeared to be seques-
tered in larger complexes—likely dimers and trimers—and
demonstrated that recombinant lacritin is a substrate for
exogenous and native tear Tgm2. Since Tgm2 complexed lacritin
binds syndecan-1 poorly and syndecan-1 both mediates lacritin

dependent survival (Zimmerman K, et al. IOVS 2012;53:ARVO E-
Abstract 4231) and mitogenic16 signaling, TGM2 in tears appears
to be a negative regulator of lacritin activity.

Lacritin cross-linking by TGM2 was rapid. Only 1 minute
was required to assemble the largest detected complex.
Smaller complexes followed, including ones at, below, and
above the ~75 kDa form observed in tears. The implication is
that donor and acceptor residues are readily available, and that
massive cross-linking is immediate. Midkine cross-linking in
vitro was similar, although dimer was also detected at 5
minutes.12 However, when recombinant lacritin was spiked
into lacritin-depleted tears, much slower kinetics were
observed even though the estimated level of TGM2 in tears
(~0.6 l M) did not differ substantially from exogenous (1.5
l M). Slower kinetics and smaller lacritin oligomers in tears may
reflect competition of other tear substrates for TGM2, and
perhaps in vivo an endocytic or tear clearance mechanism for
large complexes. Although we detected covalent binding of
glutamine 106 with lysines 82 and 85 (numbering excludes the
signal peptide), other glutamines and lysines may contribute.
Lacritin truncation mutant C-25 lacks the above residues, but
also oligomerized in the presence of Tgm2 (not shown). Thus,
the kinetics are in keeping with immediate or delayed cross-
linking upon lacritin secretion by extracellular or plasma
membrane–associated TGM2, dependent likely on the proxim-

FIGURE 4. Tgm2 polymerization of lacritin is specific. (A) 1F5 mab blot of 100 nM recombinant lacritin incubated with 1.5 l M each of Tgm2,
inactive recombinant human TGM2, boiled Tgm2, or Tgm2 in the presence of 50 mM EDTA for 40 minutes at 378C. (B) 1F5 mab and anti-Tgm2 blot
of 3 l M lacritin incubated for 60 minutes at 378C with 1.5 l M Tgm2. (C) 1F5 mab and anti-Tgm2 blot of the incubation from (B) immunopurifed on
a 1F5 column. (D) 1F5 blot of 3 l M lacritin incubated with 1.5 l M Tgm2, or 1.5 l M Tgm2 alone. Incubation was for 0 or 90 minutes. (E) Anti-Tgm2
blot of the incubation mixture from (D).
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