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PURPOSE. The principal lipid-interacting protein in human tears
has been reported to be tear lipocalin (Tlc). Tlc has been
suggested to scavenge harmful lipophilic substances from the
corneal epithelium and to maintain the integrity of the anterior
tear film lipid layer by binding and releasing lipid(s) that are
accommodated within the protein. Although lipids can be
extracted from Tlc, it is still unclear whether Tlc can actually
bind to lipid membranes and accept membrane lipids and
whether it possesses lipid transfer activity. The purpose of this
study was to explore the interaction of Tlc with neutral, anionic, and cationic lipid membranes and to assess the potential
of Tlc to facilitate the transfer of either polar or neutral lipids
in a lipid transfer assay.
METHODS. The binding of Tlc to lipid membranes was assessed
by a monolayer technique and fluorescence spectroscopy. The
polar lipid transfer activity of Tlc was assessed with a radiometric assay based on the transfer of 14C-phosphatidylcholine
(PC) from PC-liposomes to HDL3. The neutral lipid transfer
activity of Tlc was assayed by measuring the transfer of radioactive cholesteryl ester from LDL to HDL3.
RESULTS. Purified Tlc showed significant surface activity as
evidenced by an increase in surface pressure at the air– buffer
interface. Likewise, it interacted actively with neutral, anionic,
and cationic lipid monolayers, as evidenced by an equal increase in surface pressure despite the surface charge. Enhanced quenching of the single tryptophan residue of Tlc by
pyrene and I⫺ anion suggested that different protein domains
are involved in the interaction of Tlc with oppositely charged
lipid membranes. Finally, radiometric assays revealed that Tlc
does not possess any neutral or polar lipid transfer activity
between lipid vesicles or/and lipoproteins.
CONCLUSIONS. Tlc interacted with lipid membranes composed
of neutral, cationic, or anionic membranes, which supports a
role for Tlc in the maintenance of the tear film interfaces. Tlc
did not show any neutral or polar lipid transfer activity what-
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soever. The findings suggest that the notion of the role of Tlc
as the major lipid-transferring protein in human tears should be
revised. (Invest Ophthalmol Vis Sci. 2005;46:3649 –3656) DOI:
10.1167/iovs.05-0176

T

he tear film is a complex three-dimensional (3-D) aqueous
fluid composed of a complex mixture of carbohydrates,
proteins, and lipids.1 Recent reports using interferometry and
optical coherence tomography have shown that the thickness
of the human tear film ranges between 2.3 and 3.3 m.2– 4 A
thorough protein composition of the tear film is yet to be
revealed. Likewise, the function and composition of the carbohydrate layer remains to be established. Analyses of meibomian gland secretions have shown that it is composed of wax
esters, sterol esters, and polar lipids.5,6 Yet the tear fluid lipids
are composed of both meibomian secretions and sebum. No
thorough studies of the chemical composition of the tear film
lipids are available. Although a comprehensive list of the constituents exists, the broad function of this complex fluid is still
poorly understood. There is no information on the complex
interactions among the proteins, carbohydrates, and lipids. To
begin with, we studied the interaction of purified tear lipocalin
(Tlc) with lipid membranes. The motivation for this study
derives from the proposed physiological function of Tlc in
human tear film.7 In brief, the conventional structure of the
human tear film consists of three layers: a superficial lipid layer,
an aqueous middle layer, and a precorneal mucin layer.8 –10 It
appears, however, that the two latter compartments form a
somewhat homogenous, mucin-enriched fluid.1,11 Phospholipids are found adjacent to the aqueous–mucin layer and external
to this a layer composed of nonpolar lipids, such as cholesteryl
esters and triglycerides, face the tear–air interface.6,12–14 This
type of structure is vulnerable to destabilization if the composition of the lipid layer is changed or if lipids contaminate the
mucin layer. Accordingly, some mechanism(s) to prevent contamination of the ocular surface, such as removing meibomian
lipids, is necessary. Tlc has been suggested to be such a protein
in tear fluid.7,15 In essence, this would necessitate that Tlc
interact with lipid membranes and furthermore that Tlc bind
and release (i.e., transport) new lipid molecules to and from its
surface.
The protein superfamily of lipocalins consists of small secretory proteins that partly share conserved amino acid sequence motifs. Functionally, they show common properties
including the ability to bind an array of small hydrophobic
molecules, to bind to specific receptors, and to form oligomeric complexes.16 Despite weak amino acid sequence homology among lipocalins, their overall folding pattern is highly
conserved. The 3-D structure of apo-Tlc consists of an eightstranded, nonparallel ␤-barrel with a loop scaffold at the entrance of the ␤-barrel and a C-terminal ␣-helix.17,18 The core of
the ␤-barrel cavity in apo-Tlc is extremely wide and is believed
to be the ligand-binding site.17 In human tears, Tlc is secreted
by the lacrimal glands19 and comprises 15% to 33% of the
protein content of tears.20 Tlc is not unique to tears, and it is
expressed in such tissue as the sublingual glands, the prostate,
the mucosal glands of the tracheobronchial tree, and nasal
3649
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mucosa.21 Tlc has been suggested to be the major lipid-binding
protein in human tears and is known to bind fatty acids, fatty
alcohols, phospholipids, glycolipids, and cholesterol.15 Several
lines of evidence suggest that Tlc acts as a physiological protector of epithelia by scavenging harmful hydrophobic molecules and by controlling inflammatory processes by its protease
inhibition activity.22,23 Both of these functions require interactions with lipid membranes and/or other proteins that are
bound to the cellular membranes. Considering the former, it
has remained unclear whether Tlc shows any lipid transfer
activity—that is, lipid binding and releasing. When Tlc is expressed in Escherichia coli, purified, and analyzed for its ligands, it appears that the lipids are derived from bacterial
membranes.24 This finding imply that the lipids may be necessary for maintaining the proper conformation of the protein.

MATERIALS

AND

METHODS

POPG (1-palmitoyl-2-oleoyl-3-phosphatidyl-glycerol) and sphingosine
(Sph) were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO), and POPC (1-palmitoyl-2-oleoyl-3-phosphatidylcholine) from
Avanti (Birmingham, AL). PPDPC (1-palmitoyl-2[6-(pyren-1-yl)]decanoyl-sn-glycero-3-phosphocholine) was obtained from K&V Bioware
(Espoo, Finland) and DPH (1,6 diphenyl-1,3,5-hexatriene) from Molecular Probes (Eugene, OR). Phospholipid stock solutions were made in
chloroform. Thin-layer chromatography assessed the purity of lipids
and fluorescent probes on silicic-acid– coated plates (Merck, Darmstadt, Germany) using chloroform-methanol-water (65:25:4, vol/vol/
vol) as a solvent. Examination of the plates after iodine staining or,
when appropriate, under fluorescent illumination revealed no impurities. Concentrations of the nonfluorescent phospholipids were
determined gravimetrically with a high-precision electrobalance (Cahn
Instruments, Inc., Cerritos, CA), and those of the fluorescent phospholipid analogues were determined spectrophotometrically with appropriate molar extinction coefficients provided by the manufacturer.
Human Tlc was prepared as described previously.25 This study was
performed according to the principles of the Declaration of Helsinki,
and approved by the Ethics Review Committee of the Department of
Ophthalmology (University of Helsinki). Informed consent was obtained from each subject.
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Interaction of Tear Lipocalin with
Lipid Monolayers
Lipid monolayers residing on an air– buffer interface provided a convenient means to assess lipophilicity of Tlc by monitoring the increase
in surface pressure caused by insertion of the protein into the film.
Penetration of Tlc into neutral POPC, anionic POPC-POPG (8:2 molar
ratio), and cationic POPC-Sph (8:2 molar ratio)26 films was measured
using magnetically stirred circular wells. Surface pressure () was
monitored as described earlier. Lipid was spread on an air– buffer (5
mM HEPES, 0.1 mM EDTA, [pH 7.4]) interface in chloroform (1 mg/
mL) to different initial surface pressures (0), and the resultant monolayer was allowed to equilibrate for 15 minutes before the addition of
Tlc (7 L, 4.7 mg/mL in Na-Phosphate buffer 150 mM NaCl, [pH 7.5],
final concentration 1.6 M) into the subphase. The increment in 
from the initial surface pressures (0) after the addition of Tlc was
complete in less than 45 minutes, and the difference between 0 and
the value observed after binding of Tlc into the film was taken as ⌬.
All the measurements were performed at the ambient temperature
(⬃24°C). The data are represented as ⌬ versus 0.

Preparation of Liposomes
Lipid stock solutions were mixed in chloroform to obtain the desired
compositions. The solvent was removed under a gentle stream of
nitrogen, and the lipid residue was subsequently maintained under
reduced pressure overnight. Multilamellar vesicles (MLVs) were
formed by hydrating the dry lipids at 65°C with 1 mL of 5 mM HEPES
and 0.1 mM EDTA (pH 7.4), to a lipid concentration of 1 mM. Multilamellar liposomes were freeze-thawed five times and large unilamellar
vesicles (LUVs) were obtained by extruding multilamellar dispersions
19 times through a 100-nm pore-size polycarbonate membrane (Nucleapore, Pleasanton, CA) with a gas-pressure, small-volume homogenizer
(LiposoFast Pneumatic; Avestin, Ottawa, Ontario, Canada).27,28 The
pressure used for extrusion of vesicles through the filters was 25 psi
(⬃170 kPa).

Fluorescence Spectroscopy

Blood samples (n ⫽ 6) were collected from healthy volunteers into
sterile heparin-containing tubes. The samples were kept at room temperature for 15 minutes followed by centrifugation at 3000g for 15
minutes at ⫹4°C. The plasma was separated, pooled, and stored at
⫺70°C until analyzed.

The environments of the tryptophan (Trp) residues of Tlc in the
presence of liposomes were studied by fluorescence spectroscopy.
The center the of Trp fluorescence peak is at ⬃350 nm when in water,
whereas in a hydrophobic environment, the emission is centered near
330 nm. Accordingly, changes in the microenvironment of Trp can be
monitored by measuring I350/I330, the ratio of the emission at 350 nm
to that at 330 nm. Trp fluorescence was recorded with a spectrofluorometer (model LS 50 B; PerkinElmer, Wellesley, MA) equipped with
a magnetically stirred and thermostated cuvette compartment. All the
measurements were performed at 25°C in 5 mM HEPES and 0.1 mM
EDTA (pH 7.4) buffer. Excitation and emission band passes were both
10 nm. Excitation wavelength was 295 nm, and emission spectra were
recorded in the range of 300 to 400 nm. Trp emission spectra of Tlc
were recorded in both the absence and presence of POPC, POPCPOPG (8:2 molar ratio), and POPC-Sph (8:2 molar ratio) LUVs, yielding
final Tlc and lipid concentrations of 5 and 50 M, respectively. All
experiments were performed in triplicate.

Adsorption Isotherm of Tear Lipocalin

Steady State Fluorescence Anisotropy

Penetration of the Tlc into the air-buffer (5 mM HEPES, 0.1 mM EDTA
[pH 7.4]) interface was measured in magnetically stirred circular wells
(subphase volume, 1200 L). The buffer was allowed to equilibrate for
15 minutes before the addition of Tlc (7 L, 4.7 mg/mL in Na-phosphate buffer 150 mM NaCl [pH 7.5]; final concentration, 1.6 M) into
the subphase. Experiments were performed at ambient room temperature ⬃24°C. Surface pressure () was monitored with a Wilhelmy
wire attached to a microbalance (TroughS; Kibron Inc., Helsinki,
Finland) and connected to a computer.

Fluorescence anisotropy of the Trp residue of Tlc (5 M) as a function
of increasing concentration of LUVs (ⱕ50 M) was measured with
rotating polarizers in the excitation and emission beams (LS 50 B;
PerkinElmer), with a band pass of 10 nm. The results are expressed as
emission anisotropy (r) calculated as follows:

Tear Fluid Samples
Tear fluid samples (approximately 20 L, tear fluid flow rate was 2.9 ⫾
3.6 L/min) were collected from the lower conjunctival sac from six
healthy subjects by means of 10-L micropipettes (Blaubrand Intramark; Brand GMBH, Wertheim, Germany). The samples were immediately cooled to ⫹4°C, pooled, and stored at ⫺70°C until analyzed.

Blood Samples
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where I⬜ and III are the emission intensity perpendicular and parallel,
respectively, to the excitation polarizer. The experiments were performed in triplicate.

Trp Emission Quenching by Pyrene
To assess the binding of Tlc to lipid bilayers we measured the quenching of Trp fluorescence by pyrene-containing liposomes. Excitation of
Trp at 295 nm yields a wide emission peak that can be used to excite
pyrene. As a result, the emission intensity at 334 nm decreases. In brief,
if Tlc does not bind to LUVs the emission intensity at 334 nm with and
without liposomes remains unchanged. In case of interaction, the Trp
emission intensity at 334 nm decreases when PPDPC-containing liposomes are present. These types of experiments are very sensitive to the
distance of the two fluorophores, and thus even small changes can be
observed.29 Typically, the distance of the two fluorophores should not
exceed 2 to 10 nm for fluorescence resonance energy transfer (FRET)
to occur. All the measurements were performed at 25°C in triplicate in
5 mM HEPES and 0.1 mM EDTA (pH 7.4) buffer with the spectrofluorometer (LS 50 B; PerkinElmer) and with a Tlc concentration of 5 M
and an LUV concentration of 50 M.

Collisional Quenching of Trp Emission
The extent of exposure of Trp to the aqueous phase was assessed using
I⫺ as a collisional quencher. The extent of quenching was calculated
by using the equation
F0
⫽ 1 ⫹ k共Q兲 ⫽ 1 ⫹ kq0 共Q兲,
F
where F0 and F are Trp fluorescence intensities at 345 nm in the
absence and presence of the quencher Q, and 0 is fluorescence
lifetime of Trp in the absence of the quencher k, the Stern-Volmer
constant (obtained from the slope of the linear fit of the data). Fluorescence emission of Trp in Tlc (5 M) and its quenching were
measured in the presence of POPC, POPC-POPG (8:2 molar ratio), or
POPC-Sph (8:2 molar ratio) LUVs (final lipid concentration of 50 M).
The results were corrected for scattering caused by liposomes in the
buffer. To ensure reproducibility, the experiments were repeated
three times.

Measurement of Phospholipid Transfer Activity
Phospholipid transfer activities of plasma and tear fluid samples of the
study subjects (n ⫽ 6) and Tlc were obtained by measuring the transfer
of [14C]-DPPC (dipalmitoylphosphatidylcholine) from radiolabeled PCliposomes to high-density lipoprotein-3 (HDL3) acceptors. The Tlc
concentration per assay varied from 0.047 to 0.47 mg/mL. Essentially,
the assay was performed as described elsewhere,30 with minor modifications.31

Cholesterol Ester Transfer Activity
Plasma, tear fluid, and Tlc cholesterol ester transfer activities were
determined from the transfer rate of radiolabeled cholesterol ester
from low-density lipoprotein (LDL) to HDL, as described.32

RESULTS
Surface Activity of Purified Tlc
We first assessed the surface activity of purified Tlc in Langmuir troughs. After injection of Tlc into the subphase, a lag
time of approximately 100 seconds was observed followed by
a monotonous increase in surface pressure up to 5.1 ⫾ 0.3
mN/m in approximately 1800 seconds (Fig. 1). A very slow
subsequent increment was observed that may have been attributable to denaturation of the protein at the air–water interface33 and/or the higher activation energy of protein adsorp-
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FIGURE 1. Adsorption of purified tear lipocalin (Tlc) into an air– buffer
interface. Adsorption (dashed line) is shown as an increase in surface
pressure (⌬) after the addition of Tlc (final concentration, 1.6 M) to
the aqueous interface (5 mM HEPES and 0.1 mM EDTA [pH 7.4]). The
increase in surface pressure followed first-order reaction kinetics, denoted by the solid line.

tion to the air–water interface at high protein surface
concentrations.34 The increase in surface pressure followed
first-order reaction kinetics (Fig. 1, dashed line; coefficient of
determination r2 ⫽ 0.993). The behavior resembles the results
obtained by Glasgow et al.,7 except that in our experiments
the increase in surface pressure was much more rapid (approximately seven times faster).

Interaction of Tlc with Phospholipid Monolayers
The molecular interactions between the tear film lipid layer
and soluble proteins embedded in the tear fluid have not been
published previously. For this purpose, we used phospholipid
monolayers residing on an air– buffer interface, a model biomembrane that has been widely used to study lipid–protein
interactions (e.g., Ref. 35). Penetration of proteins or peptides
into the lipid monolayer after injection underneath the lipid
film increases the surface pressure ,36,37 whereas peptides
and proteins that do not bind to lipids cause no changes in .34
Initial surface pressure (0) of neutral POPC, anionic POPCPOPG (8:2 molar ratio), and cationic POPC-Sph (8:2 molar
ratio) monolayers varied between 4 and 42 mN/m, and increments in surface pressure (⌬) attributable to the addition of
Tlc (final concentration, 1.6 M) to the subphase were measured (Fig. 2A). The penetration of Tlc into the lipid monolayers was not dependent on the electric charge of the monolayer,
and the slopes of ⌬ versus 0 were qualitatively similar in all
three lipid films studied. At initial monolayer packing pressures
exceeding 34, 32, and 34 mN/m for POPC, POPC-POPG, and
POPC-Sph, respectively, the membrane penetration of Tlc was
abolished. The increase in surface pressure was significantly
higher for lipid monolayers (at  ⬍ 15 mN/m) than for pure
air– buffer interfaces, suggesting that Tlc has a substantial affinity to interact with membranes. At higher surface pressures,
the monolayers became either unstable or collapsed, as evidenced by a subsequent decrease in surface pressure (data not
shown). At present, we lack sophisticated methodology to
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slow Brownian rotational diffusion of Tlc in solution. This high
value for r is in keeping with previous results showing that Trp
is located at the tip of the calyx.17 Increasing concentrations of
POPC liposomes caused progressively increasing r, up to
0.51 ⫾ 0.01 measured at 50 M POPC. Approximately one-half
the maximum effect was evident at a Tlc-POPC molar ratio of
⬃1:4. The anionic liposomes (POPC-POPG, 8:2 molar ratio)
behaved very similarly to the POPC liposomes, except that the
maximum r was 0.47 ⫾ 0.005. We were surprised, however,
that on incubation of Tlc with cationic liposomes (POPC-Sph,
8:2 molar ratio) we observed only a very marginal increase in
r from 0.34 ⫾ 0.005 to 0.37 ⫾ 0.005 (Fig. 3). The theoretical
maximum for r is 0.40.38 However, if light-scattering occurs, r
can be much closer to 1.0. Likewise, fluorescence anisotropy is
very sensitive to the lifetime of the fluorophore, and a decrease
in lifetime would profoundly increase measured anisotropy.38
To overcome these uncertainties with the use of steady state
anisotropy we used fluorescence spectroscopy to characterize
further the interaction of Tlc with lipid membranes.
Intrinsic Trp fluorescence allows the estimation of possible
changes in the microenvironment of this fluorophore on association of Tlc with liposomes.38 Considering Tlc, the method is
very sensitive, as only one Trp is found in the protein. The
I350/I330 ratio measured in buffer for the Trp residue of Tlc was
0.631 ⫾ 0.007, whereas in the presence of LUVs (50 M total
phospholipid), this ratio slightly increases to 0.666 ⫾ 0.005.
Surface charge of the liposomes did not have any apparent
effect on the I350/I330 ratio (data not shown). Trp, thus, resides
in a highly hydrophobic environment in the absence and presence of liposomes. This is in keeping with the known position
of the Trp in the calyx of the protein.17
Measuring the quenching of Trp fluorescence by pyrenecontaining liposomes was performed as a further assessment of
the interaction of Tlc with lipid membranes. For neutral POPC
liposomes an approximately linear decrease in Trp fluorescence was observed on increasing the concentration of Tlc
(Fig. 4). Likewise, in the presence of anionic POPC-POPG

FIGURE 2. Penetration of purified tear lipocalin into POPC (f), POPCPOPG (8:2 molar ratio, F), and POPC-Sph (8:2 molar ratio, Œ) monolayers. (A) Penetration is shown as an increase in surface pressure (⌬)
after the addition of Tlc (final concentration, 1.6 M) to the aqueous
interface (5 mM HEPES and 0.1 mM EDTA [pH 7.4]) Data are shown as
a function of the initial surface pressure (0). (B) Time needed to reach
the maximum surface pressure as a function of 0.

assess this effect further. From the isotherms, it is also evident
that the time needed to reach the maximum pressure is longer
for lipid monolayers than with a pure air– buffer interface at
 ⬍ 10 mN/m and is again independent of the surface electric
charge of the monolayer (Fig. 2B).

Interactions of Tlc with Liposomes
In the foregoing experiments with neutral, cationic, and anionic lipid monolayers, Tlc interacted avidly with these hydrophobic membranes. However, the monolayer experiments did
not reveal any significant differences between the studied lipid
membranes. This was further studied by measuring Trp fluorescence emission anisotropy (r) for Tlc in the presence of
increasing concentrations of liposomes (Fig. 3). Accordingly, in
the absence of liposomes, r was 0.34 ⫾ 0.01, reflecting very
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FIGURE 3. Anisotropy (r) for the Trp residue of Tlc as a function of
POPC (f), POPC-POPG (8:2 molar ratio, F), and POPC-Sph (8:2 molar
ratio, Œ) concentration. Final lipid concentration was 50 M in 5 mM
HEPES and 0.1 mM EDTA (pH 7.4), and the Tlc concentration was 5
M. Temperature was maintained at 25°C.
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POPC and POPC-POPG liposomes showed only low correlation
(Pearson’s correlation coefficients).

Lipid Transfer Activity

FIGURE 4. Binding of Tlc to pyrene-containing liposomes. The interaction of Tlc with liposomes composed of POPC-PPDPC (99:1 molar
ratio f), POPC-POPG-PPDPC (molar ratio, 79:1:20, F), and POPC-SphPPDPC (79:1:20 molar ratio, Œ) was assessed by measuring the Trp
fluorescence emission intensity at 334 nm in the absence and presence
of liposomes. Total lipid concentration was 50 M in 5 mM HEPES and
0.1 mM EDTA (pH 7.4), and the final Tlc concentration was 5 M.
Temperature was maintained at 25°C.

liposomes, a linear decrease in Trp fluorescence was observed.
In the latter case, the decrease was more pronounced. However, when using cationic POPC-Sph (8:2 molar ratio) liposomes, no decrease was observed in the intensity of Trp fluorescence up to 2 M Tlc, whereas on exceeding this
concentration, a rapid decrease in the fluorescence intensity
was seen. The results thus suggest that for the neutral and
anionic liposomes, the Trp residue is positioned so that resonance energy transfer can occur immediately on addition of the
protein, whereas the positive charge of Sph-containing membranes initially prevents binding of Tlc to these cationic membranes or the protein is oriented so that resonance energy
transfer cannot occur.
The binding of Tlc to lipid bilayers was considerably faster
than to monolayers and followed first-order exponential decay
kinetics (Fig. 5). We did not observe differences in the binding
kinetics between neutral, anionic, and cationic liposomes (data
not shown).
The collisional quenching of Trp by I⫺ was assessed in the
presence of neutral (POPC), anionic (POPC-POPG, 8:2 molar
ratio), and cationic (POPC-Sph, 8:2 molar ratio) liposomes. The
water soluble and small I⫺ anion would have to enter the
hydrophobic cavity of Tlc before it could quench Trp. Accordingly, this method allows exploration of the orientation of the
calyx mouth of Tlc-lipid complexes. The results explicitly
show that in the presence of neutral and anionic liposomes,
the Trp residue in Tlc was significantly less exposed to the
collisional quencher I⫺ than were the cationic liposomes (Fig.
6). The Stern-Volmer constants were 0.0002 M⫺1, 0.0001 M⫺1
and 0.0005 M⫺1 in the presence of POPC, POPC-POPG, and
POPC-Sph liposomes, respectively. Further proof of the more
open exposure of Trp in the presence of cationic liposomes is
that the Trp quenching for these liposomes followed closely
linear relationship in the presence of I⫺, whereas a linear fit for
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Finally, the lipid transfer activity of Tlc was assessed. The total
polar lipid transfer activity in tear fluid was investigated from
pooled tear fluid samples using a radiometric assay based on
the transfer of [14C]-dipalmitoylphosphatidylcholine (DPPC)
from liposomes to HDL3. Although tear fluid does not contain
lipoproteins, we have used this method previously with success to measure the lipid transfer activity of other tear fluid
proteins,39 and thus we consider it applicable to assess lipid
transfer activity of Tlc as well. The mean PC transfer activity in
tear fluid was 14.8 ⫾ 1.9 micromoles/mL per hour, and that
from plasma was 8.3 ⫾ 2.3 micromoles/mL per hour, which is
in good accordance with our previous results.39 Tlc (final
concentration varied between 0.047 and 0.47 mg/mL) displayed no phospholipid transfer activity even at the highest
concentration (data not shown). The presence of neutral lipid
transfer activities in tear fluid was studied by a radiometric
assay, which measures the transfer of radioactive cholesteryl
ester (CE) from LDL to HDL3. The mean CE transfer activity in
human plasma was 31.6 ⫾ 3.6 nanomoles/mL per hour,
whereas no CE transfer activity was observed in human tear
fluid. Purified Tlc (final concentration varied between 0.047 to
0.47 mg/mL) showed no cholesteryl ester transfer activity in
this assay.

DISCUSSION
The present results show that pure Tlc was eminently surface
active, as previously demonstrated.7 The surface adsorption
kinetics, however, between Glasgow et al.7 and our study vary
considerably. In our experiments, the kinetics were approxi-

FIGURE 5. Time course of binding of Tlc to POPC-PPDPC (99:1 molar
ratio) LUVs. Binding (dotted line) was quantified as Trp emission
intensity quenching at 334 nm (excitation, 295 nm). The binding
followed first-order exponential decay kinetics as shown by the fitted
solid line. Total lipid concentration was 50 M in 5 mM HEPES and 0.1
mM EDTA (pH 7.4), and the Tlc concentration was 5 M. Temperature
was maintained at 25°C. The measured data represent all different
types of vesicles.
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FIGURE 6. Trp emission intensity of Tlc in complexes with POPC (f),
POPC-POPG (8:2 molar ratio; F), and POPC-Sph (8:2 molar ratio, Œ)
LUVs with I⫺ as a water-soluble collisional quencher. Total lipid concentration was 50 M in 5 mM HEPES and 0.1 mM EDTA (pH 7.4), and
the Tlc concentration was 5 M. Temperature was maintained at 25°C.

mately seven times faster. Such kinetics would allow for establishment of the protein on the tear film in vivo after a blink
where it could release lipids to maintain the integrity of the
superficial lipid layer. However, as will be discussed herein,
this view is not supported by the lipid transfer data. Purified
Tlc attached to phospholipid membranes despite the surface
electric charge. This effect could be demonstrated by surface
pressure studies on lipid monolayers as well as fluorescence
spectroscopy measurements with lipid bilayers. The critical
surface pressure of monolayers, 32 to 34 mN/m, needed to
prevent the penetration of Tlc into these lipid films, is high and
reflects the amphiphilic nature of the protein. Similar critical
surface pressures have been observed for other small lipophilic
peripheral membrane proteins (e.g., Ref. 40). The approximately 1.5-fold increment in the Trp emission anisotropy of Tlc
measured in the presence of neutral and anionic liposomes
suggests that Tlc binds to these bilayers or that the lifetime of
the excited Trp decreases significantly on binding. Nevertheless, in essence, this implies that the environment of Trp is
changed, confirming binding to these membranes. Finally, resonance energy transfer experiments from Trp to pyrene demonstrates that Tlc avidly interacts with neutral and anionic lipid
bilayers and also with cationic membranes with higher concentration of the protein. The latter finding suggests that reorientation or refolding of the protein on this lipid surface
takes place, allowing for resonance energy transfer. The fluorescence resonance energy transfer technique used is extremely sensitive to the distance and lifetimes of the two
fluorophores.29 Accordingly, when the distance exceeds
⬃10.0 nm, no resonance energy transfer can occur. Collisional
quenching of the Trp residue by water-soluble I⫺ was significantly hindered in the presence of neutral and anionic liposomes compared with cationic liposomes, suggesting that Tlc
possess at least two membrane-interacting sites. This is illustrated in Figure 7, which shows that whereas for neutral and
anionic membranes reciprocal changes in both Trp quenching
by pyrene and anisotropy were measured, only a change in Trp
quenching was observed for cationic liposomes.
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The interaction of Tlc with lipid membranes was mainly
determined by hydrophobic interactions with electrostatic interactions modifying protein–lipid association. This is evident
from both surface penetration studies and fluorescence spectroscopy studies and also from the amino acid sequence of Tlc.
Altogether, five Tyr residues are found in the vicinity of the
protein surface and possibly mediate hydrophobic interaction
with lipid membranes.41 The membrane interface in this study
consists of a complex set of water, phosphocholine, Sph,
glyceryl, carbonyl, and methylene groups. Accordingly, these
regions are suitable for noncovalent hydrophobic–ionic interactions with proteins. Considering small structureless peptides, the largest gain in free energy is obtained when Phe, Trp,
and Tyr are transferred from water into the lipid bilayer interface.41 Although the system is significantly more complex
when taking into account proteins that possess a defined secondary structure, this gain in free energy may allow for penetration of the protein into the membrane interface. Unfortunately, at present we cannot unambiguously identify the
interacting residues. The pI for Tlc is 4.842 and accordingly,
electrostatically it would prefer interaction with positively
charged proteins or lipid membranes. In concordance with
this, it has been shown that Tlc interacts with positively
charged lysozyme and lactoferrin.43 The crystal structure of
apo-Tlc was very recently published17 and revealed that the
mouth of the proposed lipid-binding cavity was lined with
negatively charged Glu-34 and Asp-80, which could enhance
interaction of Tlc with positively charged membranes. If so, it
seems feasible to suggest that the mouth of the hydrophobic
cavity would be buried in the cationic membrane, and thus the
entry of I⫺ into the protein hydrophobic cavity would be
hindered, but such is not the case (Fig. 6). Instead, it seems
likely that, in the presence of neutral and anionic membranes,
the mouth of the cavity is buried in the membrane and I⫺
cannot enter the cavity. We suggest that the electrostatic interaction of the protein with the lipid membrane determines

FIGURE 7. Trp quenching by pyrene as a function of Trp fluorescence
anisotropy (r) for POPC (f), POPC-POPG (8:2 molar ratio; F), and
POPC-Sph (8:2 molar ratio, Œ) LUVs. Arrow: direction of increasing
lipid concentration. Data are taken from measurements shown in
Figures 3 and 4.
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interacting domain of Tlc. In concordance with this, the crystal
structure of Tlc reveals that the protein is highly polarized.17
Tlc is an abundant protein in human tears and has been
reported to bind an array of various lipids.15 It has been
suggested that Tlc may scavenge contaminating lipids from the
corneal surface and transport them to the anterior lipid layer or
to the nasolacrimal system.7 This study demonstrates that although Tlc avidly associates with lipid membranes, it does not
possess any lipid transfer activity in the assays in which lipids
are transferred between liposomes and/or lipoproteins. Furthermore, although in vivo lipids are bound to Tlc, it remains
unclear what is the origin of the lipids. In other words, it is
possible that when Tlc is excreted from the lacrimal gland19
lipids are already bound to Tlc and thus it may not be able to
adsorb new lipids that are contaminating the ocular surface. A
drawback of our lipid transfer assay is that it may not be
optimal to detect lipid transfer from systems that are more or
less unstable. These could include systems such as lipid-contaminated mucins. To this end, we have recently characterized
in human tear fluid another protein, phospholipid transfer
protein (PLTP), which shows very efficient lipid transfer activity.39 In contrast to Tlc, which binds lipids at 1:1 protein-lipid
ratio,7,15 PLTP can accommodate up to 43 moles of PC and 13
moles of cholesterol/mole of PLTP44 although only two specific lipid-binding pockets have been identified in PLTP.45
These pockets might be needed for specific lipid transfer of
this protein, and the rest of the associated phospholipids may
be needed for proper folding of the protein and stabilizing of
the enzymatic activity. We have suggested that PLTP may play
an integral role in tear lipid trafficking and in the protection of
the corneal epithelium.39 Possible cross-talk between Tlc and
PLTP remains to be studied.
It seems that Tlc displays a very high thermal stability,17,42
and that the reason for this is the association of hydrophobic
molecules within the protein. The bound lipid(s) may be necessary for proper folding of the protein. To this end, on lipid
binding, the conformation of Tlc has been shown to change46
and the denaturation temperature of Tlc suggested to increase.42 The hydrophobic cavity of Tlc has been recently
demonstrated to be exceptionally large,17 and Breustedt et al.
suggested that even several molecules could be accommodated
within the protein. This may be true; or, alternatively, the
conformation of the lipid ligand may be unconventional, as has
been demonstrated for endothelial protein C, for example.47 In
this protein, the phospholipid adopts an extended configuration,48 in which the acyl chains extend in opposing directions
with the lipid head group protruding out of the protein, as also
observed in Tlc.47,49 Based on the lack of lipid transfer activity,
we suggest that the principal function of Tlc is not related to its
ability to accommodate lipid molecules, but it may rather
stabilize the oil–water interface as suggested previously.50 Yet
our study highlights the fact that Tlc interacts avidly with
membranes, and this interaction may facilitate its biological
function. Interfacial activation of proteins, probably best recognized for phospholipase A2, states that the activity of the
enzyme is intensely (up to 104-fold for phospholipase A2)
enhanced on binding to membranes (for a review, see Ref. 51).
Although the molecular mechanism of this phenomenon remains poorly understood, it is obvious that the physicochemical parameters of the membrane play an important role in
determining the catalytic activity of the enzyme. One possibility is that on binding to lipid membranes the protein adopts a
more active conformation.52 In keeping with this, we are
currently analyzing possible changes in the Tlc conformation
on membrane binding. Finally, if in vivo Tlc is bound to
membranes and the biological actions it catalyzes, no matter
what, takes place in a two-dimensional platform compared to a
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3-D space such as the tear fluid, the catalyzing function can be
expected to be several orders of magnitude higher.
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