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Abstract

Protein—-meibum and terpenoids—meibum lipid interactions could be important in the etiology of
meibomian gland dysfunction (MGD) and dry eye symptoms. In the current model studies,
attenuated total reflectance (ATR) infrared (IR) spectroscopy was used to determine if the
terpenoid p-carotene and the major proteins in tears and meibum affect the hydrocarbon chain
conformation and carbonyl environment of wax, an abundant component of meibum. The main
finding of these studies is that mucin binding to wax disordered slightly the conformation of the
hydrocarbon chains of wax and caused the wax carbonyls to become hydrogen bonded or
experience a more hydrophilic environment. Lysozyme and lactoglobulin, two proteins shown to
bind to monolayers of meibum, did not have such an effect. Keratin and p-carotene did not affect
the fluidity (viscosity) or environment of the carbonyl moieties of wax. Based on these results,
tetraterpenoids are not likely to influence the structure of meibum in the meibomian glands. In
addition, these findings suggest that it is unlikely that keratin blocks meibomian glands by causing
the meibum to become more viscous. Among the tear fluid proteins studied, mucin is the most
likely to influence the conformation and carbonyl environment of meibum at the tear film surface.
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1. Introduction

Lipid-protein interactions are important to biological function and have been the focus of
thousands of studies. A sample of some of the studies and reviews are listed in the following
citations: Jing et al., 2003; Killian, 1998; Koenig et al., 1999; Lee, 2003; Marsh, 2008.
Proteins can be either imbedded deeply into the lipid ensemble and are surrounded by an
annulus of lipids, or they may bind extrinsically to the surface of membranes such as a-
crystallin does in lens membranes (Boyle and Takemoto, 1996; Cenedella and Fleschner,
1992; Grami et al., 2005; Tang et al., 1999). Interacting proteins can immobilize select lipid
species in its annulus. Upon binding, proteins modulate lipid structure and vice-versa.
Depending on the length of the amino acid chains interacting with the lipid and the thickness
of the lipid membrane, long protein hydrophobic segments order shorter hydrocarbon lipid
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chains and disorder longer hydrocarbon lipid chains. In addition to affecting the degree of
order/disorder, changes occur in the phase transition temperatures and cooperativity of lipid
hydrocarbon chains. Depending on the lipid composition, lipids cause proteins to aggregate
and may induce changes in the a.-helical tilt angle, and helical pitch. All of the studies
mentioned above involve phospholipid, cholesterol and protein interactions. Except for a
few studies mentioned below, almost no reports address wax and cholesterol ester
interactions with proteins. These interactions could be relevant to tear film stability.

Tears form a bacteriostatic and environmental barrier and keep the cornea clear and hydrated
(Tiffany, 2008). Blinking distributes tears over the surface of the cornea (Cruz et al., 2011).
Evaporation causes the tear film to break up (King-Smith et al., 2008). Tear break-up time
increases with age (Cho and Yap, 1993; Isenberg et al., 2003; Mohidin et al., 2002; Ozdemir
and Temizdemir, 2010) and meibomian gland dysfunction (MGD) (Foulks, 2007;
Tomlinson and Khanal, 2005; Tsubota et al., 1996; Tsubota, 1998) and leads to dry eye
symptoms. Blinking also distributes meibum from the meibomian glands in the eye lids over
the tear film surface (Chew et al., 1993; Glonek and Greiner, 1994; Korb et al., 1994)
forming a thin lipid layer about 17 molecules thick (Creech et al., 1998; King-Smith et al.,
2005; McDonald, 1968; Radke, 2005). Meibum lipid is composed of wax, cholesterylesters,
glycerides and diesters (Green-Church et al., 2011). The composition of meibum lipid
changes with age (Borchman et al., 2010a,b, 20123; Joffre et al., 2009; Oshima et al., 2009;
Shrestha et al., 2011) and dry eye symptoms (Borchman et al., 2010b, 2012b; Oshima et al.,
2009; Shrestha et al., 2011; Shine and McCulley, 1991, 1996, 1998, 2000, 2004). The lipid
layer is believed to inhibit the evaporation of tears (Borchman et al., 2009; Craig and
Tomlinson, 1997; King-Smith et al., 2010; Maissa and Guillon, 2010; VVan Haeringen, 1981,
Wolff, 1946).

The amount of meibum protein also changes, decreasing with age and increasing with MGD
(Borchman et al., 2010b). Over 90 proteins have been identified in human meibum (Tsai et
al., 2006). Meibum from donors with MGD was found to contain cellular debris (Korb and
Henriquez, 1980; Terada et al., 2004). The cellular debris, presumably containing proteins,
composed 60% of the meibum (Terada et al., 2004). The protein keratin was found to be
10% higher in meibum from donors with MGD compared to meibum from normal donors
and, over 30 years ago, it was suggested that the increase in keratinization leads to the
occlusion of the meibomian gland orifice and intiates MGD (Ong et al., 1991).
Hyperkeratinization of epithelial cells aggregating in clusters was first noticed by Korb and
Henriquez (1980). Sloughing of keratinized cells and elements of keratinization were
believed to obstruct and narrow the ducts of the meibomian glands (Gutgesell et al., 1982;
Jester et al., 1981).

As mentioned above, meibum lipid and protein content change with age and MGD. It is
unknown if changes in lipideprotein interactions contribute to dry eye symptoms. Lipid—
protein interactions may occur in meibum itself, or between the meibum lipid on the tear
film surface and proteins located in the aqueous region of the tear film. Meibum lipid—
protein interactions have recently been reviewed (Green-Churchet et al., 2011). Lipid order
(structural stiffness) increased with MGD, and the amount of meibum protein was correlated
with lipid order (stiffness/viscosity) (Borchman et al., 2010b). Since keratinization has been
suggested to be the cause of some forms of dry eye symptoms (Gutgesell et al., 1982; Jester
etal., 1981; Ong et al., 1991), we have used attenuated total reflectance (ATR) infrared (IR)
spectroscopy to determine if keratin changes the hydrocarbon chain order of wax, the major
component of meibum lipid.

Squalene, a triterpenoid, has been reported in meibum. Krenzer et al. identified squalene
with the use of HPLC/MS (Krenzer et al., 2000), and the level of squalene in human
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meibum has been reported to be between 0 and 7% using thin layer chromatography (Ehlers,
1965; Keith, 1967; Tiffany, 1978). Glyceryl isoprene acetal terpenoids were identified in
human tears by electrospray tandem mass spectrometry (Ham et al., 2004) and matrix-
assisted laser desorption ionization time-flight mass spectrometry (Ham et al., 2005).
However, the possible presence of other terpenoids has yet to be explored and confirmed.
Because our recent NMR studies (Borchman et al., 2012a,b) and those reported by others
(Robosky et al., 2008) show the presence of multiple resonances between 5 and 5.2 ppm, the
spectral region where the HC=R resonance of terpenoids appears, it is possible that other
terpenoids or forms of squalene(Architouv et al., 2004), may be present in meibum.
Importantly, the data analysis revealed that the contents of these species decrease with MGD
(Borchman et al., 2012b; Foulks et al., in press; Oshima et al., 2009). In the current model
study, we have used betacarotene, a tetraterpentene, because it is one of the more common
terpenoids, but may not be necessarily present in meibum. It has a typical terpenoid structure
and due to its length and extended degree of unsaturation, we hypothesized that it may
interact with the long-tail waxes present in meibum. For that reason, we carried out the
model studies reported in this manuscript.

Lactoglobulin, mucin and lysozyme, which are major proteins found in tears, bind to and
change the properties of monolayers of meibum lipids, as measured on a Langmuir trough
(Miano et al., 2005; Millar et al., 2006, 2009; Mudgil and Millar, 2008; Mudgil et al., 2006;
Tragoulias et al., 2005). The protein—lipid interactions were different for bovine and human
meibum (Millar et al., 2009). In this study we tested whether or not mucin, lysozyme or
lactoglobulin in the aqueous phase bind to wax and change the hydrocarbon chain
conformation or the environment of the carbonyl region of the lipid layer. Water is a strong
absorber of infrared light so conventional transmission infrared (IR) spectroscopy is
impractical for studying aqueous samples. To circumvent this problem, in this study, we
used attenuated total reflectance spectroscopy (ATR). The technique uses an optically dense
crystal such as ZnSe onto which the wax sample is first deposited and then the aqueous film
is layered. Infrared radiation is internally reflected along the crystal. As a result, an
evanescent field is generated at the crystal-sample interface. The infrared radiation that
interacts with the adsorbed species has a limited depth of penetration that depends on the
wavelength and angle of incidence of the IR radiation, the refractive index of the crystal, and
the refractive indices of the layers at the ATR crystal interface (Harrik, 1967). In our system,
the depth of penetration (sampling depth) was about 2 um at 1000 cm™L. The intensity of the
evanescent field decreases exponentially with the depth of penetration; therefore, the ATR
IR spectra reflect most of the absorption of the wax layer with little interference of the
aqueous layer on top of the wax. From the IR spectra of the wax we can determine the
hydrocarbon chain order and carbonyl environment of the wax and assess whether or not
these parameters are influenced by the binding of proteins present in the aqueous phase
above the wax.

2. Methods
2.1. Materials

Silver chloride windows for infrared spectroscopy were obtained from Crystran Limited,
Poole, United Kingdom. p-carotene type 1, palmityloleate, stearylpalmitate, oleyloleate,
lysozyme from chicken egg white, type 1-S mucin from bovine submaxillary glands and p-
lactoglobulin from bovine milk were purchased from Sigma—Aldrich Chemical Company, St
Louis, MO. Buffered saline (pH 7.2, 280-320 mOsm/kg, and no calcium or magnesium
chloride) was obtained from Invitrogen Corporation, Carlsbad, CA. Keratin was purchased
from Spectrum Chemical MFG. Corp., Gardena CA.
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2.2. Preparation of palmityloleate (PO) with keratin or B-carotene

Approximately 1 mg of either keratin or p-carotene was weighed exactly (to 0.01 mg) on a
AgCl window using a Mettler Toledo (Columbus OH) A7261 analytical balance that was
recently cleaned and calibrated. An equal weight of PO was added to the keratin and mixed
on the infrared AgCI window (13 x 2 mm) with a glass tube. The window with the mixture
was placed in an ultrasonic bath (Branson 1510, Branson Ultrasonics Co., Danbury, CT) for
10 min to further mix the samples constituent.

2.3. Fourier transform infrared spectroscopy of palmityloleate (PO) with keratin or B-

carotene

The method used to acquire IR spectra of lipids is similar to that published in 2007
(Borchman et al., 2007). Briefly, IR spectra were measured using a Nicolet 5000 Magna
Series Fourier transform infrared spectrometer (Thermo Fisher Scientific, Inc., Waltham
MA). The sample was deposited onto a AgCl window that was placed in a temperature-
controlled infrared cell jacketed by an insulated water coil connected to a Neslab R-134A
(NESLAB Instruments, Newton NH) circulating water bath that enables the control of the
sample temperature and the rate of heating or cooling (1°C/15 min). Temperatures were
maintained within £0.01 °C. Each spectrum was obtained from the acquisition and FT of
150 interferograms. Spectral resolution was set to 1.0 cm™L. The infrared spectra were
collected independently by four different investigators. The analysis of the spectral data was
performed with GRAMS/386 software (Galactic Industries, Salem, NH). The frequency of
the CH, band near 2850 cm™1 was used to estimate the content of #ransand gauche rotomers
in the hydrocarbon chains. The ¥was calculated after performing either mathematical
spectral subtraction of the background spectrum of buffer or by baseline leveling the OH—
CH stretching region between 3500 and 2700 cm™L. The center of mass of the CH,
symmetric stretching band was calculated by integrating the top 10% of the intensity of the
band. The baseline for integrating the top 10% of the intensity of the band was parallel to the
OH-CH region baseline. Each spectrum was measured by two investigators and again by
Professor Borchman. Lipid CHs groups in the hydrocarbon chains are present as gauche
rotomers, prevalent in disordered hydrocarbon chains, or #ransrotomers, more abundant in
ordered hydrocarbon chains. Thus, lipid hydrocarbon chain order may be evaluated in terms
of the relative amount of CH, trans rotomers. The frequency of the CH, symmetric stretch,
7, depends on the relative amount of #rans or gauche rotomers (Kéta et al., 1999) and has
been used to characterize lipid phase transitions (Borchman et al., 1991, 1996, 1999, 2004;
Casal and Mantsch, 1984; Kéta et al., 1999; Mantsch and McElhaney, 1991; Moore et al.,
1993; Popova and Hincha, 2003) and to measure the #rans rotomer relative content of lipid
hydrocarbon chains with changes in temperature (Borchman et al., 1991, 1996, 1999, 2004,
2007, 2011; Kota et al., 1999). Since rotomers are either in #rans or gauche conformations,
phase transitions can be described by a two-state sigmoidal equation as described by
Borchman et al. (2007).

2.4, Attenuated total reflectance infrared spectroscopy of wax/tear protein mixtures

A mixture of two waxes, stearylpalmitate and oleyloleate (4:1, mole:mole) was dissolved in
tetrahydrofuran/methanol (3:1, v:v) and was used as a model of human meibum. This wax
composition was chosen because at 35 °C it is near the center of the phase transition where
conformational changes are most sensitive to environment and binding. The wax mixture (1
mg) was layered onto the ATR crystal (1 cm by 7 cm, ZnSe, 45° angle). The solvent was
evaporated under a stream of nitrogen gas, and the crystal was placed in a lyophilizer for
four hours to remove all traces of solvent. The crystal was then placed in a temperature-
controlled IR cell holder (Heated ARK, Thermo Fisher Scientific, Inc. Waltham, MA). The
rate of heating or cooling (1 °C/15 min) at the sample was controlled. Temperatures were
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maintained within £0.01 °C. The sample temperature was set to 35 °C and the sample was +
allowed to equilibrate at that temperature for over 1 h before spectral acquisition.

To test if water influenced lipid conformation, phosphate buffered saline was applied on top
of the wax on the ATR cell and the temperature/equilibration protocol above was followed.

Each protein, either mucin, lysozyme, or lactoglobulin, was mixed separately with buffered
saline to reach a concentration of 100 mg/ml. To determine if these proteins change the
lipid-lipid interactions, the steps listed in the two paragraphs above were followed but the
buffer solution was replaced with a buffer solution containing a given protein. ATR IR
spectra were measured using a Nicolet 5000 Magna Series Fourier transform IR
spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA). Exactly 50 interferograms
were recorded and averaged. Spectral resolution was set to 1.0 cm™1. The spectra were
corrected for wavenumber changes due to the use of ATR with software that came with the
instrument.

2.5. Statistical analysis

3. Results

Data are presented as the average + the standard error of the mean. Significance was
determined using the Student’s ¢test or the correlation coefficient from the linear regression
best fit. Values of p < 0.05 were considered statistically significant.

3.1. Fourier transform IR spectroscopy of palmityloleate (PO) with keratin or B-carotene

Upon heating, PO changed from an ordered gel phase to a disordered liquid crystalline phase
as reflected by the increase of the CH, symmetric stretching frequency, (Fig. 1A).
Hysteresis was observed in the phase transition curves for PO as there was a 4 °C difference
in the heating and cooling phase transition temperatures (Tables 1 and 2, Fig. 1A). The PO
transition is considered a phase transition and not a melting transition because below the
phase transition the wax is not a completely ordered solid, 16% gauche rotomers, and above
the phase transition temperature, the wax is not a completely disordered liquid, 83% gauche
rotomers. The phase transition temperature was measured with an accuracy of better than +
0.1 °C. Keratin at 50% by weight had no significant (o > 0.05) effect on the phase transition
temperature, minimum or maximum frequency or cooperativity of PO (Tables 1 and 2, Fig.
1B and D). p-carotene at 50% by weight lowered both the heating and cooling the phase
transition of PO by a very small but statistically significant (0 < 0.001) amount, about 1 °C
(Tables 1 and 2, Fig. 1C and E).

The cooperativity, a measure of the ability of one lipid to influence the conformation of
surrounding lipids, increased significantly (Table 2, p < 0.05) for the PO heating phase
transition curve when B-carotene was added.

3.2. Attenuated total reflectance (ATR) IR spectroscopy of wax/tear protein mixtures

Two major regions are resolved in the ATR IR spectrum of a thin film of wax with buffer,
the wax CH, and CHs region and the wax carbonyl region (Fig. 2). The two wax regions are
shoulders on the large water HOH stretching and bending bands. The center of mass of the
bands in the two wax regions may be used to measure changes in the conformation of
hydrocarbon CH, moieties (as discussed in detail in the Methods) and the environment of
the carbonyl moiety. Conformation is the orientation of molecules about their bond axes.
The addition of aqueous saline buffer did not change the hydrocarbon chain conformation or
the environment of the carbonyl region of the wax mixture composed of stearylpalmitate and
oleyloleate (4:1, mole:mole, 35 °C) (Figs. 3A and C,4). The wax mixture was 48% ordered
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at 35 °C. At this temperature, this wax composition goes through the center of the phase
transition where conformational changes are most sensitive to environment and binding. The
net absorbance of CH stretching bands (after mathematical spectral subtraction of the
background, i.e. water) was about 0.50 absorbance units and exhibited signal-to-noise ratios
(S/N) greater than 100. The absorbance of the carbonyl band was also quite large, greater
than 0.20. Noise in the area was £0.0007 giving a S/N of nearly 300. The average
measurement and standard error of the frequency of the CHj stretching frequency for the
wax mixture/buffer was 2851.7 + 0.2 cm~1 (7= 21). The standard error for each
measurement was due to variations from one wax mixture to another and not due to
measurement errors (less than + 0.1 cm™1).

Mucin at 100 mg/ml caused a very small, yet significant (p = 0.025), increase (0.7 + 0.3
cm™1) in the CH, symmetric stretching frequency in 9 out of 11 trials (Fig. 3A). This
increase corresponds to a change in the hydrocarbon chains of the wax mixture from 49%
ordered to 45% ordered (% #rans rotomers). A paired Student’s ftest was used to test
significance. Unpaired ftest analysis of the averages was not significant (p> 0.05). Neither
lysozyme nor lactoglobulin at 100 mg/ml caused a statistically significant (p> 0.05) change
in the conformation of the hydrocarbon chains of the wax mixture (Fig. 3B).

The wax mixture had a carbonyl infrared band center of mass of 1737.7 cm™1 (Fig. 3C).
When the carbonyl is in an environment with a relatively low dielectric constant such as that
of CCly (e 2.24) the center of mass of the band is 1742 cm™1. As the dielectric constant is
increased, such as in CHClIj (e 4.8), the carbonyl center of mass decreases to 1732 cm™1
(Blume et al., 1988). The center of mass of this band in the wax mixture is between these
two values. The layering of mucin in the buffer lowered the center of mass of the C=0 band
by an average of 3.3 + 1 cm™1 in 11 out of 11 determinations. Mucin lowered significantly
(p< 0.05) the center of mass of the infrared carbonyl band in our wax mixture to 1735 cm™1
(Fig. 3C), close to that when lipid is dissolved in a solvent with a greater dielectric constant,
such as that of CHCI3 (e 4.8) (Blume et al., 1988). This change suggests that the binding of
mucin causes the wax carbonyls to experience a less hydrophobic (more hydrophilic)
environment or an increase in hydrogen bonding. In one experiment (data not shown), the
change in the CH, conformation with mucin binding to wax occurred quickly, within the
initial 10 min after adding the protein aqueous layer, and no further changes in the CH, were
detected between 10 min and 50 h of equilibration. No protein bands were visible in the
ATR IR spectra of the buffer with protein alone (data not shown).

4. Discussion

The major finding of this study is that mucin binding to wax caused a small conformational
change in the CH, moieties of wax and caused the wax carbonyls to experience a more
hydrophilic environment. Lysozyme and lactoglobulin, two proteins shown to bind to
monolayers of meibum, showed no such change. The change in order of the wax
hydrocarbon chains caused by mucin (49%-45%) is small relative to the large difference in
order observed between meibum from normal donors, 35%, and meibum from donors with
MGD, 47% (Borchman et al., 2011). To influence the carbonyl environment of the wax,
mucin must penetrate deeply into the wax layer and place polar moieties in the vicinity of
the wax. Nagyova and Tiffany (1999) observed that mucin was unique and lowered the
surface tension of saline buffer to the level of human tears whereas lactoglobulin,
lactoferrin, or lysozyme caused no such change. In the first reported observation of mucin—
protein interactions, Holly (1973) showed that mucin facilitated the spreading of meibum on
an aqueous surface. Mucin is highly glycosylated and it is possible that the OH moieties on
the glycosylated sites may interact with the carbonyl groups of the wax via H-bonds. As a
result, the interactions among neighboring wax molecules would decrease and lead to a
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slight disordering of the hydrophobic tails. It is difficult to imagine how mucin, a
hydrophilic protein could interact with a hydrophobic wax layer. In other systems, mucin
has been shown to bind to lipids such as cholesterol and phosphatidylcholine (Nunes et al.,
1995; Smith, 1987). Gallbladder mucin contains non-glycosylated domains rich in serine,
glutamic acid/glutamine and glycine that bind to hydrophobic lipids (Nunes et al., 1995;
Smith, 1987). It is these “lipid coated, non-glycosylated, cysteine rich” hydrophobic
domains that are believed to stabilize lactoferrin-lipid emulsions (Singh and Sarkar, 2011).
Perhaps mucin interacts with wax in a similar manner.

Changes in meibum composition with MGD have been reported (Borchman et al., 2010b,
2011, 2012b; Joffre et al., 2009; Oshima et al., 2009; Shine and McCulley, 1991, 1996,
1998, 2000, 2004; Shrestha et al., 2011). It is unknown if the reported changes cause
changes in lipid—protein interactions. Based on our findings, mucin—meibum interactions
may be more significant than those with other proteins. Because of the small changes in the
center of mass of the infrared bands, it is not practical to use IR spectroscopy to measure the
binding constant K, of mucin, lysozyme or lactoglobulin with to wax. Fluorescent probe
techniques similar to those we used to measure alpha crystalline lens membrane lipid
binding could be more effective (Borchman and Tang, 1996, Cenedella et al., 2004; Grami
et al., 2005; Tang and Borchman, 1998; Tang et al., 1988a,b, 2003). Using the fluorescent
probe N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadeconoyl-sn-3-
phosphoethanolamine, triethylammonium salt (NBD-PE) we found that there are moieties in
human tears that bound to wax causing the surface of the wax to exclude water (Borchman
et al., 2007). An important set of proteins that was not investigated in this study: surfactant
proteins are likely to alter the structure of meibum on the tear film surface (Green-Church et
al., 2011).

5. Extrapolation of in vitro results to what occurs in vivo

One should always use caution in extrapolating /7 vitro results to the situation that occurs in
vivo. The wax model system used in this study was designed to be near the center of its
phase transition at physiological temperature, because at the center of the transition the
hydrocarbon chains are most sensitive to conformational changes. Small changes in
temperature, the ratio of the lipid mixture or perturbations due to protein binding could
cause large changes in conformation at the center of the phase transition. Although the
predominant lipid in human meibum is wax (Borchman et al., 2012a; Butovich, 2009;
Green-Church et al., 2011), the wax system we used is much less complex than human
meibum and may interact with proteins differently than human meibum does. The lipid
order of our wax mixture was 49% close to that for human meibum from 1 to 35 year old
individuals, which is 40-50% ordered (Borchman et al., 2010c).

Human lipocalin penetrates human meibum better than bovine p-lactoglobulin (Millar et al.,
2009). Therefore, one might expect less effect from bovine lactoglobulin than from human
lipocalin in the current model wax mixture if the interaction is similar. Similarly, the mucin
from bovine submaxillary gland used in the current study, had no surface activity when
compared with purified ocular mucin (Millar et al., 2006). Because we detect no changes in
the wax carbonyl environment or hydrocarbon chain conformation in the presence of p-
lactogobulin, or lysozyme, this does not mean they do not bind to the wax. It could be the
case that binding does not cause a change in hydrocarbon conformation.

The protein—wax interactions we have observed are those in which the protein binds to the
wax matrix not that described for the binding of lipids in the cavity of lipocalin (Glasgow et
al., 1995; Gasymov et al., 1999, 2009). Wax would not be expected to bind in the cavity of
lipocalin (Glasgow et al., 1995; Gasymov et al., 1999, 2009). p-lactoglobulin used in this
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study is in an apo-form (the protein is replete with fatty acids). It has yet to be determined if
lipocalin or B-lactoglobulin without lipids bound to them change the conformation of the
wax hydrocarbons when they bind to the wax matrix. The adsorption to human meibum of
tear lipocalin with or without lipids bound to it is considerably different (Millar et al., 2009).

and terpenoid—wax interactions

Lipid-protein interactions may be important not only for the structure and function of
meibum on the surface of the tear film but also for meibum in the meibomian glands. It has
been proposed that keratinization could be responsible for blocking the orifice of the
meibomian glands (Korb and Henriquez, 1980; Ong et al., 1991; Terada et al., 2004). The
present study indicates that keratin has no major direct effect on the fluidity (viscosity) of
wax, the most abundant lipid component in meibum. Based on these results, it is unlikely
that keratin itself blocks meibomian glands by causing the meibum to become more viscous.
It is more likely that enlarged or sloughed off keratinized epithelial cells are responsible for
the blockage of the meibomian gland orifice. We found that in donors with MGD who had
some but not all of the meibomian glands blocked, there was 17-53 times enough lipid-
containing esters on the lid margin to adequately supply a lipid layer 17-molecules-thick on
the surface of tears (Ashraf et al., 2011). For these select donors, patients with dry eye
symptoms due to MGD, it is more likely that the quality rather than the quantity of meibum
could potentially contribute to MGD.

Terpenoid-like compounds, including carotenoids, may be present in meibum and their
content appears to decrease with MGD (See the Introduction). Based on the current study,
tetraterpenoids, such as carotenoids, are not likely to influence the structure of meibum. If
future studies confirm that terpenoids are found in meibum, their modes of action are more
likely to inhibit oxidation of meibum and subsequent inflammation as well as to confer
antibacterial properties (DiMascio et al., 1989).

Of the proteins studied, including mucin, lysozyme and lactoglobulin, mucin is the most
likely compound to influence the conformation and carbonyl environment of meibum on the
tear film surface. Our findings that mucin—meibum interactions may be more significant
than those of other proteins support those of Holly (1973); and Nagyova and Tiffany, 1999.
Keratin and B-carotene had little effect on the conformation (viscosity) and carbonyl
environment of wax.
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Lipid phase transitions measured using infrared spectroscopy. Open symbols are heating
curves, filled symbols are cooling curves. Symbol types represent separate experiments.
Lines are curve fit of a 4-parameter sigmoidal equation to the data. A) palmityloleate. B)
palmityloleate and Keratin 1:1, wt:wt. C) palmityloleate and B-carotene 1:1, wt:wt D) (—)
fit of palmityloleate curves from A (=) fit of palmityloleate and Keratin curves from B. E)
(—) fit of palmityloleate curves from A () fit of palmityloleate and p-carotene curves from

C.
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Fig. 2.

Average ATR IR spectrum of a thin film of the wax mixture oleyloleate and
palmitylpalmitate (4:1, wt:wt) A) exposed to buffer B) exposed to buffer containing 100 mg/
ml of mucin. C) Buffer containing 100 mg/ml of mucin. D) Wax mixture oleyloleate and
palmitylpalmitate (4:1, wt:wt). Top Inset: Dotted line corresponds to a mucin/wax/buffer
sample. Solid line corresponds to a wax/buffer sample. Bottom inset: Infrared CH stretching
region after subtracting C from B.
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mixture oleyloleate and stearylpalmitate (4:1, wt:wt) exposed to a buffer containing various
proteins found in human tears. A and B) The infrared CH, symmetric stretching frequency
(left yaxis) is used to calculate the hydrocarbon order (right y axis) of the wax mixture. C)
The wax carbonyl band center of mass can be used to ‘sense’ the environment around the
ester bond. A higher carbonyl band center of mass indicates a more hydrophilic environment

or hydrogen bonding.
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Fig. 4.

Average ATR IR spectrum of the carbonyl band. (—) Average spectrum of a thin film of the
wax mixture oleyloleate and stearylpalmitate (4:1, wt:wt) exposed to buffer. (=) Average
spectrum of the wax mixture exposed to 100 mg/ml mucin at 35 °C. Lower spectrum:
difference spectrum of average mucin/wax/buffer spectrum minus the average wax/buffer
spectrum.
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Lipid phase transition parameters Cooling Curve
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Phasetransition parameter ~ Palmityloleate Palmityloleateand Keratin ~ Significance(p) Palmityloleate & B-carotene  Significance (p)
Minimum frequency (cm™2) 2849.3+0.3 2849.1+0.4 0.70 2848.9+0.3 0.24
Maximum frequency (cm™) 2854.0+0.3 2853.4£0.2 0.091 28534 +0.1 0.60
Cooperativity -97 +41 -74+31 0.65 87 +36 0.66
Phase transition temperature 16.52 + 0.07 16.80 + 0.09 0.019~ 16.01 +0.09 >0.0001

0

*
statistically significant, p < 0.05.
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Table 2

Lipid phase transition parameters Heating Curve
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Phasetransition parameter ~ Palmityloleate Palmityloleateand Keratin ~ Significance(p) Palmityloleate & B-carotene  Significance (p)
Minimum frequency (cm™2) 2849.2+0.2 2849.0+0.4 0.62 2848.9+0.5 0.53
Maximum frequency (cm™) 28543+ 0.5 2853.4+0.4 0.22 2853.42 +0.08 0.88
Cooperativity 104+ 25 91+42 0.78 293 + 36 >0.0001"
Phase transition temperature 54 931 0 g 20944011 0.93 19.98+0.01 50,0001

(°0)

*
statistically significant p < 0.05.
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