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Abstract  
 
Lipids in complex, protein-enriched films at 
air/liquid interfaces reduce surface tension.  In 
the absence of this benefit, the light refracting 
and immunoprotective tear film on eyes would 
collapse. Premature collapse, coupled with 
chronic inflammation compromising visual 
acuity, is a hallmark of dry eye disease affecting 
7 – 10% of individuals worldwide. Although 
collapse seems independent of mutation (unlike 
newborn lung alveoli), selective proteome and 
possible lipidome changes have been noted. 
These include elevated tissue transglutaminase 
and consequent inactivation through C-terminal 
cross-linking of the tear mitogen lacritin, leading 
to significant loss of lacritin monomer. Lacritin 
monomer restores homeostasis via autophagy 
and mitochondrial fusion and promotes basal 
tearing. Here, we discover that lacritin monomer 
C-terminal processing, inclusive of cysteine, 
serine and metalloproteinase activity, generates 
cationic amphipathic α-helical proteoforms. 
Such proteoforms (using synthetic peptide 
surrogates) act like alveolar surfactant proteins 
to rapidly bind and stabilize the tear lipid layer. 
Immunodepletion of C-, but not N-terminal 
proteoforms nor intact lacritin, from normal 
human tears promotes loss of stability akin to 
human dry eye tears.  Stability of these and dry 
eye tears is rescuable with C- but not N-terminal 
proteoforms. Repeated topical application in 
rabbits reveals a proteoform turnover time of 7 – 
33 hours with gradual loss from human tear lipid 
that retains bioactivity without further 
processing. Thus, the processed C-terminus of 
lacritin that is deficient or absent in dry eye tears 
appears to play a key role in preventing tear film 
collapse and as a natural slow release 
mechanism that restores epithelial homeostasis.  
 
Introduction  
 
At air/liquid interfaces, lipids in complex 
protein-enriched films reduce surface tension 
without which lung alveoli would collapse, as 

observed in newborns with mutations in 
pulmonary surfactant genes (ie. SFTPB; 1), 
SFTPC; (2)) or in proteins involved in 
phosphatidylglycerol and phosphatidylcholine 
(ABCA3; (3)) or protein transport (EMC3; (4)).  
In the terrestial vertebrate eye, the air/liquid 
interface is responsible for refracting 80% of 
entering light, premature collapse of which 
underlies the most common eye disease ('dry 
eye') affecting 7 - 10% of the world's population 
increasing to 30% in the elderly (5).  No single 
gene mutation nor group of mutations are known 
to be causative, although in humans rare 
frameshift mutation of the transcription factor 
FOXC2 (6) or R124H mutation of collagen 
binding TGFBI (7) are deleterious for 
morphogenesis of eyelid meibomian glands, as 
are rare mutations of AAAS (8), CLDN10 (9), 
FGF10, FGFR2, FGFR3 (10,11), NGLY1 (12), 
TP63 (13), or TRAPPC11 (14) for formation of  
the ocular lacrimal glands.  How the lipid film of 
the eye is stabilized is an important question 
with considerable physiological and health 
relevance. 
 
Clues may reside in tear lipidomic and 
proteomic analyses, and perhaps via singular 
features shared with lung alveoli.  Only the (O-
acyl)-w-hydroxy fatty acid (OAHFA) class of 
amphiphilic lipids appears to be downregulated 
in dry eye (15), much like phosphatidylcholine 
deficiency in infant respiratory distress 
syndrome (16), and in keeping with 'evaporative' 
dry eye-like conditions in mouse eyes lacking 
the Cyp4f39 gene coding for a fatty acid w-
hydroxylase necessary for the generation of 
normal levels of C16:1 OAHFA (17).  OAHFA 
lipids are thought to primarily reside at the 
aqueous/lipid interface as the main lipid 
surfactant essential for tear film stability (18).  
Also, in dry eye surprisingly few tear proteins 
are selectively deficient.  Of tear deficient 
proteins curiously also constituents of 
broncheoalveolar lung lavage (19,20) are: 
zymogen granule protein 16B, annexin A5, 
alpha-2-glycoprotein 1, deleted in malignant 
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brain tumors1, lipocalin-1, submaxillary gland 
androgen regulator protein 3B, immunoglobulin 
heavy constant alpha 1, polymeric 
immmunoglobulin and lacritin.  Lacritin is a 
basal tearing agonist (21-24) that in addition 
transiently stimulates autophagy in ocular 
surface epithelia (25) to restore oxidative 
phosphorylation under conditions of 
inflammatory stress (25).  Rather than known 
mutational inactivation, lacritin is subject to 
tissue transglutaminase-dependent cross-linking 
involving donor lysines 82 and 85 and acceptor 
glutamine 106 (26) - the latter residing within 
the binding domain of lacritin co-receptor 
syndecan-1.  This abrogates binding, and in turn 
lacritin activity (26).  Tissue transglutaminase is 
elevated both in dry eye (27) and in disrupted 
alveoli of premature infants with 
bronchopulmonary dysplasia (28), and through 
cross-linking diminishes bioactive monomeric 
lacritin in place of inactive polymers (26).  
  
A further curiosity is lacritin's robust C-terminal 
processing in normal tears (29,30) that in 
proteoform number exceeds that of all but one 
other tear protein (30).  Some are bactericidal 
(29,30).  Here we note that C-terminal 
proteoforms are also deficient or absent in dry 
eye, and that this deficit goes hand-in-hand with 
the propensity for tear film collapse in a C-
terminal synthetic peptide rescuable manner 
involving stable interaction with 16:1 OAHFA.  
 
Results 
 
Lacritin Immunodepleted Normal Tears 
Prematurely Collapse 
 
Tears comprise a loose aqueous polymer of 
lipids and glycoproteins, including the basal 
tearing (21-24) and pro-health (25,31) agonist 
lacritin whose bioactive C-terminus is 
dominated by two amphipathic a-helices (Fig. 
1A, B) similar to the N- and C-termini of 
processed lipid stabilizing pulmonary surfactant 
protein B (32-34) necessary for lung function 

and life (35).   Together, both lacritin a-helices 
partially comprise the antigen of polyclonal 
antibody 'anti-C-term' (Fig. 1A; (26)), the latter 
effective for lacritin immunodepletion 
(25,26,29).  To gain insight into premature tear 
film collapse and whether lacritin deficiency in 
dry eye may be contributory, Langmuir surface 
balance studies were performed.  Such studies 
are performed in a 'Langmuir-Blodgett trough' 
consisting of a shallow (225 cm2) reservoir of 
PBS (40 ml) with surface tear film that is 
compressed or expanded by symmetric 
movement of opposing barriers.  As area 
changes, surface pressure is monitored by a 
Wilhelmy wire probe with sensitivity exceeding 
0.01 mN/m.  Surface pressure represents the 
surface tension of the buffer minus the surface 
tension of the film.  We floated onto PBS normal 
human tears (3 µl) pooled from over 50 different 
individuals, or the same tear pools passed over 
immobilized anti-C-term lacritin antibodies (C-
term depleted; Supporting Fig. 1A), or over a 
pre-immune Ig column (Fig. 1C; mock 
depleted).  Each was subjected to compression 
and expansion isocycling (Fig. 1C, right) that 
mimics blinking. Isocycling is the synchronized 
repeated inward or outward movement of 
barriers at constant speed.  Isocycling was 
performed at 35ºC, the surface temperature of 
the human eye (36).  Normal and mock depleted 
films (Fig. 1D, E) were more stable as per a 
higher 'lift off' area (~50%; Fig. 1D(i), D inset, 
right) and maximum surface pressure (~25 
mN/m; Fig. 1D(ii), D inset, left) achieved with 
compression.  'Lift off' is when surface pressure 
first reaches 1 mN/m as compression 
progressively reduces film area (37) - an 
indicator of the capability of film constituents to 
restructure at the interface.  Maximum surface 
pressure is when constituents are the most 
densely compressed in a stable film.  Tears 
lacking lacritin were less resistant to 
compression (respectively ~25% and ~15 - 20 
mN/m; Fig. 1D (i and ii), D inset, right and left) 
and expansion (Fig. 1E).  Film stability is 
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considered in terms of molecular packing 
density at the interface (38). 
 
Anti-C-Term Lacritin Depleted Tears Behave 
Like Dry Eye Tears and Can Be Rescued with 
C-Terminal Lacritin Peptides That are 
Deficient in Dry Eye  
 
Normal basal tears contain different forms of 
lacritin as monomer, polymer and proteoforms 
(26) - of which five N- and forty-two different 
C-terminal proteoforms have been detected to 
date by top down mass spectrometry ((30); Fig. 
1B: 'lacrt tear proteoforms').  Lacritin dimers, 
trimers and larger polymers are attributable to 
crosslinking by tear tissue transglutaminase, a 
calcium dependent glutamine g-
glutamyltransferase that is active in normal tears 
(26) and whose ocular surface expression is 
elevated in patients with Sjögren's Syndrome dry 
eye (27).  Which form(s) of lacritin contributes 
to tear film stability?  Anti-C-term lacritin 
antibody detects lacritin monomer, polymer and 
C-terminal proteoforms - but not N-terminal 
proteoforms.  Anti-N-term lacritin antibody 1F5 
detects N-terminal proteoforms, monomer and 
polymer, but not C-terminal proteoforms (Fig. 
1A; (26)).  We subjected normal human tears to 
1F5 immunodepletion (Fig. 1C; Supporting Fig. 
1A).  Film stability under compression was 
unaffected per 'lift off' area (~48%; Fig. 1D(i), D 
inset, right) and maximum surface pressure (~26 
mN/m; Fig. 1D(ii), D inset, left) suggesting that 
C-terminal proteoforms maybe contributory.  To 
test this possibility, we synthesized C-terminal 
synthetic peptides 'N-94', 'N-94/C-6' and 'N-
64/C-31' that together span all detected C-
terminal proteoforms in tears (Fig. 1A) and 
therefore serve as surrogates.  N-terminal 
twenty-four amino acid peptide 'C-95' lacking 95 
C-terminal amino acids (Fig. 1A) was included 
as a negative control.  'N-94' represents lacritin's 
C-terminal twenty-five amino acids with two 
amphipathic a-helices and a six amino acid C-
terminal random coil domain, whereas 'N-94/C-
6' lacks the latter.  'N-64/C-31' is a more internal 

amphipathic a-helix ((29); Fig. 1A).  6 µM of 
each was added to anti-C-term lacritin-depleted 
tears (Fig. 1F).  6 µM is the suspected 
concentration of C-terminal lacritin proteoforms 
in human basal tears, vs ~18 - 27 µM for all anti-
Pep Lac N-Term detectable lacritin (39).  N-94 
and N-94/C-6 ('lift off' area: 41 and 49%, [Fig. 
1G, H]; maxiumum surface pressure: 23 and 24 
mN/m; respectively) largely restored film 
stability under compression (Fig. 1G, H) and 
expansion (Supporting Fig. 1B).  Not beneficial 
were N-64/C-31 and C-95 ('lift off' area: 23 and 
21%; maxiumum surface pressure: 17 and 11 
mN/m (Fig. 1G, H)). 
 
Lacritin monomer is selectively deficient in tears 
of almost all forms of dry eye (reviewed by 
Willcox et al (40)).  Are C-terminal proteoforms 
also lacking, and if so is their absence 
contributory to tear film instability?  Dry eye is 
generally most severe in Sjögren's Syndrome, an 
autoimmune form of dry eye disease (41).  We 
tested basal tears from 21 normal or 21 non-
Sjögren's dry eye individuals (Fig. 1J (i)) and 
tears collected without anesthesia from 21 
Secondary Sjögren's syndrome dry eye patients 
(Fig. 1J (ii)).  C-terminal proteoforms and 
monomer were deficient or absent in most non-
Sjögren's and Sjögren's Syndrome dry eye tears 
(Fig. 1J).  Sjögren's Syndrome samples were 
kindly provided by the Sjögren's International 
Collaborative Alliance for which volume was 
limiting.  Non-Sjögren's dry eye tears (from the 
Warfighter Refractive Eye Surgery Program and 
Research Center, Fort Belvoir VA) were 
sufficient for compression and expansion 
isocycling.  Compression values ('lift-off' area 
26% [Fig. 1H, I]; highest surface pressure 15%; 
Fig. 1I) were essentially identical to anti-C-term 
lacritin depleted normal tears, as was the benefit 
of supplementation with 6 µM N-94 or N-94/C-
6 (42 - 43% [Fig. 1H, I] and 21 - 22 mN/m; Fig.  
1I).  Similar benefit was apparent in expansion 
profiles (Supporting Fig. 1B).   Thus, lacritin C-
terminal proteoforms, but not apparently lacritin 
monomeric or polymeric forms, lower tear 
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surface tension and when selectively absent or 
deficient in dry eye tears contribute to decreased 
film stability upon compression that can be 
largely rescued with N-94 or N-94/C-6. 
 
C-Terminal Lacritin Peptide Rescue Restores 
Elasticity  
 
Viscoelasticity underlies tear compression and 
expansion properties that in turn modulates the 
quality of light refraction necessary for visual 
acuity - a feature compromised in dry eye (42).  
We monitored the time-dependent relaxation of 
surface tension after pre-equilibrated films at a 
surface pressure of ~15 mN/m were subjected to 
a sudden step compression of less than 5% of the 
prior surface area (Fig. 2A, B, inset).  The initial 
maximal surface pressure as the instantaneous 
stress response differed substantially between 
normal (~1.7 mN/m) and both anti-C-term 
lacritin depleted normal (~0.6 mN/m) and dry 
eye tears (~0.6 mN/m; [Fig. 2A, B]).  As per 
compression/expansion isocycling, spiking N-
94 or N-94/C-6 into anti-C-term lacritin depleted 
normal tears was fully corrective (Fig. 2A), but 
only partially so in dry eye tears in which the 
initial reading was elevated (respectively ~1.2 
and 1.6 mN/m) but then fell off precipitously 
with relaxation (Fig. 2B).  Viscoelasticity was 
assessed by Fourier transform of the relaxation 
data (43,44) thereby yielding the stored elastic 
modulus ('ER') and loss modulus ('EIM') (Fig. 2C 
- E) - the latter a measure of viscous behavior.  
N-94 and N-94/C-6 elevated the stored elastic 
modulus, and diminished the loss modulus of 
both anti-C-term lacritin depleted normal tears 
and dry eye tears (Fig. 2D, E).  The 'dilatational 
elastic modulus' ('E*') is the sum of ER and EIM, 
and the quotient of EIM/ER, ('tan f') is the 'loss 
factor' such that values less than or greater than 
one are respectively elastic or viscous.  At all 
frequencies, normal tears (maximal loss factor 
0.5) as well as N-94 or N-94/C-6 supplemented 
anti-C-term lacritin depleted normal (respective 
maximal loss factors 0.2, 0.1) and supplemented 
dry eye tears (respective maximal loss factors 

0.5, 0.6) are elastic (Fig. 2F, G).  This contrasts 
with anti-C-term lacritin depleted normal and 
dry eye (respective maximal loss factor 2.7, 2.8) 
tears that are respectively viscous between 10-3.5 
and 10-2.2 Hz, and 10-3.7 and 10-2.3 Hz (Fig. 2F, 
G).  Curious about the role of N-94/C-6 amino 
acids with nonpolar side chains, we synthesized 
'N-94/C-6-ser' in which seven of eight (not 
alanine) were replaced with serine.  Serine is 
identical to alanine, but with polar -OH group.  
Also, serine is uncharged, and neither 
hydrophobic nor hydrophilic.  Lacritin depleted 
tears supplemented with N-94/C-6-ser (maximal 
loss factor 0.3) were surprisingly elastic 
(Supporting Fig. 2), suggesting that prevention 
of rupture is not a property of hydrophobicity, 
but instead likely due to charge.  Indeed, N-
94/C-6 contains six amino acids with charged 
side chains at neutral pH (four lysines and two 
glutamic acids).  To ask whether normalized 
viscoelasticity was manifested in tear film 
structure, we applied Brewster angle 
microscopy. Light incident to the Brewster angle 
reflects in a manner proportional to the square of 
the regional lipid thickness (45) such that white 
areas are thick and grey areas less so.  Black 
areas lacking lipid islands are non-reflective 
(Fig. 2H, top schematic; Supporting Figs. 2, 3), 
as per regions in anti-C-terminal lacritin-
depleted and dry eye tears.  Supplementation of 
anti-C-terminal lacritin-depleted tears with N-94 
or N-94/C-6 yields images similar to normal 
tears, whereas the pattern is more complex after 
supplementation of dry eye tears with islands 
packed with globular structures.  By 
quantitation, normal tears present as a single 
population, in contrast to three populations for 
anti-C-terminal lacritin-depleted tears and dry 
eye tears (Supporting Fig. 3).  With N-94 or N-
94/C-6 supplementation, these coalesce into two 
(anti-C-terminal lacritin-depleted) or one (dry 
eye) peaks.  Two peaks were also observed in N-
94/C-6-ser supplemented anti-C-terminal 
lacritin-depleted tears (Supporting Fig. 2).  Thus 
N-94 and N-94/C-6 largely correct for loss of 
elasticity of dry eye tears by possibly acting as a 
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surfactant, although the supplemented dry eye 
films are morphologically distinctive. 
    
C-Terminal Lacritin Peptides Interact with 
and Stabilize Meibomian Gland Secretions 
 
If N-94 and N-94/C-6 are capable of acting as a 
tear lipid surfactant, one likely destination is the 
aqueous/lipid interface thereby accommodating 
respective hydrophilic and hydrophobic faces of 
their two amphipathic  a-helices – as per 
pulmonary surfactant protein B (32-34), 
although per N-94/C-6-ser the hydrophobic face 
appears to contribute little to stability.  Tear 
lipids largely derive from eyelid meibomian 
glands, a form of sebaceous gland with 
characteristic holocrine secretion.  To address 
this possibility directly, we collected and then 
pooled meibomian gland lipid secretions into 
chloroform (1 mg/ml; Fig. 3A) from four normal 
individuals for adsorption (Fig. 3B), relaxation 
(Fig. 3C), compression (Fig. 3D, E)/expansion 
isocycling, Brewster microscopy (Fig. 3F; 
Supporting Fig. 4) and viscoelasticity (Fig. 3G, 
H) studies - again all at 35ºC.  We also 
performed Raman microscopy (Fig. 3I - K) 
using in part meibum collected from twenty-
seven other normal individuals.  N-94 and N-
94/C-6 introduced into the PBS subphase rapidly 
penetrated into the overlying meibum film with 
kinetics (Fig. 3B; line fit R2 ≥ 0.96) in keeping 
with a two-step reaction model: 

A  k1   B  k2   C 
in which A to B could be due to docking and B 
to C to incorporation.  The equation describing 
such a mechanism (Supporting Fig. 5) derives 
respective N-94 and N-94/C-6 k1 values of 
2.678e-02 and 2.139e-02 sec-1, as well as 3.434e-04 
and 2.411e-03 sec-1 for k2.  The implication is that 
putative docking is more rapid than 
incorporation and that N-94/C-6 does both more 
quickly than N-94 (Fig. 3B) - in keeping with N-
94/C-6's superior performance in tear 
viscoelasticity studies (Fig. 2D, E).  Yet both 
peptides are film stabilizing, as per elevated 
compression values (Fig. 3D, E), superior film 

thickness (Fig. 3F; Supporting Fig. 4), and a 
slight reduction in the maximal loss factor to 0.4 
(lg frequency 1.5) from 0.5 (lg frequency 3.3; 
Fig. 3H).  To confirm this interaction, we flowed 
250 µM N-94/C-6 in PBS onto C18-
functionalized fused silica coverslips dosed with 
sufficient meibum to form a 10 - 20 µm film for 
analysis by Raman microscopy at 35°C.  Higher 
concentration N-94C-6 was necessary for 
detection.  Raman microscopy monitors inelastic 
light scattering at frequencies less than or greater 
than incident light with the difference from 
incident known as a Raman shift (Fig. 3I).   A 
Raman shift not prominent in meibum but 
characteristic of aromatic groups contributed by 
N-94/C-6's three phenylalanines provided 
evidence for incorporation (Fig. 3J), that in turn 
transformed meibum into a continuous, thicker 
film (Fig. 3K) - the latter in agreement with an 
increase in the meibum CH2-twisting mode at 
1300 cm-1 (Fig. 3J).  Thus N-94 and N-94C-6, as 
surrogates for natural C-terminal lacritin 
proteoforms in normal tears but substantially 
lacking in dry eye tears, rapidly interact with and 
stabilize the tear lipid layer.   
 
Surfactant protein B is thought to superficially 
associate with underlying anionic phospholipids 
of pulmonary surfactant (46) whereas surfactant 
protein C tilts into the membrane (47), - both to 
ease spreading during respiration.  How might 
N-94/C-6- and N-94-like proteoforms associate, 
and with what affinity in films not subject to 
prior restructuring by isocycling?  We 
synthesized N-94/C-6, or negative control C-95, 
with polyethylene glycol-linked Cy3 thiol-
coupled to an added N- or C-terminal cysteine 
(Fig. 4A).  We then reconstituted peptides to 6 
µM in PBS, and overlaid each with meibum or 
(O-acyl)-w-hydroxy fatty acid (OAHFA) film.  
OAHFA's are thought to reside at the 
meibum/aqueous interface (Fig. 4B, inset), in 
keeping with their amphiphilic (both lipophilic 
and hydrophilic) nature.  Here they are presumed 
to contribute to an elastic monolayer (48) 
essential for tear stability.  OAHFA's appear to 
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be the only lipid class downregulated in dry eye 
(15), and transgenic mice lacking fatty acid w-
hydroxylase in the cornea and meibomian gland 
(and thus w-O-C16:1 OAHFA's and type 2w 
wax diesters) develop a form of dry eye 
characterized by increased blinking, corneal 
damage, meibomian orifice plugging, and 
decreased tear breakup time although tearing is 
normal (17).  We synthesized the OAHFA 16-
(O-oleoyloxy)hexadecanoic acid (also known as 
16-(O-oleoyloxy)palmitic acid; Fig. 4B) as per 
Balas et al (49) and estimated that ~14.3 x 1013 
16-(O-oleoyloxy)hexadecanoic acid molecules 
should be required to cover a PBS subphase with 
a surface area of ~9.5 x 1013 nm2 assuming ~1.5 
molecules per nm2 - as determined for 
dipalmitoylphosphatidylcholine or 
phosphatidylcholine (50).  Prior to overlaying 
OAHFA or meibum onto the PBS subphase, we 
measured the fluorescence of Cy3-N- or -C-
terminal labeled N-94/C-6 or C-95 in PBS as the 
'T0' values (Fig. 4C).  Topping this with OAHFA 
or meibum under gentle rotation for 30 min at 
35ºC tested the affinity of peptides for each film, 
as inversely reflected by the level of Cy3 
fluorescence in the PBS subphase ('T1') 
according the equation below.  Ka is the 
association constant:   

Ka = T0 - T1 
        T1 

Ka's of Cy3-N-94/C-6 (respectively 0.35 ± 0.03 
and 0.21 ± 0.04 for OAHFA and meibum) 
exceeded those of N-94/C-6-Cy3 (0.14 ± 0.03 
and 0.03 ± 0.03) by 2.5 - 7 fold (Fig. 4D, E), 
implying preferential association of the C-
terminal half.  This is in keeping its C-terminal 
net positive charge (pI of 10.3 vs 4.6 for C-
terminal ten amino acids vs nine N-terminal 
amino acids) and superior hydrophobicity (five 
vs three amino acids with nonpolar side chains).  
In contrast, C-95 Ka's were at background levels 
similar to Cy3 alone (Fig. 4D).   
 
While not (or minimally) disturbing the OAHFA 
or meibum film, we next replaced 2/3 of the 
subphase with fresh PBS (Fig. 4C).  Our purpose 

was to ask whether peptide dissociation from 
OAHFA or meibum was detectable although not 
apparent by Raman microscopy (Fig. 3J) nor by 
Langmuir surface balance (not shown).  After 30 
min of gentle rotation at 35ºC Cy3 fluorescence 
of the PBS subphase was assessed ('T2').  The 
dissociation constant (Kd) of N-94/C-6 was 
estimated as:   

Kd =          1 
                  (T1 - T2)/T2 

This suggested a Kd of 1.1 from meibum and 
OAHFA (Fig. 4D, E). 
 
For validation, advantage was taken of N-94’s 
penultimate C-terminal tryptophan (Fig. 4A) 
that is accordingly absent from N-94/C-6. In 
PBS, N-94 displays a fluorescence optimum of 
361 nm after excitation at 280 nm implying 
exposure (51) appropriate for quenching.  
Tryptophan quenching in meibum was 
impractical with background expected from its 
numerous apparent protein constituents - 
including lacritin (52).  Chloroform is a polar 
solvent often employed in partition studies with 
aqueous solutes.  When 6 µM N-94 was added 
for 30 min to PBS overlying a chloroform 
subphase at 34ºC, ~72 ± 10% became quenched 
(Supporting Fig. 6A) and a thin film formed at 
the interface suggesting affinity but inability to 
partition. Studies were accordingly performed 
with OAHFA as described above in which 52% 
of N-94 and only 15% of equimolar 'Ctrl pep' 
were quenched (Fig. 4F).  This corresponded to 
respective (T0 - T1)/T1 Ka's of 1.21 ± 0.45 and 
0.2 ± 0.09, and an N-94 1/(T1 - T2)/T2 Kd of 
1.20 ± 0.27 (Fig. 4G).   'Ctrl pep' was syndecan 
1 'Pep30-50' peptide (53), also with a single 
tryptophan (Fig. 4A) but with PSIPRED-
predicted random coil structure and fewer amino 
acids with nonpolar (30 vs 44%) or basic (5 vs 
25%) side chains.  The fluorescent contribution 
of 1/(T1 - T2)/T2 disassociated N-94 was 
calculated via the equation below that takes into 
consideration peptide in residual PBS. 
Dissociated N-94 was intact by matrix-
associated laser desorption/ionization (MALDI) 
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mass spectrometry (Supporting Fig. 6B) and 
restored homeostasis to interferon-g and TNF-
stressed human corneal epithelial cell cultures 
(Fig. 4H), as performed after calculating the 
quantity released per the equation: 

[Ka(T0 - T1) x Kd(T1 - T2) x fluorescenceT1 - 
(0.33)fluorescenceT1]/[Kd(T1 - T2) + 1] 

Molar amounts were then obtained by coupling 
this value to the extinction coefficient, as 
confirmed by immunodot blot analysis 
(Supporting Fig. 6C).  Thus N-94 and N-94/C-6, 
as surrogate C-terminal lacritin proteoforms, 
appear to preferentially associate with meibum 
and OAHFA of the tear lipid layer through their 
C-termini, and (at least in non-structured films) 
are subject to release at a level not detected by 
Raman microscopy (Fig. 3J) nor by Langmuir 
surface balance (not shown) but sufficient to 
restore epithelial homeostasis.  
 
Release Time Slows with Repeated Topical 
Application 
 
Topical application of 5-
Dodecanoylaminofluorescein (94 mM) and 
sodium fluorescein (0.13 mM) onto human eyes 
suggest respective turnover rates of 0.93 ± 
0.36% and 10.3 ± 3.7% per minute, respectively 
(54) over a total of 108 ± 39 and 9.7 ± 4 min 
from respective lipid and aqueous portions of 
tears.  The former value can also be considered 
the lipid release time. We synthesized N-94 and 
N-94/C-6 each with an added C-terminal 
tyrosine for iodination and performed ocular and 
systemic pharmacokinetic studies in rabbits.  
Human and rabbit meibum display significant 
compositional differences, likely in keeping a 
much slower blink rate and greater tear stability 
in rabbits.  Nonetheless, both contain OAHFA 
(55).  By assessing residence time in tears, 
information can be gained on tear lipid affinity 
in vivo.  1.3 µM 125I-N-94 or 44 µM 125I-N-94/C-
6 were applied twice daily to rabbit eyes for 
three and four days, respectively (Fig. 5A - C), 
or respectively as three respective doses over 10 
min or as a single 44 µM dose (Fig. 5D).  

Concentrations chosen were in support of a 
phase 2 human trial.  Turnover was exponential 
with data best fitting the equation:  

R = R0 + A.EXP[-t/t] 
where R = radioactivity, R0 = baseline 
radioactivity, A is a coefficient, t = time and t = 
release (turnover) time.  Accordingly, N-94 and 
N-94/C-6 release times were respectively 400 ± 
95 and 2000 ± 500 min for multi-day dosing, and 
13 ± 2 and 22 ± 4 min following 10 min of 
dosing.  The same was true for the meibomian 
gland although at lower levels that were not 
statistically different from baseline (Fig. 5B, C).  
Radioactivity in other tissues and fluids 
remained near or at baseline (Fig. 5B, C).  Thus, 
tear release (presumably from lipid) of 125I-N-94 
and 25I-N-94/C-6 is respectively 4 - 20-fold 
slower than 5-Dodecanoylaminofluorescein, 
although only after repeated application.  
Repeated application achieved respective 125I-N-
94 and 25I-N-94/C-6 totals of 1.1 or 14 
nanomoles (seven or nine 35 µl doses of 4 or 44 
µM).  This contrasts with a single 94 nanomolar 
dose of 5-dodecanoylaminofluorscein (one 1 µl 
dose of 94 mM (54)).  If N-94 and N-94/C-6, as 
proxy for lacritin proteoforms, have a long 
residence time in tears, are they resistant to tear 
proteases?  We incubated 50 µM N-94, N-94/C-
6 or as positive control similar-sized laminin 
'SN-peptide' ((56); predicted b-sheet) with 
normal basal tears for 4 hr at 37°C.  By MALDI 
mass spectrometry, only N-94 and N-94/C-6 
remained intact (Fig. 5F) - perhaps aided by their 
helical structure that makes backbone amide 
bonds less accessible to proteases and/or by 
relevant inhibitors resident in tears.  Thus N-94 
and N-94C-6 are relatively protease resistant, a 
property possibly enhanced by their association 
with the tear lipid layer.  
 
Tear serine proteases, aminopeptidases and 
metalloproteinases may contribute to the 
generation of C-terminal lacritin proteoforms  
 
C-terminal processing of lacritin's putative 
homolog dermcidin is the responsibility of 
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extracellular carboxypeptidases, an 
endopeptidase and the aspartyl protease 
cathepsin D - all in human sweat (57).  The 
outcome is the bactericidal peptide 'SSL-25'.  
Tear proteases include: alanyl aminopeptidase, 
arginyl aminopeptidase, complement factor B, 
cathepsins (B, D, G, S), dipeptidyl-peptidase 4, 
HtrA serine peptidase 1, matrix 
metallopeptidase-9 and -10, plasma kallikrein, 
plasminogen (plasmin), serine protease 8, serine 
carboxypeptidase, coagulation factor II 
(thrombin) and trypsin 1 (39).  Tears are also 
rich in protease inhibitors (39).  Of lacritin's 
forty-two known C-terminal proteoforms (30), 
twenty-two (including the longest) share N-
termini residing within the lacritin sequence 
'LKSIVEKSILLTEQALAKAGKGMH' 
represented by synthetic peptide N-64/C-31 
(Figs. 1A, 6A; amino acids 65 - 88 of lacritin's 
119 amino acids).  In silico analysis by 
PROSPER (58) predicts LK|SIVE and 
AGKG|MH cleavage by matrix 
metallopeptidase-9 (M10.004) and SILL|TEQA 
by chymotrypsin-like serine protease cathepsin 
G (S01.133).  N-64/C-31 is also predicted 
(ExPASY PeptideCutter (59)) to be sensitive to 
the serine protease glutamyl endopeptidase I 
(S01.269; SIVE|KSIL and LLTE|QALA) from 
eye commensal S. epidermidis and pathogen S. 
aureus, and to trypsin-like serine proteases 
(IVEK|SILL; ALAK|AGKG; KAGK|GMH).  
To assess which ones may contribute to 
processing, we first optimized tear volume such 
that all N-64/C-31 (20 µM) was fully hydrolyzed 
by 48 hr at 35ºC and neutral pH (Fig. 6B).  The 
assay was then repeated in the absence or 
presence of eight different proteolytic inhibitors 
at standard (1x) or five-fold higher 
concentrations (except EDTA at 0.5 and 1x) for 
endpoint analysis by semi-quantitative MALDI 
mass spectrometry in which 4 µM N-94/C-6 was 
spiked into the digest immediately before 
mixing with MALDI matrix sinapinic acid (60).  
Processing was inhibited in a dose-dependent 
manner by AEBSF, bestatin, EDTA, leupeptin, 
or fully by boiling.  Not effective were acivicin, 

antipain, chymostatin and pepstatin. This is in 
keeping with involvement of tear cysteine 
proteases of the C1 and C2 families,  
metalloproteinases of the M1 and M10B 
families and serine proteases of the S1 family.  
Candidate N-64/C-31 tear proteases therefore 
include: cathepsin B (C1); calpain (C2); alanyl 
aminopeptidase, arginyl aminopeptidase (M1); 
MMP9, MMP10 (M10B); cathepsin G, plasma 
kallikrein, plasmin, thrombin, and trypsin (S1). 
 
Discussion 
   
How and which proteins help prevent premature 
collapse of the complex lipid film at the 
air/liquid interface of the eye necessary for 
vision?  Using proxy synthetic peptides N-94 
and N-94/C-6, we report that proteoforms from 
the C-terminus of the tear glycoprotein lacritin 
are essential through their rapid and stable 
insertion into tear lipids, including C16:1 
OAHFA presumed to reside at the lipid/aqueous 
interface.  This minimizes the loss factor 
between 10-3.7 and 10-2.3 Hz as a measure of 
viscosity by restoring elasticity to dry eye tears 
that otherwise are subject to premature collapse.   
We further report that C-terminal lacritin 
proteoforms are selectively deficient in dry eye.  
Interestingly, as proxy proteoforms gradually 
cycle off OAHFA in non-pressured films, 
bioactivity sufficient to restore homeostasis of 
corneal epithelial cells is retained - a slow 
release role for extracellular lipid films never 
previously appreciated.  
 
C-terminal lacritin proteoforms were first noted 
as proteolytic fragments by Western blotting of 
human tears (26) and in tear bactericidal assays 
leading to the discovery of cleavage-potentiated 
C-terminal 'N-104' (29).  This was later validated 
by Azkargorta et al (30) through top down 
sequencing of tears and identification of smaller 
'N-106' and 'N-107' proteoforms that were also 
bactericidal.  Their discovery of at least forty 
additional C-terminal lacritin proteoforms of 
increasing size (Fig. 1B) paralleled a smaller 
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library of lacritin synthetic peptides and 
recombinant fragments previously generated to 
dissect lacritin's ocular mitogenic (61), 
prosecretory (21-24,62), prohomeostatic (25) 
and cleavage potentiated bactericidal (29,30) 
activities.  All focused attention on lacritin's two 
C-terminal amphipathic a-helices required for 
ligation of heparanase-modified cell surface 
syndecan-1 (53,63) necessary for epithelial 
targeting.  Their similarity to N- and C-termini 
of processed lipid stabilizing pulmonary 
surfactant protein B (32-34), together with 
lacritin's detection in broncheoalveolar lavage 
(19,20); and selective lacritin and C-terminal 
proteoform deficiency in dry eye were rationale 
for testing with tear lipids.    

Early studies of floating lipid films with an air 
interface debated whether non-mucinous 
glycoproteins (64), or any protein (65), 
contributed substantially to integrity whereby 
rupture is minimized at low and high shear rates 
in a characteristic non-Newtonian viscoelastic 
manner (66).  Later attribution of lung alveolar 
collapse in newborns to a variety of genetic 
mutations (35) and biophysical analyses with 
both lung surfactant proteins and candidate tear 
proteins (albumin (67,68), keratin (69), 
lipocalin-1 (51,67,68,70,71), lactoferrin 
(67,68,70), lysozyme (67,68,70,72)) validated 
how non-Newtonian behavior necessary to resist 
rupture is a consequence of complex protein-
lipid interactions.  Much remains to be learned 
about such interactions.  Lipocalin-1 (10 µM) 
alone with captured lipid or mixtures of 
lactoferrin (21 µM) and lysozyme (136 µM) are 
non-Newtonian (70), yet tears without lipids are 
not (70).  Soluble bovine ocular mucins can 
interact with and stabilize tear lipids (73,74), but 
alone lack non-Newtonian behavior at 
physiological concentrations (73).  That tear 
lipid binding proteins may functionally interact 
in modules, as suggested via Cytoscape for 
lacritin with lipocalin-1, apolipoprotein, 
lactoferrin and others (75) is intriguing, although 
direct binding of these is not apparent in 

BioGrid.  A coupled immunodepletion/rescue 
approach offered the novel opportunity to 
explore complex films and fluids in an otherwise 
undisturbed condition, making possible 
discovery of and dissection of lacritin's 
contribution through C-terminal proteoforms to 
the stability of whole tears, and to tear lipids. 

That C-terminal lacritin proteoforms are tear 
stabilizing align with changes of the tear lipid 
spreading rate and stability in health and disease 
(76) as it is well known that tightly packed, 
water insoluble lipid films (and hence those with 
higher lift off areas and maximum surface 
pressure) are in general more elastic and able to 
recover after blink-like deformation (77). 
Further, the capacity of C-terminal proteoforms 
to restore elasticity is in keeping with 
dilatational properties of surfactant layers that 
define the resistance of the air/water surface of 
wetting tear, alveolar (78) or other films to 
extensional deformations caused by capillary 
waves or hydrodynamic phenomena and play a 
key role in the overall stability (79).  Indeed 
dilatational rheology differed substantially 
(44,80) between meibum from healthy 
individuals versus from patients with 
meibomian gland disease.  This was also true for 
contact lens lipid extracts collected from 
Caucasians versus those from Asians - the latter 
with a higher risk for dry eye disease.  Thus, C-
terminal proteoforms act as surfactants to 
promote tear viscoelasticity.  As surfactants, 
they also reduce surface tension towards 
maintenance of a stable, 'healthy' tear film.  
Stability suffers from lacritin downregulation in 
dry eye and would be further exacerbated by loss 
of OAHFA at the lipid/aqueous interface.   

Experimental procedures 
 
Synthetic Peptides 
 
'N-94' 
(KQFIENGSEFAQKLLKKFSLLKPWA) and 
'N-94/C-6' (KQFIENGSEFAQKLLKKFS), 
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respectively representing the C-terminal active 
25 or 19 amino acids of human lacritin (Fig. 1A) 
were manufactured by PolyPeptide Group (San 
Diego, CA) with amino terminal acetylation and 
carboxy terminal amidation (N-94/C-6; ie. 
absent of 94 N-terminal and 6 C-terminal amino 
acids) or only amino terminal acetylation (N-
94), both under GMP conditions, and with 
trifluoracetic acid removed in place of acetate.  
Purity was respectively 98.9 and 97.2%.  
Numbering of synthetic peptides (Fig. 1A) and 
recombinant proteins excludes the signal 
peptide.  N-94/C-6-Y and N-94-Y with added C-
terminal tyrosine, control lacritin peptides N-
64/C-31 
(LKSIVEKSILLTEQALAKAGKGMH) with 
amino terminal acetylation and carboxy terminal 
amidation and C-95 
(EDASSDSTGADPAQEAGTSKPNEE) with 
carboxy terminal amidation, as well as 
additional N-94 and N-94/C-6 - both with 
terminal modifications as noted above - were 
synthesized by Genscript (Piscataway, NJ) and 
completed as acetate salts with respective purity 
of 95.9, 95.4, 98.1, 97.9, 95.7, and 96.4%.  Also, 
Genscript synthesized Cy3-labeled N-94/C-6 
(Cy3-{PEG2}CKQFIENGSEFAQKLLKKFS 
['Cy3-N-94/C-6'] with amidated C-terminus and 
KQFIENGSEFAQKLLKKFSC{PEG2}-Cy3 
['N-94/C-6-Cy3'] with acetylated N-terminus, as 
well as as Cy3-labeled C-95 (Cy3-
{PEG2}CEDASSDSTGADPAQEAGTSKPNE
E ['Cy3-C-95'] with amidated C-terminus and 
EDASSDSTGADPAQEAGTSKPNEEC{PEG2
}-Cy3 ['C-95-Cy3C'] as trifluoracetic acid salts 
with respective purity of 95, 97.2, 95.1 and 97%.  
Syndecan-1 peptide 'Pep30-50' 
(QDITLSQQTPSTWKDTQLLT; (53)), and 
laminin peptide 'SN-peptide' 
(SINNNRWHSIYITRFGNMGS; (56)) - all with 
amino terminal acetylation and carboxy terminal 
amidation, were synthesized as trifluoracetic 
acid salts with respective purity of 97.6, 96.4 and 
96.1%.  All synthetic peptides were validated by 
electrospray ionization mass spectrometry.  

Aliquotted synthetic peptides were stored 
lyophilized at -70 ºC in a dry environment.   
   
Tears, Antibodies, Meibum, OAHFA 
Synthesis, Langmuir Surface Balance 
Experiments, and Raman Microscopy 
 
Collection of all human samples was approved 
by Institutional Review Boards as specified 
below, and abide by the Declaration of Helsinki 
ethical principles.  Eighty-five basal tear 
samples from over 50 individuals (median age 
30.2 years; 54% female) were collected after 
0.5% proparacaine anesthesia from both eyes by 
wicking onto a paper 'Schirmer' strip that had 
been carefully inserted under the center lower lid 
of the eye for 5 min.  Wicking of >15 mm or  £ 
6 mm of tears was respectively considered 
normal or evidence of dry eye.  Tears on strips 
were immediately stored at -80ºC.   Approval 
was from the Walter Reed National Military 
Medical Center Institutional Review Board with 
informed consent.  Tears collected on Schirmer 
strips without anesthesia from twenty-one 
patients with Secondary Sjögren's Syndrome 
were kindly provided by the Sjögren's 
International Collaborative Clinical Alliance 
(University of California, San Francisco) with 
Institutional Review Board approval at each of 
the Alliance collection sites.  Only samples that 
had wicked £ 6 mm were tested.  Tears were 
eluted from Schirmer strips immediately prior to 
experiments, by soaking in 25 µl of ice-cold PBS 
with protease inhibitors (Roche Complete Mini 
Inhibitor Cocktail; Sigma Chemical Co., St. 
Louis MO) for 30 min on ice, and subsequent 
centrifugation at 20k x g for 30 min.  A pool of 
50 collected tears was subdivided into four 
pools.  One was passed over a preimmune rabbit 
Ig column ('mock depletion').  Others were 
subjected to lacritin immunodepletion with 
rabbit polyclonal antibody 'ab C-term' with 
specificity for lacritin's C-terminal 54 amino 
acids (26), as previously performed (25,26).  
Another pool of 5 collected tears was subject to 
immunodepletion with mouse monoclonal 
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antibody 1F5 directed against lacritin N-
terminal synthetic peptide 
DPAQEAGTSKPNEEIS (amino acids 11 - 26).  
1F5 (144 µg IgG1), or 432 µg ab C-term or 
preimmune rabbit Ig in 120 µl were immobilized 
on 0.2 ml protein A/G spin columns (Thermo 
Nab #89950, Thermo Scientific, Rockford IL) 
using end-over-end mixing for 10 min at room 
temperature.  Columns were washed with 20 
bead volumes of 200 µl each of binding buffer, 
and then similarly incubated end-over-end with 
pooled normal tears (315 µl/column) for 18 hr at 
4ºC.  The 'lacritin N-term-' and 'lacritin C-term-
depleted' or mock-depleted tear flow through 
were collected by centrifugation (5000k x g, 1 
min at 4ºC) with validation by ab C-term 
Western blotting using LI-COR.  No column 
leaching of antibody was detected by secondary 
alone Western blotting. Dry eye, normal or 
normal depleted tears were lyophilized for 
shipment on dry ice (-79ºC) for Langmuir 
surface balance experiments.  Also shipped in 
this manner were lyophilized N-94, N-94/C-6, 
N-64/C-31 and C-95.  Quantitation of lacritin 
monomer and C-terminal proteoforms was done 
by densitometery on tear Western blots 
immunostained with 'anti-C-term' lacritin 
antibodies.  All data were normalized to the 
maximum monomer per blot. 
 
Meibum was collected from four normal 
individuals under the auspices of the Kyoto 
Prefectural University of Medicine Institutional 
Review Board (per a collaboration with GAG) 
and 27 other normals per the University of 
Virginia Insitutional Review Board, both with 
informed consent.  For this purpose, the lower 
lid was squeezed using opposing cotton 
applicators or meibomian gland expressor 
forceps.  Collection was into glass vials with 500 
µl chloroform (1 mg/ml final concentration) for 
flash freezing on dry ice and storage at -80ºC. 
   
16-(O-oleoyloxy)hexadecanoic acid (also 
known as 16-(O-oleoyloxy)palmitic acid) was 
synthesized as described by Balas et al (49) 

using a two-step process involving esterification 
of oleic acid with 1,16-hexadecanediol followed 
by oxidation of the primary hydroxy group to a 
carboxylic acid.  Purity by proton NMR was 
³95% with a yield of 1.41 gm.  1H NMR spectra 
were recorded on a Varian Inova 600 (600MHz) 
spectrometer in CDCl3 with chemical shifts 
referenced to internal standards (CDCl3: 7.26 
ppm 1H). 
 
Langmuir surface balance experiments were 
performed as previously described (81) using a 
computer controlled Microtrough XL (Kibron, 
Helsinki Finland) with a 40 ml volume, an area 
of 225 cm and a Wilhelmy wire probe with 
sensitivity exceeding 0.01 mN/m.  Briefly, 
lyophilized intact normal or dry eye or N-term- 
or C-term-lacritin depleted or mock-depleted 
pooled tears were reconstituted to their initial 
eluted volume in PBS with water.  C-term-
lacritin depleted tears were also reconstituted 
with added N-94, N-94/C-6, N-64/C-31 or C-95 
at a final peptide concentration of 6 µM. Three 
microliters of tears or 47 µg of pooled meibum, 
each without or with N-94 or N-94/C-6, were 
gently deposited as small submicro droplets at 
the air/PBS surface prewarmed to 35°C, the 
corneal surface temperature (36).  After 
equilibration for 15 min under cover to minimize 
evaporation and to keep dust-free, and with a 
continuous supply of ozone depleted air, the film 
was subjected to experimental manipulation.  
After advancing or retreating dual opposing 
barriers at 1.37 cm2 per second over 10 
consecutive cycles, surface pressures were 
compared during compression and expansion 
isocycling.  In other experiments, time-
dependent relaxation of surface tension was 
monitored after pre-equilibrated films at a 
surface pressure of ~15 mN/m were subjected to 
a sudden step compression of less than 5% of the 
prior surface areas.  Fourier transformation made 
possible comparative appreciation of dilatational 
elastic moduli as per Loglio et al (43).   Further 
analyses were performed by Brewster angle 
microscopy (UltraBAM; Accurion GmbH, 
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Göttingen Germany) to distinguish film regions 
by depth and continuity and via the pendant drop 
technique in which 2 µl of normal or lacritin 
depleted tears were allowed to equilibrate for ~3 
min in a saturated vapor measurement cell to 
prevent evaporation after which surface pressure 
was monitored for 60 sec. Brewster angle 
microscopy images were analyzed by ImageJ. 
 
For Raman confocal microscopy, 10 - 20 µm 
meibum films were created by application of 10 
µl of 10 mg/ml meibum in chloroform to a 
coverslip on a 1 mm x 7 mm flow channel (82) 
followed by drying under nitrogen and then 
briefly under vacuum with thickness between 
coverslip-meibum and meibum-buffer interfaces 
estimated by incident laser beam reflection.  The 
Raman microscopic probe (83,84) has a depth 
resolution of  ±1.2 µm (FWHM), a diameter of 
~500 nm, and a probe volume of ~500 fL which 
is well-matched to the meibum film deposited on 
the coverslip interface.  For analyses, the probe 
was brought to 1.5 µm below the meibum-buffer 
interface with spectra collected at a laser power 
of 100 mW with an integration time of two 
minutes.  After wetting for 10 min with PBS, a 
meibum spectrum was collected, followed by 
flow of 250 µM N-94/C-6 in PBS at 0.2 ml/min. 
 
In Vitro and In Vivo Release Kinetics 
 
Cy3 fluorescence signals (excitation = 550 nm; 
detection = 570 nm) of 100 µl of Cy3 or Cy3-
labeled N-94/C-6 (N- or C-terminal labeled) 
or Cy3-labeled C-95 (N- or C-terminal labeled) 
in PBS were collected in a black 96-well plate at 
35ºC in a SpectraMax M3 microplate reader.  
Low photomultiplier tube power and 1 flash per 
read (reading from bottom) were applied to 
minimize bleaching.  Wavelength cut-off was 
570 nm.  After a T0 fluorescence value of 6 µM 
peptide in PBS was obtained, 6 µM peptide in 
PBS was added to a final volume of 750 µl in a 
glass tube.  The fluid surface area was 95 mm2, 
similar to the corneal surface area of ~132 mm2.  
Onto this, 10 µl of 1 mg/ml OAHFA or meibum 

in acetone was allowed to spread, followed by 
rotation at 100 rpm for 30 min (35ºC).  After 
removal of 500 µl of the PBS subphase for 
determination (in a 100 µl aliquot) of the T1 
fluorescence, fresh PBS was gently injected into 
the subphase for an additional 30 min rotation at 
35ºC.  A 100-µl aliquot of 500 µl of the 
subphase provided the T2 fluorescence value. 
Fluorescence of 100 µl of PBS was subtracted as 
background signal. T0, T1 and T2 values 
facilitated calculation of the association (Ka) 
and dissociation (Kd) constants of Cy3 or Cy3-
labeled peptides into and from the OAHFA or 
meibum layer, as described in the Results. 
  
Similarly, tryptophan fluorescence signals 
(excitation = 280 nm; detection = 325-500 nm) 
of N-94 or SDC1 'Pep30-50' peptide ('Ctrl pep') 
in PBS were collected in a quartz cuvette (282 
QS 1.000) at 35ºC in the cuvette chamber of the 
same SpectraMax M3 microplate reader at low 
photomultiplier tube power, 1 flash per read, and 
wavelength cut-off of 325 nm.  Area under the 
emission spectra ³ 325 nm were used as signals. 
T0, T1 and T2 fluorescence values were 
collected as described above for Cy3 labeled 
peptides but with the whole 500 µl sample. 
Fluorescence of 500 µl of PBS was subtracted as 
background signal.  Only OAHFA films were 
used.  
  
For cell culture studies, T0 and T2 subphase 
samples containing N-94 were filter-sterilized 
for inclusion in human corneal epithelial (HCE-
T) cell viability experiments and MALDI mass 
spectrometry.  HCE-T cells were validated by 
short-tandem repeat profiling.  Cells were 
seeded overnight in 96-well plates at a density of 
1.5 x 104 cells/ml, and then treated with 
interferon-g (1000 U/ml; Sigma-Aldrich, St. 
Louis MO) and tumor necrosis factor (100 
ng/ml; Peprotech, Cranbury NJ) with or without 
equal molar amounts of T0 or T2-released N-94, 
or with C-95, every two days for seven 
days.  Viability was assessed by the alamarBlue 
assay (Thermo Fisher Scientific, Waltham 
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MA).  Quantity of T2 released N-94 was 
quantitated from fluorescence values fitted into 
the equation noted in the Results with mass 
values obtained via the extinction 
coefficient.  This value was confirmed by 
immunodot blot analysis versus an N-94 
standard curve (Supporting Figure 6C).  
  
Rabbit pharmacokinetic studies were performed 
by Covance Laboratories Inc. using Covance 
standard operating procedures in accordance 
with the Wisconsin Department of Health 
Services, Radiation Protection Section, as 
licensed to Covance, and in compliance with 
Animal Welfare Act Regulations (9 CFT 3).  44 
µM stocks of N-94-Y and N-94/C-6-Y were 
radioiodinated by Perkin-Elmer (Shelton, CT) to 
a final specific activity of respectively 24.2 and 
2.72 µCi/µg with initial radiopurity respectively 
69.62 and 97.65%.  At Covance Laboratories Inc 
(Madison, WI), 35 µl (3.3µCi) of 1.2 µM 125I-N-
94 in PBS repeated three times over 10 min or a 
single 35 µl (10 µCi) dose of 44 µM 125I-N-94/C-
6 in 10 mM sodium citrate, 137 mM sodium 
chloride (pH 6.5) were topically added to each 
eye of respectively 12 and 14 female pigmented 
New Zealand White/New Zealand Red F1 cross 
rabbits (>3 months old, >2500 g each; Covance 
Research Products; Denver PA).  0.25, 0.5, 1, 3, 
6 or 12 hrs after the first dose, tears were 
collected (30 sec from inferior cul de sac) using 
Tear Flo Test strips (Accutome, Malvern PA) 
without prior anesthesia.  Blood was also 
collected (0.5, 1, 3, 6 and 12 hrs postdose) via an 
auricular artery canula into tubes containing 
K2EDTA and centrifuged to obtain plasma.   
Later in the day, 125I-N-94/C-6 treated eyes were 
further treated with 35 µl (10 µCi) of 44 µM of 
125I-N-94/C-6 twice daily for three (125I-N-94/C-
6) additional days.  The final treatment was on 
the morning of the fifth day after which tears 
were collected at 0.5, 1, 3, 6, 12 and 24 hr 
postdose from two animals per time point who 
were then euthanized for collection of blood and 
ocular tissues.  Eyes of a second group of 14 
rabbits were treated twice daily with 35 µl of 4 

µM 125I-N-94 (8 µCi) for three days with the 
final treatment on the morning of the fourth day 
after which tears were collected at 0.5, 1, 3, 6, 12 
and 24 hr postdose from two animals per time 
point who were then euthanized for collection of 
blood and ocular tissues.  Radiopurity 
determined upon dosing by size exclusion 
chromatography was 67.2% on Day 1 and 45.2% 
on Day 4 for 125I-N-94 and 98.8% on Day 1 and 
97.9% on Day 5 for 125I-N-94/C-6.  TCA 
precipitable radioactivity of formulated 125I-N-
94 and 125I-N-94/C-6 respectively averaged 78% 
and 94% over the four and five days of dosing.  
TCA precipitable radioactivity of samples was 
assessed by scintillation counting and expressed 
per tissue wet weight. 
 
Mass spectrometry 
 
Stability of 50 µM N-94 and N-94/C-6 in 10 µl 
of human basal tears for 4 hr at 37°C was 
assessed by MALDI TOF mass spectrometry 
(Bruker MicroFlex) by diluting the digest 1:20 
with 0.1% trifluoracetic acid for 1:1 application 
in a sinapinic acid matrix in 50% acetonitrile and 
0.1% trifluoracetic acid for ionization.  Mass 
measurements were taken in linear, positive 
mode.  To appreciate how C-terminal 
proteoforms may be processed, 50 µM N-64/C-
31 was incubated at 35ºC for 48 hr with 38 µl of 
basal normal tears without or with individual 
inhibitors (G Biosciences, St. Louis MO) diluted 
from stock as AEBSF (0.2 or 1 mM), antipain 
(74 or 370 µM), bestatin (130 or 650 µM), 
chymostatin (100 or 500 M), EDTA (2.5 or 5 
mM), leupeptin (10 or 50 µM) and pepstatin (1 
or 5 µM) in a reaction volume of 50 µl buffered 
by 20 mM HEPES, 150 mM NaCl, 10 mM CaCl2 
(pH 7.4), or instead with 5% DMSO in the same 
buffer as vehicle control.  Samples were then 
processed as above after spiking in fresh 4 µM 
N-94/C-6 during the 0.1% TFA dilution for 
combination with sinapinic acid matrix. 
 
Statistical Analyses 
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All experiments were performed at least three 
times, with the exception of some Brewster 
angle microscopy and 125I-N-94 and -N-94/C-6 
pharmacokinetic studies.  Data are reported as 

the mean ± S.D with statistical approaches 
detailed in figure legends, as performed in Prism 
8.4.3.  

 
Data availability 
Source data for Figs. 1 - 5 and Supporting Figs. 1 - 4 and 6 are provided in Data files, as indicated in 
each Figure Legend.  Other supportive data of this study are available by request to the corresponding 
author. 

 
Funding and additional information 

 
This work was supported by NIH RO1 EY0024327 and R01 EY026171 (GWL), an unrestricted gift from 
TearSolutions Inc (GWL), the European Union’s Horizon 2020 research and innovation programme 
under the Marie Skłodowska-Curie grant agreement  839315 — BioNanoLip (GAG), a 2016 ARVO 
Collaborative Research Grant (GAG), and NSF CHE-1904424 (JMH).  Secondary Sjögren’s Syndrome 
tear samples were kindly provided by the Sjögren’s International Collaborative Clinical Alliance 
[SICCA], funded under contract N01 DE-32636 by the National Institute of Dental and Craniofacial 
Research, with funding support from the National Eye Institute and Office for Research in Women’s 
Health.  The content is soley the responsibility of the authors and does not necessarily represent the 
official views of the National Institutes of Health, nor the official policy or position of Belvoir Hospital, 
the Defense Health Agency, Department of Defense, or the US Government.  Discussion of any 
commercial products within this presentation does not create or imply any Federal/DoD endorsement. 

 
Conflict of interest 

 
GWL is cofounder and CSO, and MGO is CMO of TearSolutions, Inc.  GAG, MS, JR, KDT, CS, DSR, 
RKS, JPK, JMH, KLH, AL, TS, RLM declare no conflict of interest. 
 
References 
 

1. Nogee, L. M., Garnier, G., Dietz, H. C., Singer, L., Murphy, A. M., deMello, D. E., and Colten, 
H. R. (1994) A mutation in the surfactant protein B gene responsible for fatal neonatal 
respiratory disease in multiple kindreds. J. Clin. Invest. 93, 1860–1863 

2. Nogee, L. M., Dunbar, A. E., Wert, S. E., Askin, F., Hamvas, A., and Whitsett, J. A. (2001) A 
mutation in the surfactant protein c gene associated with familial interstitial lung disease. New 
Eng. J. Med. 344, 573–579 

3. Ban, N., Matsumura, Y., Sakai, H., Takanezawa, Y., Sasaki, M., Arai, H., Inagaki, N. (2007) 
ABCA3 as a lipid transporter in pulmonary surfactant biogenesis. J. Biol. Chem. 282, 9628-9634 

4. Tang, X., Snowball, J. M., Xu, Y., Na, C.-L., Weaver, T. E., Clair, G., Kyle, J. E., Zink, E. M., 
Ansong, C., Wei, W., Huang, M., Lin, X., and Whitsett, J. A. (2017) EMC3 coordinates 
surfactant protein and lipid homeostasis required for respiration. J. Clin. Invest. 127, 4314–
4325 

5. Stapleton, F., Alves, M., Bunya, V. Y., Jalbert, I., Lekhanont, K., Malet, F., Na, K.-S., 
Schaumberg, D., Uchino, M., Vehof, J., Viso, E., Vitale, S., and Jones, L. (2017) TFOS DEWS 
II epidemiology report. Ocul. Surf. 15, 334–365 

 by guest on N
ovem

ber 16, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


             

 16 

6. Zhang, L., He, J., Han, B., Lu, L., Fan, J., Zhang, H., Ge, S., Zhou, Y., Jia, R., and Fan, X. 
(2016) Novel FOXC2 mutation in hereditary distichiasis impairs dna-binding activity and 
transcriptional activation. Int. J. Biol. Sci. 12, 1114–1120 

7. Sakimoto, T. (2015) Granular corneal dystrophy type 2 is associated with morphological 
abnormalities of meibomian glands. Br. J. Ophthal. 99, 26–28 

8. Brooks, B., Kleta, R., Stuart, C., Tuchman, M., Jeong, A., Stergiopoulos, S., Bei, T., Bjornson, 
B., Russell, L., Chanoine, J.-P., Tsagarakis, S., Kalsner, L., and Stratakis, C. (2005) Genotypic 
heterogeneity and clinical phenotype in triple A syndrome: a review of the NIH experience 
2000-2005. Clinical Genetics. 68, 215–221 

9. Hadj-Rabia, S., Brideau, G., Al-Sarraj, Y., Maroun, R. C., Figueres, M.-L., Leclerc-Mercier, S., 
Olinger, E., Baron, S., Chaussain, C., Nochy, D., Taha, R. Z., Knebelmann, B., Joshi, V., 
Curmi, P. A., Kambouris, M., Vargas-Poussou, R., Bodemer, C., Devuyst, O., Houillier, P., and 
El-Shanti, H. (2017) Multiplex epithelium dysfunction due to CLDN10 mutation: the HELIX 
syndrome. Genet. Med. 20, 190–201 

10. Milunsky, J., Zhao, G., Maher, T., Colby, R., and Everman, D. (2006) LADD syndrome is 
caused by FGF10 mutations. Clin. Gen. 69, 349–354 

11. Rohmann, E., Brunner, H. G., Kayserili, H., Uyguner, O., Nürnberg, G., Lew, E. D., Dobbie, 
A., Eswarakumar, V. P., Uzumcu, A., Ulubil-Emeroglu, M., Leroy, J. G., Li, Y., Becker, C., 
Lehnerdt, K., Cremers, C. W. R. J., Yüksel-Apak, M., Nürnberg, P., Kubisch, C., Schlessinger, 
J., van Bokhoven, H., and Wollnik, B. (2006) Mutations in different components of FGF 
signaling in LADD syndrome. Nat. Genet. 38, 414–417 

12. Enns, G. M., Shashi, V., Bainbridge, M., Gambello, M. J., Zahir, F. R., Bast, T., Crimian, R., 
Schoch, K., Platt, J., Cox, R., Bernstein, J. A., Scavina, M., Walter, R. S., Bibb, A., Jones, M., 
Hegde, M., Graham, B. H., Need, A. C., Oviedo, A., Schaaf, C. P., Boyle, S., Butte, A. J., 
Chen, R., Clark, M. J., Haraksingh, R., Cowan, T. M., He, P., Langlois, S., Zoghbi, H. Y., 
Snyder, M., Gibbs, R. A., Freeze, H. H., and Goldstein, D. B. (2014) Mutations in NGLY1 
cause an inherited disorder of the endoplasmic reticulum–associated degradation pathway. 
Genetics in Medicine. 16, 751–758 

13. Holder-Espinasse, M., Martin-Coignard, D., Escande, F., Manouvrier-Hanu, S. (2007) A new 
mutation in TP63 is associated with age-related pathology. Eur. J. Hum. Genet. 15, 1115-1120 

14. Koehler, K., Milev, M.P., Prematilake, K., Reschke, F., Kutzner, S., Jühlen, R., Landgraf, D., 
Utine, E., Hazan, F., Diniz, G., Schuelke, M., Huebner, A., Sacher, M. (2017) A 
novel TRAPPC11 mutation in two Turkish families associated with cerebral atrophy, global 
retardation, scoliosis, achalasia and alacrima. J. Med. Genet. 54, 176-185 

15. Lam, S. M., Tong, L., Yong, S. S., Li, B., Chaurasia, S. S., Shui, G., and Wenk, M. R. (2011) 
Meibum lipid composition in asians with dry eye disease. PLoS ONE 6, e24339 

16. Farrell, P.M., and Avery, M.E. (1975) Hyaline membrane disease. Am. Rev. Respir. Dis. 111, 
657-688. 

17. Miyamoto, M., Sassa, T., Sawai, M., and Kihara, A. (2020) Lipid polarity gradient formed by 
ω-hydroxy lipids in tear film prevents dry eye disease. eLife. 9:e53582 

18. Millar, T. J., and Schuett, B. S. (2015) The real reason for having a meibomian lipid layer 
covering the outer surface of the tear film – A review. Exp. Eye Res. 137, 125–138 

19. Wu, J., Kobayashi, M., Sousa, E. A., Liu, W., Cai, J., Goldman, S. J., Dorner, A. J., Projan, S. 
J., Kavuru, M. S., Qiu, Y., and Thomassen, M. J. (2005) Differential proteomic analysis of 
bronchoalveolar lavage fluid in asthmatics following segmental antigen challenge. Mol. Cell. 
Prot. 4, 1251–1264 

 by guest on N
ovem

ber 16, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


             

 17 

20. Sim, S. Y., Choi, Y. R., Lee, J. H., Lim, J. M., Lee, S., Kim, K. P., Kim, J. Y., Lee, S. H., and 
Kim, M. (2019) In-depth proteomic analysis of human bronchoalveolar lavage fluid toward the 
biomarker discovery for lung cancers. Prot. Clin. Appl. 13, 1900028 

21. Sanghi, S., Kumar, R., Lumsden, A., Dickinson, D., Klepeis, V., Trinkaus-Randall, V., 
Frierson, H. F., Jr, and Laurie, G. W. (2001) cDNA and genomic cloning of lacritin, a novel 
secretion enhancing factor from the human lacrimal gland. J. Mol. Biol. 310, 127–139 

22. Samudre, S., Lattanzio, F. A., Jr, Lossen, V., Hosseini, A., Sheppard, J. D., Jr, McKown, R. L., 
Laurie, G. W., and Williams, P. B. (2011) Lacritin, a novel human tear glycoprotein, promotes 
sustained basal tearing and is well tolerated. Invest. Opthal. Vis. Sci. 52, 6265 

23. Vijmasi, T., Chen, F. Y. T., Balasubbu, S., Gallup, M., McKown, R. L., Laurie, G. W., and 
McNamara, N. A. (2014) Topical administration of lacritin is a novel therapy for aqueous-
deficient dry eye disease. Invest. Opthal. Vis. Sci. 55, 5401 

24. Wang, W., Jashnani, A., Aluri, S. R., Gustafson, J. A., Hsueh, P.-Y., Yarber, F., McKown, R. 
L., Laurie, G. W., Hamm-Alvarez, S. F., and MacKay, J. A. (2015) A thermo-responsive 
protein treatment for dry eyes. J. Contr. Rel. 199, 156–167 

25. Wang, N., Zimmerman, K., Raab, R. W., McKown, R. L., Hutnik, C. M. L., Talla, V., Tyler, 
M. F., IV, Lee, J. K., and Laurie, G. W. (2013) Lacritin rescues stressed epithelia via rapid 
forkhead box o3 (foxo3)-associated autophagy that restores metabolism. J. Biol. Chem. 288, 
18146–18161 

26. Velez V, F., Romano, J. A., McKown, R. L., Green, K., Zhang, L., Raab, R. W., Ryan, D. S., 
Hutnik, C. M. L., Frierson, H. F., Jr, and Laurie, G. W. (2013) Tissue transglutaminase is a 
negative regulator of monomeric lacritin bioactivity. Invest. Ophthal. Vis. Sci. 54, 2123 

27. Aragona, P., Aguennouz, M., Rania, L., Postorino, E., Sommario, M. S., Roszkowska, A. M., 
De Pasquale, M. G., Pisani, A., and Puzzolo, D. (2015) Matrix metalloproteinase 9 and 
transglutaminase 2 expression at the ocular surface in patients with different forms of dry eye 
disease. Ophthal. 122, 62–71 

28. Witsch, T. J., Niess, G., Sakkas, E., Likhoshvay, T., Becker, S., Herold, S., Mayer, K., Vadasz, 
I., Roberts, J. D., Seeger, W., and Morty, R. E. (2014) Transglutaminase 2: a new player in 
bronchopulmonary dysplasia? Eur. Resp. J. 44, 109–121 

29. McKown, R. L., Coleman Frazier, E. V., Zadrozny, K. K., Deleault, A. M., Raab, R. W., Ryan, 
D. S., Sia, R. K., Lee, J. K., and Laurie, G. W. (2014) A cleavage-potentiated fragment of tear 
lacritin is bactericidal. J. Biol. Chem. 289, 22172–22182 

30. Azkargorta, M., Soria, J., Ojeda, C., Guzmán, F., Acera, A., Iloro, I., Suárez, T., and Elortza, F. 
(2015) Human basal tear peptidome characterization by CID, HCD, and ETD followed by in 
silico and in vitro analyses for antimicrobial peptide identification. J. Prot. Res. 14, 2649–2658 

31. Wang, W., Despanie, J., Shi, P., Edman, M. C., Lin, Y.-A., Cui, H., Heur, M., Fini, M. E., 
Hamm-Alvarez, S. F., and MacKay, J. A. (2014) Lacritin-mediated regeneration of the corneal 
epithelia by protein polymer nanoparticles. J. Mater. Chem. B. 2, 8131–8141 

32. Ueno, T., Linder, S., Na, C.-L., Rice, W. R., Johansson, J., and Weaver, T. E. (2004) Processing 
of pulmonary surfactant protein B by napsin and cathepsin H. J. Biol. Chem. 279, 16178–16184 

33. Waring, A. J., Walther, F. J., Gordon, L. M., Hernandez-Juviel, J. M., Hong, T., Sherman, M. 
A., Alonso, C., Alig, T., Braun, A., Bacon, D., and Zasadzinski, J. A. (2005) The role of 
charged amphipathic helices in the structure and function of surfactant protein B. J. Pep. Res. 
66, 364–374 

34. Braide-Moncoeur, O., Tran, N. T., and Long, J. R. (2016) Peptide-based synthetic pulmonary 
surfactant for the treatment of respiratory distress disorders. Curr. Opin. Chem. Biol. 32, 22–28 

 by guest on N
ovem

ber 16, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


             

 18 

35. Whitsett, J. A. (2014) The Molecular Era of Surfactant Biology. Neonatol. 105, 337–343 
36. Abreau, K., Callan, C., Kottaiyan, R., Zhang, A., Yoon, G., Aquavella, J. V., Zavislan, J., and 

Hindman, H. B. (2016) Temperatures of the ocular surface, lid, and periorbital regions of 
Sjögren’s, evaporative, and aqueous-deficient dry eyes relative to normals. Ocul. Surf. 14, 64–
73 

37. Brown, R. E., and Brockman, H. L. (2007) Using monomolecular films to characterize lipid 
lateral interactions. Methods Mol. Biol. 398, 41–58 

38. Brockman, H.  (1999) Lipid monolayers: why use half a membrane to characterize protein-
membrane interactions?  Curr. Opin Struct. Biol. 9, 438-443. 

39. Karnati, R., Laurie, D. E., and Laurie, G. W. (2013) Lacritin and the tear proteome as natural 
replacement therapy for dry eye. Exp. Eye Res. 117, 39–52 

40. Willcox, M. D. P., Argüeso, P., Georgiev, G. A., Holopainen, J. M., Laurie, G. W., Millar, T. J., 
Papas, E. B., Rolland, J. P., Schmidt, T. A., Stahl, U., Suarez, T., Subbaraman, L. N., Uçakhan, 
O. Ö., and Jones, L. (2017) TFOS DEWS II tear film report. Ocul. Surf. 15, 366–403 

41. McNamara, N. A., Ge, S., Lee, S. M., Enghauser, A. M., Kuehl, L., Chen, F. Y.-T., Gallup, M., 
and McKown, R. L. (2016) Reduced levels of tear lacritin are associated with corneal 
neuropathy in patients with the ocular component of sjögren’s syndrome. Invest. Opthal. Vis. 
Sci. 57, 5237 

42. Tutt, R., Bradley, A., Begley, C., and Thibos, L.N.  (2000) Optical and visual impact of tear 
break-up in human eyes. Invest. Ophthal. Vis. Sci. 41, 4117-4123 

43. Loglio, G., Rillaerts, E., and Joos, P. (1981) Fourier transform surface viscoelastic modulus of 
dilute aqueous solutions of surfactants. Improved computational methods. Coll. Polymer Sci. 
259, 1221–1227 

44. Georgiev, G. A., Yokoi, N., Ivanova, S., Tonchev, V., Nencheva, Y., and Krastev, R. (2014) 
Surface relaxations as a tool to distinguish the dynamic interfacial properties of films formed by 
normal and diseased meibomian lipids. Soft Matt. 10, 5579–5588 

45. Hoenig, D., and Moebius, D. (1991) Direct visualization of monolayers at the air-water 
interface by Brewster angle microscopy. J. Phys. Chem. 95, 4590–4592 

46. Cabré, E. J., Loura, L. M. S., Fedorov, A., Perez-Gil, J., and Prieto, M. (2012) Topology and 
lipid selectivity of pulmonary surfactant protein SP-B in membranes: Answers from 
fluorescence. Biochim. Biophys. Acta 1818, 1717–1725 

47. Gericke, A., Flach, C. R., and Mendelsohn, R. (1997) Structure and orientation of lung 
surfactant SP-C and L-alpha-dipalmitoylphosphatidylcholine in aqueous monolayers. Biophys. 
J. 73, 492–499 

48. Bland, H. C., Moilanen, J. A., Ekholm, F. S., and Paananen, R. O. (2019) Investigating the role 
of specific tear film lipids connected to dry eye syndrome: A study on O-Acyl-ω-hydroxy fatty 
acids and diesters. Langmuir 35, 3545–3552 

49. Balas, L., Bertrand-Michel, J., Viars, F., Faugere, J., Lefort, C., Caspar-Bauguil, S., Langin, D., 
and Durand, T. (2016) Regiocontrolled syntheses of FAHFAs and LC-MS/MS differentiation 
of regioisomers. Organ. Biomol. Chem. 14, 9012–9020 

50. Piggot, T. J., Piñeiro, Á., and Khalid, S. (2012) Molecular dynamics simulations of 
phosphatidylcholine membranes: a comparative force field study. J. Chem. Theory Comput. 8, 
4593–4609 

51. Gasymov, O. K., Abduragimov, A. R., Yusifov, T. N., and Glasgow, B. J. (1998) Structural 
changes in human tear lipocalins associated with lipid binding. Biochim. Biophys. Acta 1386, 
145–156 

 by guest on N
ovem

ber 16, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


             

 19 

52. Tsai, P.S., Evans, J.E., Green, K.M., Sullivan, R.M., Schaumberg, D.A., Richards, S.M., Dana, 
M.R., and Sullivan, D.A. (2006) Proteomic analysis of human meibomian gland secretions. Br. 
J. Ophthal. 90, 372–377 

53. Zhang, Y., Wang, N., Raab, R. W., McKown, R. L., Irwin, J. A., Kwon, I., van Kuppevelt, T. 
H., and Laurie, G. W. (2013) Targeting of heparanase-modified syndecan-1 by prosecretory 
mitogen lacritin requires conserved core gagal plus heparan and chondroitin sulfate as a novel 
hybrid binding site that enhances selectivity. J. Biol. Chem. 288, 12090–12101 

54. Mochizuki, H., Yamada, M., Hatou, S., and Tsubota, K. (2009) Turnover rate of tear-film lipid 
layer determined by fluorophotometry. Brit. J. Ophthal. 93, 1535–1538 

55. Butovich, I.A., Lu, H., McMahon, A., and Eule, J.C. (2012)  Toward an animal model of the 
human tear film: biochemical comparison of the mouse, canine, rabbit, and human meibomian 
lipidomes.  Invest. Ophthalmol. Vis. Sci. 53, 6881-6896 

56. Matter, M.L., and Laurie, G.W. (1994) A novel laminin E8 cell adhesion site required for lung 
alveolar formation in vitro. J. Cell Biol. 124, 1083–1090 

57. Baechle, D., Flad, T., Cansier, A., Steffen, H., Schittek, B., Tolson, J., Herrmann, T., Dihazi, 
H., Beck, A., Mueller, G. A., Mueller, M., Stevanovic, S., Garbe, C., Mueller, C. A., and 
Kalbacher, H. (2006) Cathepsin D is present in human eccrine sweat and involved in the 
postsecretory processing of the antimicrobial peptide DCD-1L. J. Biol. Chem. 281, 5406–5415 

58. Song, J., Tan, H., Perry, A.J., Akutsu, T., Webb, G.I., Whisstock, J.C., and Pike, R.N. (2012) 
PROSPER: an integrated feature-based tool for predicting protease substrate cleavage sites.  
PLoS One 7, e50300 

59. Gasteiger, E., Hoogland, C., Gattiker, A., Duvaud, S., Wilkins, M.R., Appel, R.D., Bairoch, A. 
(2005) Protein identification and analysis tools on the ExPASy server. (In) John M. Walker 
(ed): The Proteomics Protocols Handbook, Humana Press. 

60. Zhang, G., Ueberheide, B. M., Waldemarson, S., Myung, S., Molloy, K., Eriksson, J., Chait, B. 
T., Neubert, T. A., and Fenyö, D. (2010) Protein quantitation using mass spectrometry. 
Methods in Molecular Biology, pp. 211–222, Humana Press. 

61. Wang, J., Wang, N., Xie, J., Walton, S. C., McKown, R. L., Raab, R. W., Ma, P., Beck, S. L., 
Coffman, G. L., Hussaini, I. M., and Laurie, G. W. (2006) Restricted epithelial proliferation by 
lacritin via PKCα-dependent NFAT and mTOR pathways. J. Cell Biol. 174, 689–700 

62. Fujii, A., Morimoto-Tochigi, A., Walkup, R. D., Shearer, T. R., and Azuma, M. (2013) 
Lacritin-induced secretion of tear proteins from cultured monkey lacrimal acinar cells. Inves. 
Opthal. Vis. Sci. 54, 2533 

63. Ma, P., Beck, S. L., Raab, R. W., McKown, R. L., Coffman, G. L., Utani, A., Chirico, W. J., 
Rapraeger, A. C., and Laurie, G. W. (2006) Heparanase deglycanation of syndecan-1 is 
required for binding of the epithelial-restricted prosecretory mitogen lacritin. J. Cell Biol. 174, 
1097–1106 

64. Holly, F. J. (1973) Formation and rupture of the tear film. Exp. Eye Res. 15, 515–525 
65. Bangham, A. D., Morley, C. J., and Phillips, M. C. (1979) The physical properties of an 

effective lung surfactant. Biochim. Biophys. Acta 573, 552–556 
66. Tiffany, J. M. (1991) The viscosity of human tears. Int. Ophthal. 15, 371–376 
67. Miano, F., Calcara, M., Millar, T. J., and Enea, V. (2005) Insertion of tear proteins into a 

meibomian lipids film. Coll. Surf. B: Biointerfaces 44, 49–55 
68. Tragoulias, S. T., Anderton, P. J., Dennis, G. R., Miano, F., and Millar, T. J. (2005) Surface 

pressure measurements of human tears and individual tear film components indicate that 
proteins are major contributors to the surface pressure. Cornea 24, 189–200 

 by guest on N
ovem

ber 16, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


             

 20 

69. Palaniappan, C. K., Schütt, B. S., Bräuer, L., Schicht, M., and Millar, T. J. (2013) Effects of 
keratin and lung surfactant proteins on the surface activity of meibomian lipids. Inves. Opthal. 
Vis. Sci. 54, 2571 

70. Gouveia, S. M., and Tiffany, J. M. (2005) Human tear viscosity: An interactive role for proteins 
and lipids. Biochim. Biophys. Acta 1753, 155–163 

71. Millar, T. J., Mudgil, P., Butovich, I. A., and Palaniappan, C. K. (2009) Adsorption of human 
tear lipocalin to human meibomian lipid films. Invest. Ophthal. Vis. Sci. 50, 140 

72. Mudgil, P., Torres, M., and Millar, T. J. (2006) Adsorption of lysozyme to phospholipid and 
meibomian lipid monolayer films. Coll Surf B: Biointerfaces 48, 128–137 

73. Millar, T. J., Tragoulias, S. T., Anderton, P. J., Ball, M. S., Miano, F., Dennis, G. R., and 
Mudgil, P. (2006) The surface activity of purified ocular mucin at the air-liquid interface and 
interactions with meibomian lipids. Cornea 25, 91–100 

74. Georgiev, G. A., Eftimov, P., and Yokoi, N. (2019) Contribution of mucins towards the 
physical properties of the tear film: a modern update. Int. J. Mol. Sci. 20, 6132 

75. Soria, J., Acera, A., Merayo-LLoves, J., Durán, J. A., González, N., Rodriguez, S., Bistolas, N., 
Schumacher, S., Bier, F. F., Peter, H., Stöcklein, W., and Suárez, T. (2017) Tear proteome 
analysis in ocular surface diseases using label-free LC-MS/MS and multiplexed-microarray 
biomarker validation. Sci Rep. 7, 17478 

76. Goto, E. and Tseng, S. C. G. (2003) Differentiation of lipid tear deficiency dry eye by kinetic 
analysis of tear interference images. Arch. Ophthalmol. 121, 173-80 

77. Maget-Dana, R. (1999) The monolayer technique: a potent tool for studying the 
interfacialproperties of antimicrobial and membrane-lytic peptides and their interactions with 
lipid membranes. Biochim. Biophys. Acta 1462, 109-140 

78. Hermans, E., Bhamla, M. S., Kao, P., Fuller, G. G., and Vermant, J. (2015) Lung surfactants 
and different contributions to thin film stability. Soft Matter 11, 8048-57 

79. Sharma, A. and Ruckenstein, E. (1985) Mechanism of tear film rupture and formation of dry 
spots on cornea. J. Colloid Interface Sci. 106, 12-27 

80. Svitova, T. F. and Lin, M. C. (2010) Tear lipids interfacial rheology: effect of lysozyme and 
lens care solutions. Optom. Vis. Sci. 87, 10-20 

81.  Eftimov, P., Yokoi, N., Tonchev, V., Nencheva, Y., and Georgiev, G. A. (2017) Surface 
properties and exponential stress relaxations of mammalian meibum films. Eur. Biophys. J. 46, 
129–140 

82. Kitt, J.P., and Harris, J.M. (2015) Confocal raman microscopy for in situ measurement of 
octanol-water partitioning within the pores of individual C18-functionalized chromatographic 
particles.  Anal. Chem. 87, 5340-5347 

83. Bridges, T.E., Uibel, R.H., and Harris, J.M. (2006) Measuring diffusion of molecules into 
individual polymer particles by confocal Raman microscopy.  Anal. Chem. 78, 2121-2129 

84. Korzeniewski, C., Kitt, J. P., Bukola, S., Creager, S. E., Minteer, S. D., and Harris, J. M. (2019) 
Single layer graphene for estimation of axial spatial resolution in confocal raman microscopy 
depth profiling. Anal. Chem. 91, 1049–1055 

 
Abbreviations and nomenclature 
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polypeptide 39; EMC3, ER membrane protein complex subunit 3; ER, stored elastic modulus; EIM, loss 
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modulus; FOXC2, forkhead box C2; FGF10, fibroblast growth factor 10; FGFR2, fibroblast growth 
factor receptor 2; FGFR3, fibroblast growth factor receptor 2; FWHM, full width at half maximum; HCE-
T, human corneal epithelial; NGLY1, N-glycanase 1; OAHFA, (O-acyl)-w-hydroxy fatty acid; SFTPB, 
surfactant protein B; SFTPC, surfactant protein C; TGFBI, transforming growth factor beta induced; 
TP63, tumor protein p63; TRAPPC11, trafficking protein particle complex 11.  
 
Figure Legends  
 
Figure 1:  Lacritin C-terminal proteoforms in normal human tears are essential for tear film 
stability.  A. Linear diagram of secreted lacritin (lacrt) monomer with rectangles indicative of 
demonstrated (C-terminal half; (29,61)) or PSIPRED (v4.0) predicted (N-terminal half) a-helices or beta 
strand (arrow head); dotted lines representing respective antigens of monoclonal 'anti-N-term' antibody 
'1F5' and polyclonal 'anti-C-term' antibody (26); and alignment of lacritin synthetic peptides 'C-95', 'N-
64/C-31', 'N-94' and 'N-94/C-6'.   B. Lacritin N- and C-terminal proteoforms detected in normal human 
tears by top-down mass spectrometry ((30); used with permission).  C. Schematic diagram of lipid 
(orange) and aqueous (aqua) portions of normal tears on the eye, and pooled collections of normal human 
basal tears from 50 different individuals for Langmuir trough compression/expansion isocyling 
(schematic diagrams at right) without or after immunodepletion over immobilized 'anti-N'-term, 'anti-C' 
term lacritin antibodies or pre-immune (pre-imm') Ig.  Dashed box on the eye indicates the region 
highlighted in Figure 3A.  D. Tear films (3 µl) on a 80 ml PBS subphase were equilibrated for 15 min 
under cover and then subjected to compression and expansion isocycling by respectively advancing or 
retreating dual opposing barriers at 1.37 cm2 per second with surface pressure monitored by a Wilhelmy 
wire probe with sensitivity exceeding 0.01 mN/m (44).  In this and subsequent studies, each isotherm 
represents the mean of triplicate experiments with individual experiments representing over 1200 data 
points.  '(i)', indicates the 'lift off area' at which compression elevates surface pressure from baseline to 
at least 1 mN/m.  '(ii)' indicates the highest surface pressure attained.  Inset, comparative highest surface 
pressure attained (left) and lift off area (right) (mean with S.D [n = 3], ****, p < 0.0001 [one-way 
ANOVA with Tukey multiple comparisons test]).  E. Expansion isotherm of the same samples, with 
bracket highlighting touch down areas (n = 3).  F. Schematic diagram of compression and expansion 
isocycling of anti-C-term lacritin-depleted tear films or human aqueous deficient dry eye basal tears 
(pooled collections each from 50 different individuals) without or supplemented with 6 µM lacritin 
synthetic peptides C-95, N-64/C-31, N-94 or N-94/C-6.  G. Compression isotherms of anti-C-term 
lacritin-depleted tear films without or with each peptide per color code in A and H.  H. Comparative lift 
off area (mean with S.D [n = 3], ****, p < 0.0001 [one-way ANOVA with Tukey multiple comparisons 
test]). '(1)' and '(2)' are two different anti-C-terminal lacritin-immunodepletions. I. Expansion isotherm 
of dry eye tear films without or with N-94 or N-94/C-6 (n = 3).  J. LI-COR Western blot analysis of 
relative levels of lacritin monomer and C-terminal proteoforms in individual basal tears from (i) 21 
normal (shown are monomer and proteoform data respectively from 14 and 21 individuals), or 21 
aqueous deficient dry eye individuals, and tears collected without anesthesia from (ii) 21 Secondary 
Sjögren's syndrome dry eye patients.  Values were normalized to equal protein ([mean with S.D], ****, 
p < 0.0001; ***, p = 0.0001; **, p = 0.0013 [one-way ANOVA with Tukey multiple comparisons test]).  
Data for D, E, G - J in Data files Figure 1. 
 
Figure 2:  Tear film stabilizing activity of lacritin C-terminal proxy proteoforms N-94 and N-94/C-
6 restore normal viscoelasticity.  A. Time-dependent relaxation of surface tension after pre-equilibrated 
anti-C-term lacritin-depleted (without or with 6 µM N-94 or N-94/C-6) or normal human basal tear films 
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formed as per Figure 1 were subjected to a sudden step compression of less than 5% of the prior surface 
area.  ****, p<0.0001; ns, not significant [two-way ANOVA with Sidak multiple comparisons test].  B. 
Same procedure applied to human dry eye basal tear films (without or with 6 µM N-94 or N-94/C-6).  
For both A and B, shown are individual replicates for each experiment performed in triplicate (>2300 
data points per variable with the exception of anti-C-term lacritin-depleted tears plus 6 µM N-94 [one 
replicate] and anti-C-term lacritin-depleted tears alone [1260 data points]).  ****, p<0.0001 with top 
bracket a comparison to normal [two-way ANOVA with Sidak multiple comparisons test].  Inset, 
schematic diagram of time-dependent relaxation.  C - G. Fourier transform (44) of the relaxation data in 
A. and B. as the stored elastic (ER) or loss (EIM) moduli, or loss factor (tan f) - both as a function of the 
log frequency.  Color code of data is per A and B.  C. Stored elastic and loss moduli of normal human 
basal tears.  D. Stored elastic and loss moduli of anti-C-term lacritin depleted human basal tears without 
or with N-94 or N-94/C-6 supplementation.  E. Stored elastic and loss moduli of human dry eye basal 
tears without or with N-94 or N-94/C-6 supplementation.  F. Loss factor of normal human basal tears vs 
anti-C-term lacritin-depleted tears without or with added 6 µM N-94 or N-94/C-6; horizontal line: values 
less than or greater than one are respectively elastic or viscous.  G. Loss factor of human dry eye basal 
tears without or with added 6 µM N-94 or N-94/C-6.  H. Light incident to the Brewster angle reflects in 
a manner corelative to regional lipid thickness (top schematic).  Shown is the reflection off normal, anti-
C-term lacritin-depleted (without or with 6 µM N-94 or N-94/C-6), or dry eye (without or with 6 µM N-
94 or N-94/C-6) basal tear films.  Bar = 1 µm.  Representative of triplicate experiments.  Data for A - G 
in Data files Figure 2. 
 
Figure 3:  Lacritin C-terminal proxy proteoforms N-94 and N-94/C-6 restore viscoelasticity in 
whole or part through rapid insertion into the tear lipid layer.  A. Schematic diagram of human basal 
tears from dashed boxed in Figure 1C with 'meibum' lipid layer (orange) and underlying aqueous layer 
(aqua), and covering eyelid containing multiple meibomian glands from which meibum derives. Small 
dashed box indicates the region highlighted in Figure 4A (inset).  Human meibum was collected by lid 
compression and dissolved in chloroform (1 mg/ml).  B. 47 µg of human meibum spotted on a 80 ml 
PBS subphase was equilibrated for 15 min under cover while chloroform evaporated and then subjected 
to compression isocycling reaching 15 mN/m surface pressure at which time surface pressure was 
monitored as N-94 or N-94/C-6 was introduced into the subphase at a final concentration of 6 µM.  
Shown are individual replicates for each experiment performed in triplicate (>29,000 data points per 
variable).  Inset, comparative surface pressure attained (mean with S.D [n = 3], ****, p < 0.0001; [two-
way ANOVA with Sidak multiple comparisons test]).  C. Time-dependent relaxation of surface tension 
after pre-equilibrated human meibum films (without or with 6 µM N-94 or N-94/C-6) were subjected to 
a sudden step compression of less than 5% of the prior surface area.  Shown are individual replicates for 
each experiment performed in triplicate (>8000 data points per variable).  D. Compression isotherm of 
meibum films (without or with 6 µM N-94 or N-94/C-6).  Shown are individual replicates for each 
experiment performed in triplicate (2,163 - 2,166 data points per variable).  E. Comparative highest 
surface pressure attained (mean with S.D [n = 3], ****, p < 0.0001; **, p = 0.0027 [one-way ANOVA 
with Tukey multiple comparisons test]).  F. Brewster angle microscopy of human meibum films (without 
or with 6 µM N-94 or N-94/C-6) at low ('b') or higher ('a') pressure - as indicated in D.  Bar = 1 µm.    
Representative of triplicate experiments.  G., H. Fourier transform (44) of the triplicate relaxation data 
in C.  G. Stored elastic (ER) and loss (EIM) moduli of human meibum films without or with N-94 or N-
94/C-6 supplementation.  H. Loss factor (tan f) of human meibum films without or with added 6 µM N-
94 or N-94/C-6; horizontal line: values less than or greater than one are respectively elastic or viscous.  
I. Schematic diagram of Raman scatter of incident light (647.1 nm (82)) by 10 - 20 µm thick meibum 
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film that had been dried on C18 coated coverslips and then subjected to PBS flow (0.2 ml/min) in the 
absence or presence of 6 µM N-94/C-6 (objective aperature of confocal Raman microscope not shown).  
J. Raman spectra collected as a function of time before (0 hr), during (4 hr) and after (12 - 48 hr) N-
94/C-6 accumulation, the latter detected by increases in the phenylalanine ring-breathing mode (1000 
cm-1) and amide modes (1600 - 1700 cm-1 [n = 2; each performed in triplicate]).  K. Light microscopic 
images with adjacent tracing of the meibum film prior to (0 hr) and 48 hr after N-94/C-6 accumulation.  
Bar = 20 µm.  Data for B - E, G, H in Data files Figure 3. 
 
Figure 4:  Slow release of N-94 and Cy3-N-94/C-6 from floating, gently rotating OAHFA and 
meibum films.  A. Synthetic peptides with fluorescent Cy3 tag (i), or tryptophan (ii).  B. 1H NMR 
spectrum (600 MHz; deuterated chloroform) of 16-(oleoyloxy)hexadecanoic acid (OAHFA) synthesized 
using the method of Balas et al (49).   Inset left, suspected location of OAHFA's at the aqueous 
(aqua)/lipid (orange) interface; for orientation, refer to box in Fig. 3A.  Inset right, linear structure of 
synthesized 16-(oleoyloxy)hexadecanoic acid.  C. Procedure with PBS and (i) or (ii) individual peptide-
containing quartz cuvettes (actually rectangular) that were overlayed with OAHFA or meibum films 
before and after fluorescent excitation with intermittent rotation for 30 min. Two-thirds of the PBS were 
then replaced with fresh PBS, followed by rotation and fluorescent excitation.  D. Calculated Ka or Kd 
of Cy3 tagged peptides in cuvettes with OAHFA (left graph: mean with S.D [n = 3], ****, p < 0.0001; 
**, p = 0.0021 [one-way ANOVA with Dunnett's multiple comparisons test]; right graph: mean with S.D 
[n = 3], *, p = 0.0117 [unpaired t test]), or E, or with meibomian gland secretion (mean with S.D [n = 3], 
****, p < 0.0001 [unpaired t test]).  F. Tryptophan emission spectra of N-94 or 'Ctrl pep' in the absence 
or presence of OAHFA.  G. Calculated Ka or Kd of N-94 or Ctrl pep with OAHFA (mean with S.D [n = 
3], **, p = 0.0064 and 0.0016 [respectively left and right graphs; unpaired t test]).  H. Human corneal 
epithelial (HCE-T) cells without or stressed with interferon-gamma and tumor necrosis factor in the 
presence of 1.38 µM C-95, T0 N-94, or dissociated T2 N-94.  1.38 µM is the concentration of T2 N-94 
released from OAHFA over 30 min (mean with S.D [n = 3], ****, p < 0.0001; ns, not significant [one-
way ANOVA with Tukey's multiple comparisons test]).  Data for D - H in Data files Figure 4. 
 
Figure 5:  Slow tear release of topically applied 125I-N-94 and 125I-N-94/C-6 from rabbit eyes.  A.  
35 µl (10 µCi) of 44 µM 125I-N-94/C-6 or 4 µM 125I-N-94 were topically added to each eye of respectively 
14 rabbits twice daily for four (125I-N-94/C-6) or three (125I-N-94) days with the final treament on the 
morning of the fifth (125I-N-94/C-6) or fourth (125I-N-94) day (respective dark green or red downward 
arrows) after which tears were collected at 0.5, 1, 3, 6, 12 and 24 hr postdose from two animals per time 
point who were then euthanized for collection of blood and ocular tissues (respective green or red 
downward arrowheads).  B., C. TCA precipitable radioactivity of samples was assessed by scintillation 
counting and expressed per tissue wet weight.  ****, p < 0.0001; ***, respectively 0.0007 and 0.0003, 
*, respectively 0.0365 and 0.0198 (two-way ANOVA with Tukey's multiple comparisons test comparing 
tears vs retina); study was performed once each for rabbits treated with 125I-N-94 or with 125I-N-94/C-6).  
D. A single 35 µl (10 µCi) dose of 44 µM 125I-N-94/C-6 or 4 µM 125I-N-94 (as three 1.2 µM doses over 
10 min) was topically added to each eye of respectively 14 or 12 rabbits.  Tears were collected 0.25, 0.5, 
1, 3, 6 or 12 hrs after.  E. TCA precipitable radioactivity of samples from D were assessed as in B and C 
(****, p < 0.0001; *, p = 0.0431 [one-way ANOVA with Tukey's multiple comparisons test]; study was 
performed once each for rabbits treated with 125I-N-94 or with 125I-N-94/C-6).  F. 50 µM of N-94, N-
94/C-6 or positive control 'SN-pep' (56) were incubated for 4 hr at 37°C with 10 µl of human basal tears.  
Samples before (left column) or after tear treatment were assessed by MALDI mass spectrometry ([n = 
1).  Data for B - E in Data files Figure 5. 
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Figure 6: Tear serine proteases, aminopeptidases and metalloproteinases may contribute to the 
generation of C-terminal lacritin proteoforms.  A. N-64/C-31 with predicted protease cleavage sites 
as N-termini for proteoforms.  B. Left, N-64/C-31 digestion and MALDI mass spectrometry analysis 
scheme using 38 µl of pooled basal tears.  Right, N-64/C-31 MALDI profiles normalized to N-94/C-6 
spiked in post-digestion.  Incubations included two different concentrations of AEBSF (0.2 or 1 mM), 
antipain (74 or 370 µM), bestatin (130 or 650 µM), chymostatin (100 or 500 µM), EDTA (2.5 or 5 mM), 
leupeptin (10 or 50 µM) and pepstatin (1 or 5 µM).  Representative of three optimization experiments. 
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