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Ligand binding complexes in lipocalins: Underestimation of the 
stoichiometry parameter (n)

Ben J. Glasgow* and Adil R. Abduragimov
Departments of Ophthalmology, Pathology and Laboratory Medicine, Jules Stein Eye Institute, 
University of California, Los Angeles, 100 Stein Plaza Rm. BH 623, Los Angeles, CA 90095, 
United States

Abstract

The stoichiometry of a ligand binding reaction to a protein is given by a parameter (n). The value 

of this parameter may indicate the presence of protein monomer or dimers in the binding complex. 

Members of the lipocalin superfamily show variation in the stoichiometry of binding to ligands. In 

some cases the stoichiometry parameter (n) has been variously reported for the same protein as 

mono- and multimerization of the complex. Prime examples include retinol binding protein, β 
lactoglobulin and tear lipocalin, also called lipocalin-1(LCN1). Recent work demonstrated the 

stoichiometric ratio for ceramide:tear lipocalin varied (range n = 0.3–0.75) by several different 

methods. The structure of ceramide raises the intriguing possibility of a lipocalin dimer complex 

with each lipocalin molecule attached to one of the two alkyl chains of ceramide. The 

stoichiometry of the ceramide-tear lipocalin binding complex was explored in detail using size 

exclusion chromatography and time resolved fluorescence anisotropy. Both methods showed 

consistent results that tear lipocalin remains monomeric when bound to ceramide. Delipidation 

experiments suggest the most likely explanation is that the low ‘n’ values result from prior 

occupancy of the binding sites by native ligands. Lipocalins such as tear lipocalin that have 

numerous binding partners are particularly prone to an underestimated apparent stoichiometry 

parameter.
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1. Introduction

Members of the lipocalin superfamily are linked by structural homology. Eight antiparallel 

β-strands form a fold or calyx, which accommodate small hydrophobic ligands (Fig. 1). 

Accurate quantification of binding generally requires calculation of the stoichiometry 

binding parameter, ‘n’. In the analysis of binding studies for lipocalins, ‘n’ is often not 

reported [1–4]. In other reports the assumption is made that the association reaction is 
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bimolecular and that the ligand binds to a single binding site, i.e., n = 1 [1,5–7]. This is a 

reasonable assumption in cases where the binding site has been well studied for the 

particular ligand. This may not be the case for heterogeneous ligands and binding sites 

especially in situations where multimeric complexes are formed. For example lipocalins are 

known to form higher order oligomers [8–10]. For apolipoprotein-D, crustacyanin and β 
lactoglobulin the oligomeric state has been linked to ligand binding functions [11,12]. 

Apolipoprotein-D was initially claimed as monomeric. Later dimerization was discovered 

when the protein binds lipids through conversion of Met 93 to methionine sulfoxide [13,14]. 

Lipocalins may form transient multimeric complexes induced by ligand binding, changes in 

pH, as well as increases in concentration [15–17]. The importance of an accurate 

stoichiometry parameter is evident in controversies over multimerization in the lipocalin 

family. β lactoglobulin and tear lipocalin (LCN1) have both been variably reported to exist 

as monomers and dimers in solution and crystal form [18–24]. Several authors noted that 

tear lipocalin (monomer mass = 17,446) [25] elutes in size exclusion chromatography at the 

apparent molecular mass for a dimer complex and even tetrameric complexes [21,26]. 

Gouveia and Tiffany suggested that apo-lipocalin was monomeric but holo-lipocalin was 

dimeric implying ligand induced dimer formation [22]. Later, multiangle laser light 

scattering and rotational time constants (measured by both fluorescence anisotropy and 

electron paramagnetic resonance) indicated that both holo- and apo-tear lipocalin generally 

exist as monomers with a small percentage of dimer [24]. Most published studies of ligand 

binding in the lipocalin family assume or show a stoichiometric parameter of one [1,5–7,27–

36]. However in the case of tear lipocalin calculations may be lower. Redl et al. calculated 

0.3 for the ratio of retinol to tear lipocalin at saturation [21]. A recent study with ceramide 

revealed stoichiometric ratios of TL:ceramide ligand from n = 0.32–0.67, accompanied by a 

very low dissociation constant [37]. Several explanations are possible including the 

formation of a multimeric complex with 2 lipocalin molecules flanking the 2 alkyl chains of 

the ceramide or a binding site pre-occupied by other ligands. The current study sought an 

explanation for the low ‘n’ in this case with an overall analysis of the lipocalin family.

2. Materials and Methods

2.1. Reagents

C18-ceramide (ceramide- N-(octadecanoyl) sphing-4-enine, also known as N-Stearoyl-D-

erythro-sphingosine), was obtained from ACROS Organic (Pittsburg, PA). C6-NBD 

ceramide (N-[6-[(7-nitro-2–1,3-benzoxadiazol-4-yl)amino]hexanoyl]-D-erythro-

sphingosine) and C12-NBD ceramide (N-[12-[(7-nitro-2–1,3-benzoxadiazol-4-yl)amino] 

dodecanoyl]-D-erythro-sphingosine) were obtained from Avanti Polar Lipids (Alabaster, 

AL). 4-Chloro-7-nitrobenzofurazan (NBD–Cl) and dimethyl sulfoxide (DMSO) were 

obtained from MilliporeSigma (St.Louis, MO).

2.2. Collection of Human Tears

Stimulated human tears were collected from healthy volunteers in accordance with the tenets 

of the Declaration of Helsinki and approved by the institutional review board. Informed 

consent was obtained from donors after explanation of the nature and possible 

consequences. Collection was performed as previously published [38–40] with polished 
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glass tips and glass transfer pipettes. Tears were pooled in polytetrafluoroethylene-lined 

glass vials and stored under nitrogen at −80 °C until use.

2.3 Size-exclusion chromatography.

Fractionations of proteins, including tears, synthetic dimers and ligand binding complexes, 

were performed by gel filtration liquid chromatography using the AKTA purifier Versatile 

FPLC with a HiLoad Superdex 75 column (GE Healthcare, Piscataway, NJ). In general, one 

ml column fractions were collected with elution in 50 mM Tris-HCl, 100 mM NaCl pH 8.4 

run at 1 ml/min as previously described [37]. For purification of tear lipocalin monomers 

peak fractions from gel filtration of 1 ml of tears were pooled and applied to an anion 

exchange column using DEAE-Sephadex A-25. Purity was confirmed by tricine 

polyacrylamide gel electrophoresis as published [40,41]. The appropriate absorbance 

wavelengths for NBD (480 nm) and protein (280 nm) were monitored simultaneously for 

analyzing NBD-derivatized proteins and NBD ligand complexes as necessary.

2.3. Expression of tear lipocalin and construction of tear lipocalin dimer

Tear lipocalin, wild type, was expressed and purified as previously described [23,25]. The 

free cysteine at residue position 101 in native tear lipocalin is buried in the G strand and is 

relatively inaccessible to chemicals for derivatization [25,42]. Tear lipocalin was altered by 

site directed mutagenesis to create a single free cysteine in the exposed portion (amino acid 

position 9) of the A strand (Fig. 1). The cysteine at position 101, was replaced with leucine 

as previously published [25]. A dimer of tear lipocalin was constructed by crosslinking the 

cysteine substituted monomers with 1,11-bismaleimido-triethyleneglycol, BM (PEG)3, 

(Thermo Scientific™ Pierce) according to the manufacturer’s protocol. The product was a 

cysteine linked three unit polyethylene glycol spacer arm joining two tear lipocalin 

molecules. The reaction in brief included TL, 0.3 mM final concentration, incubated for 16 h 

37 °C with a three fold molar excess of BM(PEG)3, 0.9 mM, final concentration in 10 mM 

Na–P, 130 mM NaCl, 5 mM EDTA pH 7.0. Formation of the dimer was confirmed with 

tricine gel electrophoresis stained with Coomassie blue followed by silver nitrate as 

previously described [40]. The crosslinker added 352 Da of net mass to the two monomers. 

Fractions, containing dimer were combined, concentrated on 10,000 MW cutoff centrifugal 

membrane filter by centrifugation at 14,000 g for 30 min.

2.4. Tear lipocalin labeling with NBD

Recent studies have indicate that at pH 7.0 NBD-Cl preferentially labels the N terminus of 

proteins [43]. In an attempt to verify specific labeling, NBD-Cl was reacted with both 

monomeric and dimeric tear lipocalin. A 900 ul reaction mixture comprised of tear lipocalin 

(10 μM) and NBD-Cl (100 μM) was incubated in 10 mM Na–P buffer at pH 8.0 overnite at 

37 °C as previously described for NBD labeling of proteins [44]. In addition, identical 

reactions were run at pH 6.2 in sodium citrate buffer, pH 7.0 in sodium phosphate buffer. 

The reaction mixture was concentrated with a centrifugal membrane filter (Amicon 10 m 

10,000 MW cutoff) and washed with 5 × 500 μl of the respective buffers. The final retentate 

was adjusted to 800 μl in their respective buffers. Labeling efficiency was estimated from 

absorbance spectrophotometry using the molar absorptivity, ε, for NBD-lysyl residues and 

TL at λ = 480 and λ = 280 nm as 26,000 and 13,760 M-1 cm-1 respectively [37,45,46]. The 
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molar ratio of NBD label/tear lipocalin was multiplied by 100 to determine percent 

efficiency. The dimer was considered to have 2 fold the moles of tear lipocalin..

2.5. Delipidation of tear lipocalin

Lipids were extracted from purified native tear lipocalin (0.8 ml, 5 mg/ml) using chloroform/

methanol extraction as previous published [41]. C6-NBD labeled ceramide bound to tear 

lipocalin bound was extracted in parallel and served as a control. Delipidation was 

confirmed by the disappearance of fluorescence at 523 nm in the control sample (see Section 

2.7.1). Two extractions in series were required..

2.6. Spectroscopy

2.6.1. Absorption spectrophotometry—Absorption spectrophotometric 

measurements were obtained with a Shimadzu UV-2401PC instrument, (Kyoto, Japan). The 

concentrations of proteins and fluorescent lipids were calculated from molar extinction 

coefficients that have been published [37].

2.6.2. Steady State Fluorescence—Fluorescence measurements were made at 20 °C 

in a Jobin Yvon-SPEX Fluorolog-3 spectrofluorimeter (Jobin Yvon, Edison, NJ); band-

widths for excitation and emission were 2 and 4 nm, respectively. For NBD measurements, 

the excitation wavelength was 465 nm. Raman and background scattering by the solvent 

were corrected where necessary using appropriate blank solutions. Delipidated tear 

lipocalin, (0.5 ml) 1 μM in 10 mM sodium phosphate, pH 7.0, was titrated with 0.4 μl 

increments of 1 mM C6-NBD ceramide in DMSO to a final concentration 2.4 μM. The final 

concentration of DMSO did not exceed 1%. The binding was assessed by fluorescence of 

the binding complex. The accumulated means at each point from at least 5 measurements 

were used to construct the emission spectra. Fluorescence intensities at 523 nm were fit to 

the hyperbola curve and Hill equation (Microcal Origin, Northhampton, MA, USA) as 

previously described.11

2.6.3. Fluorescence anisotropy experiments—In general, for anisotropy 

experiments, an excess of the unlabeled reagent was used to avoid the unbound labeled 

component in fitting curves. NBD labeled tear lipocalin was incubated with a 10 M excess 

of C18-ceramide ligand in DMSO. Alternatively, NBD labeled lipid was incubated with an 

approximate 3 fold excess of tear lipocalin. Fluorescence decays were measured with a time-

resolved fluorescence spectrometer, FluoTime 100 (PicoQuant, Berlin, Germany), using a 

time-correlated single-photon counting scheme. Samples were excited at 470 nm by a 

subnanosecond pulsed diode laser, LDH D-C 470 (PicoQuant, Berlin, Germany), with a 

repetition rate of 10 MHz. The excitation path included a 475 nm short pass filter (Tech Spec 

Edmund Optics) and rotatable linear polarizer. An emission OG-530 nm longpass filter and 

second rotatable linear polarizer and detector were oriented 90 degrees from the excitation 

path. The fluorescence intensity decay was analyzed using FluoFit iterative-fitting software 

based on the Marquardt algorithm (PicoQuant, Berlin, Germany). Anisotropic decay (r(t)) 

was measured using the formula:

r(t) = VV (t) − G VH(t)/(VV(t) + 2GVH(t)),
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where VV(t) and VH (t) are the parallel and perpendicular polarized time decays 

respectively. The G factor, is the instrument responsive function/wavelength correction 

factor and was measured to compensate for polarization bias with the excitation polarizer set 

in the horizontal position. The emission polarizer was set at the magic angle to measure 

lifetime intensity decays. The rotational correlation time (ϕ) was derived from the 

fluorescence anisotropic decay r(t) of a sphere by:

r(t) = roe−t/ϕ where ro is the anisotropy at time (t) 0. Fitting of anisotropic decays was made 

using both a reconvolution fit and modified tailfit. The modified tailfit involved adjusting 

range to avoid the short lifetimes and the instrument response functions. The tailfit was 

simpler, involved fitting to fewer parameters, and is discussed in more detail elsewhere 

(MethodsX, submitted). Fluofit software adds parameters for channel shifts both parallel and 

perpendicular as well as scatter if necessary.

2.7. Stoichiometric analysis of lipocalin binding curves

The literature was reviewed to analyze the stoichiometry of lipocalins and ligands. The 

stoichiometric binding coefficient ‘n’ was categorized as: reported, not reported, not 

available and assumed. For cases where ‘n’ was not reported, determination was possible 

from simple analysis of the protein and ligand concentrations reported at saturation or by 

digitizing the given binding curves and/or Scatchard plots. Scatchard plots were fit by linear 

regression using least squares analysis. Digitized binding curves were analyzed as described 

for binding curves in Section 2.7.2.

3. Results and Discussion

3.1. Construction of covalent dimer of tear lipocalin

A covalent dimer of tear lipocalin served as a positive control in size exclusion 

chromatography, gel electrophoresis and anisotropy experiments to evaluate potential 

multimer formation of tear lipocalin upon binding ceramides. The amino acid residue 9, 

glutamic acid was chosen for substitution with cysteine for 2 reasons. First, residue 9 was 

shown to be accessible to solvent in site directed tryptophan fluorescence studies. Solvent 

exposure facilitates chemical reactivity for dimerization. Second, residue 9 is flexible and 

situated away from the primary amine at the N terminus. NBD labeling would not be 

hindered by crosslinking at residue 9 to form a dimer (Fig. 1). After crosslinking the C9 

mutant of tear lipocalin with bis, the FPLC profile showed a new peak at 55 min ahead of 

the peak of the monomer, at 67 min (Fig. 2). Pooled fractions from the presumed oligomeric 

elution peak were reapplied to the size exclusion FPLC column and eluted at the same time. 

The later eluting peak was much smaller peak indicating relative dimer enrichment (Fig. 2). 

Silver nitrate stained tricine electrophoresis gels of the fractions showed adequate separation 

of monomeric and dimeric fractions. A faint monomeric band was present in the dimer 

fractions (Fig. 2 inset) but the enrichment of dimer was adequate to serve as a control. 

Circular dichroism and binding studies were also performed to demonstrate that the dimeric 

construct was functionally similar to monomeric tear lipocalin (see MethodsX, submitted).
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3.2. Size Exclusion Gel Chromatography (FPLC) of C6 and C12 Ceramidetear lipocalin 
complexes

Mixtures of native tear lipocalin and C6 and C12 ceramides showed identical elution times 

to that of known monomeric lipocalin in size exclusion chromatography (Fig. 3). Prior size 

exclusion chromatography data from 2 groups reported that native tear lipocalin elutes at an 

apparent mass of 35–36kDA and 45 kDa, respectively [21,26]. In the current study, the 

covalent dimeric construct of tear lipocalin elutes prior to the native form (Fig. 2). Prior 

studies combining size exclusion chromatography and multiangle laser light scattering 

interrogated dimer formation for native and recombinant tear lipocalin [23]. Not-

withstanding the small shoulders of dimer formation most evident in the recombinant form, 

Debye plots verified that the central chromatographic peaks reflected monomers.23 In the 

present study the elution times of native tear lipocalin and the TL-ceramide binding complex 

are identical and appear at the same elution time of prior studies. A significant ligand 

induced non-covalent aggregation is effectively excluded because the monomer is discretely 

separated from the synthetic dimer (Figs. 2 and 3). Column matrix interactions and/or 

chromatographic conditions may play a role in the aforementioned apparent altered elution 

time in prior publications [21,26]. Tear lipocalin remains a monomer when bound to 

ceramide.

3.3. NBD labeling of tear lipocalin

NBD-Cl is a robust reagent for labeling proteins because several amino acids may be labeled 

and result in a potentially greater fluorescent signal. A possible method for a high yield 

specific and rapid N terminal labeling of proteins has recently emerged [43]. N terminal 

labeling accrues potential advantages over a more specific sulhydryl adduct for tear 

lipocalin. The latter require a double mutation whereas no mutations are required for the 

native protein. For sulfhydryl labeling in tear lipocalin the buried cysteine at position 101 

must be replaced and a new cysteine must be positioned in a solvent exposed site in order to 

facilitate chemical reactivity [25]. Attempts at NBD labeling of tear lipocalin at all pH’s 

revealed a lower than expected labeling efficiency ranging from 20 to 25%. The low labeling 

efficiency may in part be due to the number of buried residues. However this value is only 

approximate since only the molar absorption coefficient for NBD lysyl adducts are available. 

The ε for adducts of tyrosine, cysteine and the N terminal amine are unknown. The UV–Vis 

absorbance spectra of NBD labeled tear lipocalin at various pH values, 6.2, 7.0 and 8.0 

showed a broad peaks of absorbance with maxima at about 450, 453, and 460 nm 

respectively. The constructed tear lipocalin dimer labeled at pH 8 showed a broad peak at 

470 nm spectral (MethodsX, submitted). This latter peak has been described for other 

proteins labeled with NBD [47,48]. Primary and secondary amines have absorption maxima 

at 465 and 485 nm. Houk demonstrated that cysteine of a protein may be labeled at acidic 

pH while lysines are preferentially labeled above neutrality. [49] NBD adducts of cysteine 

and tyrosine produce absorption maxima at 425 nm. NBD lysine adducts show a peak at 

about 480 nm. Native tear lipocalin sports eleven lysines, five tyrosines and one free cysteine 

residues. Our absorbance maxima are broad and intermediate between that of lysine and 

other residues suggesting a mixture of amino acid labeling. However, the increase in 

absorption maxima at higher pH is consistent with some preference for lysine labels at pH 

8.0. All 5 tyrosine residues and the native cysteine are buried in tear lipocalin and relatively 
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inaccessible for labeling [42]. There is no free cysteine in the constructed dimer. Lysines are 

all located in solvent exposed sites available to react with NBD–Cl. Although we cannot 

exclude concomitant N terminal labeling, the labeling process resulted in broad spectra pH 

6.2, 7.0 and 8.0. and with the dimer that do not match the expected absorbance of selective 

N terminal labeling under any condition in tear lipocalin. These results contrast with those of 

Bernal et al. in which N terminal amines of the Z-domain, a small protein derived from 

staphylococcal protein A, were selectively reacted at pH 7.0 whereas lysines, tyrosines and 

cysteines were not reactive [43]. The results from time resolved fluorescence are consistent 

with multiple NBD labeled adducts in tear lipocalin under all conditions tested (Section 3.4 

and MethodsX, submitted).

3.4. Time resolved fluorescence spectroscopy

Time resolved fluorescence lifetimes reveal information about the molecular environment of 

the fluorophore (Table 1, Fig. 4a). The fluorescence lifetime decay for NBD labeled TL 

(Table 1) fits two exponentials of about 10.6 and 4.3 ns with fractional intensities of 60 and 

40% respectively. This suggests that the NBD labels reside in 2 distinct environments on tear 

lipocalin. Similarly fit experimental lifetimes were obtained at all conditions of NBD 

labeling including native tear lipocalin at various pH’s and synthetic dimer labeling at pH 

8.0 (MethodsX, submitted). Several explanations are possible for 2 lifetimes including 2 

different labeling sites, rotameric configurations, differential interactions with solvent and 

other residues. The uniformity of the data is somewhat surprising considering the number of 

available labeling sites. The rotational correlation time is related to the average angular 

displacement of the NBD labeled molecule that occurs during the time of fluorescence 

emission of a photon or the time resolved fluorescence anisotropy. The rate of rotational 

diffusion depends on the size and shape of the molecule so that a dimer is expected to have 

about a 2 fold increase in the correlation time. NBD labeled tear lipocalin shows a single 

correlation time of about 10 ns, reassuring for a monomer (Table 1). The experiment 

interrogating the molecular interactions of C18 ceramide, a lipid found in tears, complexed 

with NBD labeled tear lipocalin is shown in Fig. 4. Inspection of Fig. 4 reveals that tail 

matching was possible as the anisotropic decay was faster than the intensity decay. As a 

result there was no residual anisotropy and the longer rotational correlation time of the entire 

molecule is captured in the time of the decay. The fluorescence lifetimes and rotational 

correlation times are comparable to that for NBD-tear lipocalin without a ligand (Table 1, 

Fig. 4b). The time dependent anisotropy decay Fig. 4b fit reasonably well to a single 

rotational correlation time of about 9.5 ns. This correlation time matches that found for 

monomeric tear lipocalin in prior experiments where a dansyl label was placed at position 

99, a specific and buried site [23]. In a separate experiment, anisotropic decays of NBD-tear 

lipocalin were carefully measured at the same acquisition times before and after C18 

ceramide was added (Fig. 5). No difference was seen in vertical and horizontal decays, both 

of which had a correlation time of about 9.5 ns. The NBD labeled control cysteine dimer of 

tear lipocalin showed a correlation time of 19 ns (Table 1 and MethodsX, submitted). The 

rotational correlation time of a molecule is linearly related to the mass of the protein. The 

correlation time of the control dimer is twice that of the known monomer and the NBD-tear 

lipocalin C18 ceramide complex providing further evidence that tear lipocalin remain 

monomeric.
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4. Stoichiometry of other lipocalin ligand binding curves

The lack of oligomeric complex formation for lipocalin and ceramide despite stoichiometric 

parameters < 0.5 prompted investigation of published works of other lipocalins. Of the 60 

lipocalin-ligand binding reactions surveyed less than half directly measured the 

stoichiometric binding parameter [1,21,28,29,31,32,34–36,51–53]. In 24 cases n was 

assumed to be one and the mathematical analysis of Kd was made under that assumption [5–

7]. In 8 instances, the stoichiometry was not reported.1–4 In deference to the authors, where 

n = 1 was assumed, there were sound biochemical reasons for the assumption. Some other 

studies preceded readily available software for curve fitting by least squares analysis. Our 

concern focuses on instances when the n was calculated. For lipocalins in which the 

stochiometric parameter was measured, ‘n’ was generally only slightly less than one. α2μ-

globulin, retinal binding protein, and tear lipocalin are clearly exceptions [21,37,52,54]. The 

ligand to protein ratio at saturation for 2,4,4-trimethyl-2-pentanol:α2μ-globulin was reported 

to be 0.01. Binding stoichiometries close to 0.5 can be computed from graphs provided for 

several ligands of retinol binding protein [1,3]. An example is shown in Fig. 6. In this case 

the original tryptophan quenching curve was replotted in a form amenable to fitting [1]. The 

Scatchard plot could be fit by linear least squares to determine that n = 0.5, originally not 

reported. One can speculate the binding site of retinol binding protein could be pre-occupied 

with its native ligand. However, the binding study was not preceded by delipidation. Redl 

reported a binding ratio of retinol to tear lipocalin of 0.3 at saturation (n = 0.3) [21]. These 

results are similar to ours with ceramides and tear lipocalin (Table 2) [37]. However, the size 

exclusion chromatography gel filtration and fluorescence anisotropy confirm a monomeric 

complex of tear lipocalin and ceramide. It is evident that the calculated ‘n’ may not reflect 

the true stoichiometric ratio of protein and ligand for some lipocalins.

5. Influence of delipidation on assessment of the stoichiometric binding 

parameters

The source of the disparities may be that ligands tenaciously occupy the calyx. Pre-

occupation of the binding sites with native ligands may reduce capacity for additional ligand 

and lower the apparent ‘n’. Complete removal of these ligands may be extremely difficult or 

impossible. Among lipocalins, tear lipocalin is known to be particularly promiscuous i.e. 

having multiple ligand binding partners. To determine if pre-occupation of the binding site 

by other ligands was responsible for the apparent low stoichiometric parameter ‘n’, tear 

lipocalin was delipidated. Two rounds of extraction with chloroform and methanol were 

necessary to remove NBD labeled ceramide from the control tear lipocalin complex. The 

resulting delipidated tear lipocalin was then reused to study binding of NBD-6 ceramide. 

The ‘n’ increased 2 fold compared that of native purified tear lipocalin and the Kd was 

reduced (Fig. 7, Table 2). Recombinant tear lipocalin has been taken as a surrogate for the 

apo-form without exposure to solvents for delipidation [19,55]. During expression tear 

lipocalin binds some lipids, but fewer than native tear lipocalin [56,57]. The fluorescence 

binding curve demonstrates that the n is intermediate between the native and delipidated 

native form (Fig. 7 and Table 2). These data provide further support for the notion that pre-
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occupation by a native ligand accounts for the disparity of the ‘n’ to the actual stoichiometry. 

Further, the data exclude solvents as the cause of the change in the stoichiometric parameter.

6. Conclusion

The stochiometric parameter ‘n’ must be interpreted with caution for promiscuous binding 

proteins and especially for lipocalins. Underestimation of the parameter may be related to 

pre-occupation of the binding site with other ligands. Delipidation can improve the analysis 

but other methods may be necessary to confirm or exclude the formation of a multimeric 

binding complex.
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Fig. 1. 
Cartoon of the backbone structure of tear lipocalin showing the 8 antiparallel β strands that 

form the lipocalin fold. Orange arrow indicates cavity entrance. Residue 9 from the N 

terminus was chosen for the cysteine substitution because of its exposed position. (modified 

from published solution structure of tear lipocalin) [42].
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Fig. 2. 
Size exclusion chromatography showing absorbance at λ =280 nm after loading the sample 

from tear lipocalin dimer synthesis. Two peaks appear over fractions 52–57 (dimer) and 

fractions 61–72 (monomer). Both the dimer (small peak) and the monomer (large peak) are 

evident in the samples after cross linking (black solid line). The fractions containing 

enriched dimer from pooling the peaks at 53–59 show both a large peak of dimer and small 

monomer peak. Inset: Silver nitrate stained SDS tricine gel after electrophoresis of fractions 

in the FPLC. Samples in lanes: 1, sample from pooled fractions 62–70; 2, pooled fractions 

52–57; 3, human tears 1 μl; 4, molecular weight markers.
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Fig. 3. 
Size exclusion chromatography after ligand binding of purified tear lipocalin and NBD-C6 

and –C12 ceramides. Traces: solid lines black and grey are absorbance at λ = 280 nm; 

dashed orange and grey are absorbance at λ = 480nm.
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Fig. 4. 
Time resolved decays and fitting curves for NBD-tear lipocalin (14 μm) and C18 ceramide 

(28 μM) in 10 mM sodium phosphate buffer pH 7. Dark green- vertically polarized emission 

decay curve (VV). Light green= horizontally polarized emission decay curve (VH). Inset 

shows anisotropic decay with fitting curve and residuals (lower panel), χ2 = 0.999.
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Fig. 5. 
Time resolved decays for NBD-tear lipocalin, 21 μM before (colored curves) and after 

(black dashed curves) addition of concentrated C18 ceramide, final concentration of 50 μM. 

The decays overlap precisely. The vertically polarized emission decays are green and large 

black dashes above in the figure. Horizontally polarized emissions are yellow and fine black 

dots, respectively, in the lower part of the figure.
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Fig. 6. 
Fitting of binding curve from replotted data for human apo-retinol binding protein and 

retinoic acid [1]. The original data (black solid circles) replotted from quenching of 

tryptophan fluorescence but now in the form of a binding curve. The published Kd =0.21 

μM, n not reported. Curves: Black solid, best fit by non linear least squares analysis (Kd 

=0.92 μM, n = 0.51); Blue dashed, is the fitting done using published Kd =0.21 μM as a 

fixed parameter, then n =0.34; Red dashed, uses n =0.55 as a fixed parameter which was 

calculated from linear least squares plot of published data (inset), then Kd = 1.08 μM. Inset: 

Linear least square plot of published titration data, Po = concentration of protein, Ro 

=concentration of total ligand, α = fraction of free binding sites of protein molecule.
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Fig. 7. 
Binding curves of C6 NBD ceramide added to native tear lipocalin before (black solid 

circles) and after (open circles) delipidation as well as to recombinant tear lipocalin (open 

triangles). Red dashed lines- fit to Hill equation), grey lines- fit to hyperbola. Binding 

parameters are given in Table 2.
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Table 1

Fluorescence lifetimes and correlation times for tear lipocalin-NBD and ceramides.

Binding components τ1(ns)/fi τ2(ns)/fi ϕ(ns)/Ro

NBD-TL + C18 ceramide 9.6/0.55 3.3/0.45 9.5/100

NBD-TL 10.6/0.6 4.3/0.50 9.0/100

NBD-TL dimer (synthetic) 10.4 4.3 19.3(100)

fi = fractional intensity of positive decay component.

ϕ = rotational correlation time.

Ro= Percent of positive anisotropy component.
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