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基酸定點突變及生物資訊探討其生理與物理生化功能 

 

研究生：楊明誌                        指導教授：毛仁淡 講座教授 
                                                 

國立交通大學  生化工程研究所  博士班 

 

摘要 

 β-Lactoglobulin (LG)為牛乳中主要乳清蛋白之一，calyx 公認為維生素

D 的主要結合區，而第二個維生素 D 結合區之存在仍受到許多爭論。在本

研究中，利用螢光光譜分析，得知維生素 D 與 LG 結合比例為 2，表示 LG

可能具有兩個維生素 D 結合區。藉由降低 pH 值及加熱破壞 calyx 結合疏

水性分子之能力，LG 仍具有結合維生素 D 之能力，其結合比例為 1，此

結果證實 LG 除 calyx 以外具有第二個維生素 D 結合區。運用生物資訊程

式(Insight II、Q-SiteFinder、GEMDOCK)發現有兩個區域可能為第二個維

生素 D 結合區，且 GEMDOCK 幫助我們在具有潛力的第二維生素 D 結

合區上尋找額外電子雲密度。藉由改變製備共同結晶的 pH 值及起始維生

素 D/LG 之比率來優化 ligand 佔有率及增加複合體中維生素 D 的電子雲密

度。在 pH 8 及起始維生素 D/LG 之比率為 3 的條件下，製備 LG 與維生

素 D 複合體(complex)結晶，進行同步輻射光束繞射確切得知 LG 上第二個

維生素 D 結合區所在區域。第二維生素 D 結合區位於 LG 分子之 C 端表
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面，此結合區具有約 17.91 Å 之長度，而維生素 D 分子約為 12.51 Å，代

表此結合區足以容納維生素 D 分子。第二維生素 D 結合區由α-helix 提供

非極性胺基酸 Phe136、Ala139、Leu140 與β-strand I 提供非極性胺基酸

Ile147，經由疏水性 loop (Ala142、Leu143、Pro144、Met145)連接形成一

個疏水性結合區，促進維生素 D 結合。另一方面，利用定點突變進行系

統化分析發現γ-trun loop 上 Leu143、Pro144、Met145 為 LG 第二維生素 D

結合區上參與結合之重要胺基酸。更進一步支持證據為維生素 D 抑制專

一性辨識γ-trun loop 之單株抗體的免疫反應。眾所皆知，LG 具有中心 calyx

及第二維生素 D 結合區，然而生理上 LG 能攜帶維生素 D 通過腸胃道，

增加維生素 D 吸收之能力至今尚未證實。利用小鼠作為動物模式，起初

證實 LG 為牛乳中攜帶維生素 D 及增加維生素 D 吸收之主要蛋白質。深

入探討加熱對於 LG 增加維生素 D 吸收之影響，發現 LG 具有兩個維生素

D 結合區，餵食老鼠添加維生素 D 之 LG，其血液中維生素 D 濃度於維生

素 D/LG 比率 2 時達到飽和，而 heated LG 只具有第二維生素結合區，餵

食老鼠添加維生素 D 之 heated LG，其血液中維生素 D 濃度於維生素 D/LG

比率 1 時就已達到飽和。因 LG 第二維生素結合區不受加熱破壞，其具有

攜帶維生素 D 及增加維生素 D 吸收之優勢。本研究總結發現於牛乳中添

加維生素 D 將能有效增加維生素 D 為人體吸收。 
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Abstract 

β-Lactoglobulin (LG) is a major milk whey protein containing primarily a calyx for 

vitamin D3 binding, although the existence of another site beyond the calyx is controversial.  

In this study, using fluorescence spectral analyses, we showed the binding ratio for vitamin D3 

to LG to be 2:1 and a ratio of 1:1 when the calyx was “disrupted” by manipulating the pH and 

temperature, suggesting that a secondary vitamin D binding site existed.  The bioinformatic 

programs (Insight II, Q-SiteFinder, and GEMDOCK) identified the two potential regions for 

this secondary vitamin D binding site.  It was concluded that GEMDOCK can aid in 

searching for an extra density map around potential vitamin D binding sites.  We then 

optimized the occupancy and enhanced the electron density of vitamin D3 in the complex by 

altering the pH and initial ratios of vitamin D3/LG in the cocrystal preparation.  Finally, we 

identified the secondary site (defined as the exosite) for vitamin D binding using a crystal 

prepared at pH 8 with a vitamin D3/LG ratio of 3:1.  The exosite, however, is near the 

surface at the C-terminus (residues 136-149) containing part of an α-helix and a β-strand I 
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with 17.91 Å in length, while the span of vitamin D3 is about 12.51 Å.  A remarkable feature 

of the exosite is that it combines amphipathic α-helix providing nonpolar residues (Phe136, 

Ala139, and Leu140) and β-strand I providing a nonpolar (Ile147), which are linked by a 

hydrophobic loop (Ala142, Leu143, Pro144, and Met145).  Thus, the binding pocket of the 

exosite furnishes strong hydrophobic force to stabilize vitamin D3 binding.  On the other 

hand, using site-directed mutagenesis, we demonstrate that residues Leu143, Pro144 and 

Met145 in the γ-turn loop play a crucial role in the binding.  Further evidence is provided by 

the ability of vitamin D3 to block the binding of a specific mAb in the γ-turn loop.  LG 

contains a central calyx and a second exosite beyond the calyx to bind vitamin D; however, 

the biological function of LG in transporting vitamin D remains elusive.  Using the mouse 

(n=95) as an animal model, we initially demonstrated that LG is a major fraction of milk 

proteins responsible for uptake of vitamin D.  Most interestingly, dosing mice with LG 

supplemented with vitamin D3 revealed that native LG containing two binding sites gave a 

saturated concentration of plasma 25-hydroxyvitamin D at a dose ratio of 2:1 (vitamin D3/LG), 

whereas heated LG containing one exosite (lacking a central calyx) gave a ratio of 1:1.  We 

have demonstrated for the first time that the exosite of LG has a functional advantage in the 

transport of vitamin D, indicating that supplementing milk with vitamin D effectively 

enhances its uptake. 
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Overview 

Bovine β-lactoglobulin (LG) is a major whey protein consisting about 10-15% of total 

proteins in milk.1  Due to its thermally unstable and molten-globule nature, LG has been 

studied extensively for its physical and biochemical properties in the past 40 years.2-8  The 

overall folding of LG is remarkably similar to that of the human plasma retinol binding 

protein9-12 and human tear lipocalin13, known as members of the lipocalin superfamily.  LG 

comprises of 162 amino-acid residues with two disulfide linkages and one free cysteine.  It 

has predominantly a β-sheet configuration containing nine anti-parallel β-strands from A to 

I.14-16  Topographically, β-strands A-D form one surface of the barrel (calyx), whereas 

strands E-H form the other.17-19  The only α-helical structure with three turns is at the 

COOH-terminus (residues 130-141), which is followed by a β-strand I lying on the outer 

surface of the calyx.20  The structural and functional relationship of this helical region is not 

yet clearly defined.  The calyx has a remarkable ability to bind hydrophobic molecules such 

as retinol, fatty acids and vitamin D.21-24  It seems clear that the binding of fatty acid, retinol, 

and vitamin D is within the central calyx of the protein; however, the existence of a second 

ligand binding site beyond the calyx is a matter of controversy.17   

LG is quite sensitive to thermal denaturation, the secondary structure is altered upon 

heating with a transition temperature at 70-80 °C.  Recently, it has shown that the 

conformational changes of LG are rapid and extensive at temperatures above the transition,5-8 
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and β-strand D of the calyx is directly involved in the unfolding during the thermal 

denaturation.8  As a result, the binding of palmitate or retinol to the central calyx is 

diminished.8  The EF loop of LG is known to act as a gate over the calyx;14 at pH values 

lower than 6 the loop is in a “closed” position.  We manipulated the binding capability by 

switching off the gate of calyx at low pH or denaturing the conformation of the calyx by heat 

treatment to further substantiate the “two site hypothesis”. 

Although the biological functions of LG still remain elusive, some essential functions of 

LG, such as cholesterol lowering,7 modulation of immune system,3,17 binding of retinol, fatty 

acid, and vitamin D,21-24 and prevention of oxidative stress,26,27 have been reported.  

Biological function of LG in terms of the transport role of LG for retinol, fatty acids, and 

vitamin D is still unproven.  Intact LG has been demonstrated to resist acid and to be 

superpermeable to cross the epithelium cells of the gastrointestinal tract via a receptor.28  The 

LG therefore may be an effective vehicle in transporting the hydrophobic ligands. 

Vitamin D (cholecalciferol), a hormone that regulates bone development, metabolism, 

calcium homeostasis, cell growth and cell differentiation, can be obtained through 

endogenous pathways (photolysis of vitamin D precursors in the skin).29-31  Other major 

sources of vitamin D include fortified milk, fish and vitamin D-containing supplements. 29-31  

Latitude, season, age, skin color, and skin coverage can all potentially influence the amount of 

circulating 25-hydroxyvitamin D.32  There are accumulating evidences indicating that 
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increased plasma vitamin D concentration is associated with decreased incidence of colon, 

prostate, and breast cancers, osteoarthritis, autoimmune diseases, and diabetes.33-37  

Increased mean 25-hydroxyvitamin D was significantly related to increasing milk 

consumption in the summer and winter (P = 0.02 and P = 0.01).38  Because the binding of 

vitamin D to milk LG is well known, we can test the hypothesis questioning whether LG 

enhances the transport of vitamin D of milk. 

 

The present dissertation is divided as three sections: 

1.  The existence and location of secondary vitamin D binding site of LG 

2.  Rational design for crystallization of LG-vitamin D complex 

3.  Evidence for LG involvement in vitamin D transport in vivo  

 

Section 1: The existence and location of secondary vitamin D binding site of LG 

The existence of a second vitamin D binding site beyond the calyx is controversial.17  It 

has been postulated that there are two binding sites for vitamin D based on the work of 

Swaisgood and de Wolf39-43 using fluorescence binding assays.  Nevertheless, the location of 

the secondary binding site remote from the calyx has been implicated,9,10 but has not yet been 

identified by the crystal structure of bovine LG with vitamin D2.17  We first conducted a 

ligand binding assay using the fluorescence changes by retinol, palmitic acid, and vitamin D3 

to address the existence of another site for vitamin D binding.  This data demonstrated that 
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the maximal binding stoichiometry of vitamin D3 with LG was 2:1, whereas that of retinol or 

palmitic acid was 1:1, suggesting that there was another binding site for the vitamin D3 

molecule.  Second, we manipulated the binding capability by switching off the gate of calyx 

at low pH (2-6)14 to further substantiate the “two site hypothesis”.  As expected, the binding 

capability of retinol and palmitic acid diminished under this condition, but it retained the 

vitamin D binding (30% of the maximal binding) with a vitamin D3 to LG stoichiometry of 

1:1.  We also used a strategy to denature the conformation of the calyx by heat treatment and 

conducted the binding assay after the calyx was thermally “disrupted”.  Under this condition, 

heated LG retained 40% of the vitamin D3 binding even at 100 °C heating for 16 min and its 

vitamin D3 binding stoichiometry was found to be 1:1.  These binding experiments suggest 

that there is a secondary site for vitamin D3 binding, which is thermally resistant and distinct 

from the calyx.  To confirm the hypothesis that a second vitamin D3 binding site exists, we 

determined the crystal structure of LG-vitamin D3 complex and attempted to identify, localize, 

and characterize such a site.  In this section of the thesis, we report a second vitamin D3 

binding site identified by synchrotron X-ray diffraction (at 2.4 Å resolution).  The second 

binding site (defined as an exosite) is near the surface at the C-terminus (residues 136-149) 

containing part of an α-helix and a β-strand I with 17.91 Å in length, while the span of 

vitamin D3 is about 12.51 Å.  A remarkable feature of the exosite is that it combines an 

amphipathic α-helix providing nonpolar residues (Phe136, Ala139, and Leu140) and a 
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β-strand I providing another nonpolar residue (Ile147).  They are linked by a hydrophobic 

loop (Ala142, Leu143, Pro144, and Met145).  Thus, the binding pocket furnishes strong 

hydrophobic force to stabilize vitamin D3 binding.  This finding provides a new insight into 

the exosite may provide another route for the transport of vitamin D in vitamin D fortified 

dairy products. 

 

Section 2: Rational design for crystallization of LG-vitamin D complex 

Based on vitamin D3 binding assay of LG treated at various pH and temperature, we 

concluded that a thermally stable exosite beyond the calyx exists for vitamin D binding.   

We attempted to identify the regions of LG that might be available for the interaction with 

vitamin D using well-known bioinformatics programs (Insight II,44 Q-SiteFinder,45 and 

GEMDOCK46).  The Insight II44 is based on the size of surface cavities of a given protein 

without a specified ligand; it searches for the location and extent of the pocket according to 

the geometric criteria.  The Q-SiteFinder,45 however, defines a binding pocket only by 

energy calculations using a methyl probe for van der Waals interactions with a given protein.  

The GEMDOCK46 is a more accurate docking program to dock a specific ligand with a given 

protein based on a nonbiased search for their interactions.  Following the analyses of Insight 

II, Q-SiteFinder, and GEMDOCK cross-docking, we were able to narrow the region of 

potential binding sites to two sites which were located near the C-terminal α-helical region.  

This led us to determine the crystal structure of LG-vitamin D3 complex to further identify the 
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secondary vitamin D binding site.  Furthermore, we cocrystallized the LG-vitamin D3 

complex which was prepared at pH 7 with a vitamin D3/LG ratio of 2 according to the 

previous crystallographic study.47  We found a weak extra electron density that was located 

near the C-terminal α-helical region.  With respect to cocrystallization, the maximum 

occupancy of the ligand should provide a better opportunity in growing high-quality crystals 

of the ligand-protein complex.  In this section of thesis, we reported a rationally designed 

approach for preparing the complex of LG and vitamin D3 at various pH and vitamin D3/LG 

ratios to optimize the occupancy of vitamin D3 and improve the electron density of the 

secondary binding site.  Finally, we identified an exosite for vitamin D binding to be located 

near the α-helix and β-strand I of LG using a crystal prepared at pH 8 with a vitamin D3/LG 

ratio of 3:1.  The strategy in practice may be useful for future identification of a 

ligand-binding site in a given protein. 

 

Section 3: Evidence for LG involvement in vitamin D transport in vivo 

In the previous section, we proposed that this exosite contains a unique inverse γ-turn 

loop (residues 143-145 or Leu-Pro-Met), located between the α-helix and β-strand I, that is 

essential in forming a pocket to bind vitamin D according to the crystal structure of 

LG-vitamin D3 complex.  In the present section, we expressed recombinant LG (rLG) in 

Escherichia coli, and used site-directed mutagenesis to produce a set of mutants to test the 

hypothesis that this γ-turn plays an essential role in the interaction between LG and vitamin D.  
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We further tested this hypothesis using a mAb specific for this γ-turn region (selected from a 

battery containing 900 mAbs) as a probe, and then determined whether vitamin D might 

interfere with the binding between LG and the mAb.  We provide several observations that 

might support the idea that the γ-turn loop plays a role in the interaction between the exosite 

and vitamin D.  First, substituting each Leu143 and Met145 with charged amino acids 

resulted in a substantially decreased binding affinity of vitamin D3 (4.7-fold to 8.1-fold, which 

is consistent with our previous crystallographic study showing the side chains of these two 

residues to be directly involved in vitamin D binding.  Second, substituting centered Pro144 

by Ala also significantly attenuated the binding affinity (4.6-fold).  Because Pro144 has no 

direct contact with vitamin D3, we suggest that it might be essential to maintain the 

conformation of the loop structure.  Third, binding of vitamin D3 to LG attenuated the 

recognition of a γ-turn loop specific mAb (1D8F8).  Although the binding of vitamin D to 

milk LG is well known,17,39,42 whether it enhances the transport of vitamin D of milk is still 

unproven.  We have demonstrated for the first time that LG is a fraction responsible for the 

uptake of vitamin D3 from milk, using the mouse (n=95) as an animal model.  Most 

interestingly, we showed that native LG containing both the calyx and exosite had an efficacy 

in vitamin D3 uptake almost twice that of heated LG containing a single exosite.  Our study 

therefore provides new insights concerning the value of supplementing dairy products with 

vitamin D. 
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Abstract 

β-lactoglobulin (LG), one of the most investigated proteins, is a major bovine milk protein 

with a predominantly β structure.  The structural function of the only α-helix with three 

turns at the C-terminus is unknown.  Vitamin D3 binds to the central calyx formed by the 

β-strands.  Whether there are two vitamin D binding-sites in each LG molecule has been a 

subject of controversy.  Here, we report a second vitamin D3 binding site identified by 

synchrotron X-ray diffraction (at 2.4 Å resolution).  In the central calyx binding mode, the 

aliphatic tail of vitamin D3 clearly inserts into the binding cavity, where the 3-OH group of 

vitamin D3 binds externally.  The electron density map suggests that the 3-OH group 

interacts with the carbonyl of Lys60 forming a hydrogen bond (2.97 Å).  The second binding 

site, however, is near the surface at the C-terminus (residues 136-149) containing part of an 

α-helix and a β-strand I with 17.91 Å in length, while the span of vitamin D3 is about 12.51 Å.  

A remarkable feature of the second exosite is that it combines an amphipathic α-helix 

providing nonpolar residues (Phe136, Ala139, and Leu140) and a β-strand providing a 

nonpolar (Ile147) and a buried polar residue (Arg148).  They are linked by a hydrophobic 

loop (Ala142, Leu143, Pro144, and Met145).  Thus, the binding pocket furnishes strong 

hydrophobic force to stabilize vitamin D3 binding.  This finding provides a new insight into 

the interaction between vitamin D3 and LG, in which the exosite may provide another route 

for the transport of vitamin D3 in vitamin D3 fortified dairy products.  Atomic coordinates 

17



for the crystal structure of LG-vitamin D3 complex described in this work have been 

deposited in the PDB (access code 2GJ5).   

(Keywords: fluorescence ligand binding assay, crystallography, localized alternative vitamin 

D binding site, thermal denaturation, amphipathic helix) 

 

Introduction 

Bovine β-lactoglobulin (LG) is a major whey protein in milk to an extent of about 50%.1  

Because of its thermally unstable and molten-globule nature, LG has been studied extensively 

for its physical and biochemical properties in the past 40 years.2-6  Although the biological 

functions of the protein still remain elusive, some essential functions of LG, such as 

cholesterol lowering, modulation of immune system, transport of retinol, fatty acid, and 

vitamin D,7-9 and prevention of oxidative stress,10,11 have been reported.   

Several crystal forms of bovine LG have been described.12-21  Of these, lattices X and Z 

(Space group P1 and P3221) have been investigated at a low resolution.14  A high resolution 

study of another crystal form, lattice Y, has yielded a chain trace and a preliminary model.14  

The overall folding turns out to be remarkably similar to that of the human plasma retinol 

binding protein15,16,22,23 and human tear lipocalin,24 known as members of the lipocalin 

superfamily.  As shown in Figure 1A, LG comprises of 162 amino acid residues with two 

disulfide linkages and one free cysteine. It has predominantly a β-sheet configuration 
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containing nine antiparallel β-strands from A to I.18,19,25  Topographically, β-strands A-D 

form one surface of the barrel (calyx), whereas β-strands E-H form the other.   

The only α-helical structure with three turns is at the COOH-terminus (residues 130-141), 

which is followed by a β-strand I lying on the outer surface of the calyx.26  The structural 

and functional relationship of this helical region is not yet clearly defined.  Studies on the 

crystal structure of LG-retinol complex at 2.5 Å resolution by Monaco et al. have pointed out 

that there is a surface pocket consisting of almost completely hydrophobic residues near the 

helical region.16   

The remarkable ability of the calyx to bind hydrophobic molecules, such as retinol, fatty 

acids, and vitamin D (Figure 1B),27-29 has recently been reviewed by Kontopidis et al.9  It 

seems clear that the binding of fatty acid, retinol, and vitamin D is within the central calyx of 

the protein; however, the existence of a second ligand binding site beyond the calyx is a 

matter of controversy.9  Interestingly, an early study has suggested that a hydrophobic pocket, 

formed by the α-helix and the surface of the barrel, also exists.16  This surface pocket, 

limited by Phe136 and followed by residues 139-143 (Ala-Leu-Lys-Ala-Leu), has been 

suspected to potentially bind retinol;16 however, later studies by X-ray diffraction did not 

reveal that retinol could occupy this site.9,29  Using cis-parinaric acid as a ligand, Dufour et 

al.30 have suggested that this ligand is bound in this hydrophobic pocket.  It remains unclear 

what type of ligands may interact with this surface site.  The binding of vitamin D to LG is 
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also controversial.9,31  It has been postulated that there is another binding site, in addition to 

the calyx, for vitamin D based on the work of Swaisgood and de Wolf31-35 by using 

biochemical binding assays.  Subsequently, they also suggested that one vitamin D is bound 

in that hydrophobic site.  Nevertheless, the location of the secondary binding site remote 

from the calyx has been implicated,15,16 but has not yet been identified by the crystal structure 

of bovine LG with vitamin D2.9 

Spectroscopic studies and thermodynamic analysis of the calorimetric signal have 

demonstrated that irreversible unfolding of the LG structure occurs upon thermal treatment 

above its transition temperature, 65-70 °C.36  Recently, we have shown that the 

conformational changes of LG are rapid and extensive at temperatures above the transition,5 

and β-strand D of the calyx is directly involved in the unfolding during the thermal 

denaturation.4  As a result, the binding of palmitate or retinol to the central calyx is 

diminished.  In the present study, we also demonstrated that the maximal binding ratios of 

vitamin D3 to LG were 2:1, similar to that established by Wang et al.31  Our next strategy 

was to denature the conformation of the calyx by heating at 100 °C for 16 min; under this 

condition the calyx pocket was thermally “removed”.  We then tested whether the thermally 

denatured LG was able to bind vitamin D3, palmitate, and retinol.  Interestingly, only 

vitamin D3 bound the heated LG and the binding ratio of vitamin D3 to the heated LG was 

found to be 1:1.  Thus, it suggests that there is a secondary site for vitamin D3 binding, 
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which is thermally independent.  To confirm the hypothesis that a second vitamin D3 binding 

site exists, we determined the crystal structure of LG-vitamin D3 complex and attempted to 

identify, localize, and characterize such a site.   

 

Materials and methods 

Materials 

LG was purified from raw milk using saturated ammonium sulfate (40%) followed by a 

G-150 column chromatography of the upper fraction as described previously.3  All-trans 

retinol, palmitic acid, vitamin D3 (cholecalciferol), and N-acetyl-L-tryptophanamide were 

purchased from Sigma-Aldrich (St. Louis, MO).   

Ligand binding to LG 

LG stock solution was prepared in 0.01M phosphate buffered solution, pH 8.0 (PB). 

Retinol, palmitate, and vitamin D3 were prepared using absolute ethanol and purged with 

nitrogen and stored at -80 °C in the dark.  All the binding assays described below were 

conducted at 24 °C. The ligand binding assay of LG was measured by fluorescence emission 

techniques similar to that previously described.4,31,32  In general, the binding of retinol to LG 

was measured by extrinsic fluorescence emission of a retinol molecule at 470 nm using 

excitation at 287 nm, whereas binding of palmitate or vitamin D3 to LG was measured by the 

fluorescence enhancement or quenching of Trp19 of LG at 332 nm using excitation at 287 nm.  
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Fluorescence spectra were recorded with a fluorescence spectrophotometer (Hitachi F-4500; 

Tokyo, Japan).  For the titration experiment, 5 μM of native LG was instantly incubated with 

various proportions of retinol or vitamin D3 (0.625-25 μM) at pH 8.0.  For palmitate 

(2.5-100 μM), 20 μM of native LG was used.  A solution of N-acetyl-L-tryptophanamide 

with an absorbance at 287 nm - equal to that of the protein - served as a blank.  The change 

in fluorescence of this solution with titration caused by an inner filter effect was corrected as 

described by Cogan et al.37  The change in fluorescence intensity at 332 nm or 470 nm was 

assumed to depend on the amount of protein-ligand complex, which allowed the calculation 

of a, the fraction of unoccupied ligand-binding sites on the protein: a = (F - Fsat)/(F0 - Fsat).  

Here F is the fluorescence intensity at a certain titration ratio, Fsat is the corrected fluorescence 

intensity of LG solution with its sites saturated, and F0 is the initial corrected fluorescence 

intensity.  These data were then used to construct a plot of PTa versus RTa/(1 - a) according 

to the equation: PTa = (1/n)[RTa/(1 - a)] - app
dK /n, where PT is the total protein concentration, 

n is the number of binding sites per molecule, RT is the total ligand concentration, and app
dK  

is the apparent dissociation constant.   

To study the effect of pH on the binding capacity, native LG between 5 and 20 μM was 

instantly incubated with retinol, vitamin D3, or palmitate between 5 and 20 μM.  To 

determine the effect of heat on the binding ability, LG was preheated at between 50 and 100 

°C for 15 s to 16 min and stopped using a 20 °C water bath.  The preheated LG was then 
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incubated with retinol, palmitate, or vitamin D3 at pH 8.0.  The final concentration of ethanol 

in the reaction mixture was kept less than 3% (vol/vol) for all the experiments mentioned 

above.  The ligand binding ability of LG was calculated as described previously.4,31  For the 

titration curve experiment, the data were expressed as the percentage of emission of LG that 

had the maximal binding ratio.  For the heat denaturation experiment, the data were 

expressed as the percentage relative to native LG.  All the data were collected in triplicate 

determinations.   

Circular dichroism spectrum 

For the circular dichroism (CD) spectral measurements, each sample (0.5 mg/mL) was 

heated in 20 mM Tris, pH 8.0.4,38  The CD spectra were recorded on a spectropolarimeter 

(Jasco-J715; Tokyo, Japan) at 24 °C over wavelength ranges from 200 to 250 nm, and 

recorded at a scan speed of 20 nm/min.  All spectra were measured twenty times in a cuvette 

with a path length of 1.0 mm.  Each LG sample (100 μL) was preheated at 50, 60, 70, 80, 90, 

and 100 °C for 16 min and instantly stopped in a 20 °C water bath before an immediate 

measurement.   

Crystallization 

Purified LG was concentrated to 20 mg/mL in 20 mM Tris, pH 8.0.  Vitamin D3 stock 

solution made up as 50 mM in ethanol was added to LG solution to give a molar ratio of 3:1 

and incubated for 3 h at 37 °C.  Precipitation immediately occurred when LG and vitamin D3 
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were mixed, and the solution drops became clear on the slides after 3-4 days.  Crystallization 

of the LG-vitamin D3 complex was achieved using the hanging-drop vapor-diffusion method 

at 18 °C with 2 μL hanging drops containing equal amounts of LG-vitamin D3 complex and a 

reservoir solution (0.1M HEPES containing 1.4M trisodium citrate dehydrate, pH 7.5).  

Crystals 0.1-0.2 mm long grew after 7 days.   

Crystallographic data collection and processing 

The crystals were mounted on a Cryoloop (0.1-0.2 mm), dipped briefly in 20% glycerol 

as a cryoprotectant solution, and frozen in liquid nitrogen.  X-ray diffraction data at 2.4 Å 

resolution were collected at 110 K using the synchrotron radiation on the beamlines BL12B2 

at SPring-8 (Harima, Japan) and BL13B at NSRRC (Hsinchu, Taiwan).  The data were 

processed using the HKL2000 program.39  The crystals belong to the space group P3221 with 

unit cell dimensions of a = b = 53.78 Å and c = 111.573 Å.  There is one molecule per 

asymmetric unit according to an estimated solvent content in a reasonable region.  Details of 

the data statistics are given in a table in the text.   

Crystal structure determination and refinement 

The structure of the LG-vitamin D3 was determined by molecular replacement40 as 

implemented in CNS v1.141 using the crystal structure of bovine LG (PDB code 2BLG)18 as a 

search model.  The LG molecule was located in the asymmetric unit after rotation and 

translation function searches. All refinement procedures were performed using CNS v1.1.  
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The composite omitted electron density maps with coefficients |2Fo - Fc| were calculated and 

visualized using O v7.0,42 and the model was rebuilt and adjusted iteratively as required.  

Throughout the refinement, a random selection (8%) of the data was placed aside as a “free 

data set”, and the model was refined against the rest of the data with F ≥0 as a working 

set.43-45  The monomer protein model was initially refined by rigid-body refinement using 

the data from 15.0 to 3.0 Å resolution, for which the group temperature B values were first 

restrained at 20 Å2.  This refinement was followed by simulated annealing using a slow 

cooling protocol with a starting temperature of 2500 K, provided in CNS, applied to all data 

between 15.0 and 2.4 Å.  The bulk solvent correction was then applied, and group B factors 

were adjusted.  After several cycles of positional and grouped B factor refinement 

interspersed with interactive modeling, the R-factor for the LG-vitamin D3 complex decreased 

to about 28% with the Rfree around 36%.  Two elongated extra electron densities with one 

LG molecule were clearly visible and recognized as the vitamin D3 in σA-weighted |Fo - Fc| 

difference maps.  Two vitamin D3 molecules were then adjusted and well fitted into the 

density map.  The refinement then proceeded with another cycle of simulated annealing with 

a slow cooling, starting at a temperature of 1000 K.  The vitamin D3 molecules were 

adjusted iteratively according to the omitted electron density maps.  Finally, water molecules 

were added using the program CNS v1.1.   

Model validation 
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The final model of LG and vitamin D3 complex contains 1272 nonhydrogen protein 

atoms for the monomer LG, 28 atoms for one vitamin D3 molecule, and 38 water molecules.  

The refinement statistics are given in the text.  The correctness of stereochemistry of the 

model was verified using PROCHECK.46  The calculations of r.m.s. deviations from 

ideality47 for bonds, angles, and dihedral and improper angles performed in CNS showed 

satisfactory stereochemistry.  In a Ramachandran plot,48 all main chain dihedral angles were 

in the most favored and additionally allowed regions except for Tyr99.   

Coordinates 

Atomic coordinates for the crystal structure of LG-vitamin D3 complex described in this 

work have been deposited in the PDB (access code 2GJ5).   

 

Results 

Binding of LG to retinol, palmitate, and vitamin D3 

Using the titration method previously established by Wang et al.,31,32 we show that the 

maximal binding of vitamin D3 with LG was achieved at a 2:1 ratio; whereas the binding for 

retinol or palmitate remained to be 1:1 (Figure 2).  This result is similar to that reported 

previously by Wang et al.31,32 and tends to support a notion that LG binds two vitamin D3 

molecules.  The two possibilities for this result are either that LG has the same binding site 

for two vitamin D3 molecules or it possesses two independent vitamin D3 binding sites.   
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Effect of pH on LG binding to retinol, palmitate, and vitamin D3 

It has been postulated that pH plays a crucial role in controlling the opening of the calyx 

to allow the entrance of LG ligands.  At low pH or below the Tanford transition (about pH 6), 

the EF loop (the calyx cap) is closed, disallowing the binding of the ligands.  To explore 

whether there is another vitamin D3 binding site that may not be affected by the Tanford 

transition, we monitored the binding of vitamin D3 at various pH while using retinol or 

palmitate as a reference.  A notable transition of vitamin D3 binding to LG was found to 

occur between pH 6.0 and 8.0 (Figure 3), similar to that of retinol and palmitate.  The 

binding to vitamin D3 or palmitate was decreased to some extent at pH 9-10 (Figure 3).  This 

could be due to the protonated state of Lys69 inside the calyx being neutralized at a high pH 

as suggested previously.4,29  It is of interest to note that unlike retinol and palmitate; LG at a 

pH between 2 and 6 still retains about 35% of the maximal binding for vitamin D3 (Figure 

3C).  The data imply that there is a possible secondary binding site for vitamin D3 that is 

independent of the calyx.   

Effect of heating on LG binding to retinol, palmitate, and vitamin D3 

The pH titration experiment described above was unable to yield an accurate explanation 

of the existence of another binding site for vitamin D3.  Our previous work showed that 

thermally denatured LG (heated to 100 °C for 5 min) was unable to bind to retinol and 

palmitate because of the unfolding of the calyx.4  In the next experiment, our strategy was to 
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thermally “remove” the calyx and then test whether heated LG retained an activity allowing 

vitamin D3 binding.  Figure 4 shows a notable and sharp decrease in retinol, palmitate, and 

vitamin D3 binding to LG heated between 70 °C and 80 °C over time.  The change of 

binding is consistent to the molten-globule nature of LG, which correlates to its transition 

temperature.4  At temperatures above 80 °C, the protein lost its binding ability to retinol and 

palmitate in a time-dependent fashion, but it still retained 40% of the binding to vitamin D3 

even after being heated at 100 °C for 16 min (Figure 4C).  The heated LG (100 °C for 16 

min) was further titrated with the binding of vitamin D3 in excess.  Figure 4D reveals that 

there was about 42% of maximal binding of vitamin D3 relative to that using native LG.  

There was no fluorescence change while titrating with retinol or palmate (data not shown).  

Remarkably, a maximal stoichiometry of 1:1 was observed between the denatured LG and 

vitamin D3.  Thus, it suggests that a thermally stable site exists in LG to bind vitamin D3.   

Comparison of binding affinity of LG to retinol, palmitate, and vitamin D3 

We further determined the binding affinities of LG for retinol, palmitate, and vitamin D3 

using the method previously described by Wang et al.31,32  The fluorescence data obtained 

for retinol, palmitate, and vitamin D3 binding to native LG are shown in Figure 2 (right 

panels), while the vitamin D3 binding to heated LG (100 °C for 16 min) is shown in Figure 

4D (inserted panel).  Yielding values for the number of binding sites per molecule and 

apparent dissociation constant from the slope are listed in Table 1.  The binding affinity of 
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vitamin D3 to native LG using this method was about 5 nM ( app
dK = 4.74 ± 0.37 nM) and 

appears to be 5-10 times greater than that of retinol and palmitate.  On the other hand, the 

binding affinity of vitamin D3 to heated LG was attenuated at about 45 nM ( app
dK = 45.67 ± 

3.12 nM), but is within the same order as that between native LG and retinol or palmitate.  

Because heating LG also induces the aggregation of LG,5 the overall attenuated binding 

affinity of the “secondary site” indicates a structural change in the second binding site in 

heated LG.  Nevertheless, the data temptingly suggest that the putative second binding site is 

somewhat heat resistant.   

Overall crystal structure of LG-vitamin D3 complex 

We have clarified that there are two vitamin D binding sites on LG according to ligand 

binding assay performed in solution.  Protein crystallography was used to locate the 

secondary vitamin D binding site of LG.  There are several crystal forms of bovine LG that 

have been well reported, including the triclinic (lattice X), orthorhombic (lattice Y), and 

trigonal (lattice Z) forms belonging to space groups P1, C2221, and P3221, respectively.12-21  

The crystal of the LG-vitamin D3 complex we obtained was found to be a trigonal (lattice Z) 

space group P3221 based on the data of 2.4 Å resolution.  The final model comprised of 161 

residues and its refinement statistics of the complex are given in Table 2.  The discrepancy 

indices for R and Rfree are 23.86% and 26.12%, respectively.  The LG-vitamin D3 complex 

possesses a well geometry similar to that reported by CNS27 with a root-mean-square (r.m.s.) 
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bond length and bond angle deviation from ideality 0.007 Å and 1.264° respectively (Table 2).  

A Ramachandran plot reveals that only one residue is in the disallowed regions (Tyr99), 

which arises in most of the lipocalin family as a result of the γ-turn associated with the 

sequence “TDY” (residues 97-99).  The average temperature factor for all protein atoms is 

55.02 Å2, which is considered to be inadequate for established crystallographic standards.  

This may be explained by LG having nearly 25% of the residues located around flexile 

surface loops and NH2- and COOH-terminal regions.  Previously published statistics of LG 

complexes9,27,29 show a B-factor range of 41.3-57.27 (Table 3), which accommodates for the 

elevated values acquired in this study that seem to deviate from the norm.   

The overall topology of LG is similar to that previously described15-19 with a 

well-defined antiparallel β-sheet structure and flexile loops connecting the secondary 

structure elements.  The loops AB, CD, EF, and GH are more flexile than the others, 

consistent with the observations from other reported crystal structures.15-19  The EF loop that 

acts as a flap is in the open position of the central calyx, which is expected when vitamin D3 is 

present.   

Space-filling drawings of the LG-vitamin D3 complex show that there are two domains 

for vitamin D3 binding (Figure 5).  One vitamin D3 molecule inserts almost perpendicularly 

into the calyx cavity as expected and is consistent to the previous reports.9,29  The other 

binds to the surface near the COOH-terminus of LG (residues 136-149), including part of the 
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α-helix and β-strand I (Figure 1) as shown in Figure 6.  The B-factor for the vitamin D3 

molecules in the calyx and the second site are 39.19 and 46.90, respectively (Table 2).  

Proximity of these values to the published data9,27,29 reveals the rigidity of vitamin D3 bound 

to LG (Table 3).  For the second site, vitamin D3 is close to the surface of LG with 17.91 Å 

in length, while the span of vitamin D3 is about 12.51 Å.  Under this orientation, the A ring 

or the aliphatic tail following the C/D rings of vitamin D3 interacts with the β-strand I or the 

α-helix of LG, respectively (Figure 6).  We putatively defined this second vitamin D3 

binding site as an exosite.   

Figure 6 depicts that the bulk of the electron density is sufficient to cover the entire 

extent of vitamin D3 in the calyx (in stereo view) as well as that in the exosite.  The aliphatic 

tail of vitamin D3 (C17-27) is oriented inside the calyx with the 3-OH group of vitamin D3 

near the outside of the pocket.   

Superimposing the current LG-vitamin D3 and previously described LG models (PDB 

codes 1BSQ) in the region of the calyx (Figure 7A) reveals that the movement of the external 

EF “gate loop” of LG-vitamin D3 is quite similar to that of the LG-retinol complex18,29 (data 

not shown).  Some side chains, such as Lys60, Glu62, Phe105, and Met107, require 

significant reposition to make room for vitamin D3 insertion into the calyx.  The atoms of 

vitamin D3 near or at the “mouth” of the calyx possess higher values of B-factors suggesting 

their higher mobility.  Figure 7B depicts the distance of vitamin D3 to the LG calyx.  The 
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shortest interaction distance is hydrogen bonding between the 3-OH group of vitamin D3 and 

Lys60 (2.97 Å) of LG; whereas the only hydrogen bond involving retinol binding is that to 

Glu62.29  Hydrophobic interaction and the distances between the carbons of vitamin D3 and 

Pro38, Leu39, Val41, Ile71, Ala86, Phe105, and Met107 of LG are also displayed.   

With respect to the second binding site for vitamin D3, it appears that vitamin D3 is 

bound to a surface pocket between the COOH-terminal α-helix and β-strand I (residues 

136-149).  The current LG-vitamin D3 and previously described native LG models in this 

region (PDB codes 1BSQ) are superimposed and shown in Figure 8A.  Notably, there is not 

much conformational change near the exosite of LG upon the vitamin D3 binding.  Figure 8B 

shows the distance between vitamin D3 and the amino acids involved (Asp137, Leu140, 

Lys141, Leu143, Met145, His146, Ile147, and Arg148).  Although some charged residues of 

the exosite are involved, their interaction with vitamin D3 is mainly hydrophobic with the 

charged groups of LG sticking out of the pocket.  The data suggest that the contact is via a 

hydrophobic interaction.  There is no evidence that the hydroxyl group of vitamin D3 

interacts with η1 N of Arg148 as the distance (4.9 Å) is greater than that of hydrogen bonding 

(bond length less than 3.13 Å) (Figure 8B).  

Furthermore, LG is primarily oriented as a β structure (50%); the only α-helix region of 

LG consisting of three turns is located at the COOH-terminus between residues 130 and 141.  

Remarkably interesting, the α-helix is arranged as amphipathic consisting of all the charged 

32



residues (Asp130, Glu131, Glu134, Asp137, Lys138, and Lys141) clustered at one face with 

hydrophobic or noncharged residues (Ala132, Leu133, Phe136, Ala139, and Leu140) at 

another face without an exception (Figure 9A).  A remarkable feature is that the exosite is 

comprised of an amphipathic α-helix providing hydrophobic residues (Phe136, Ala139, and 

Leu140) at one side and a β-strand providing a hydrophobic Ile147 and a backbone His146 at 

the other side (Figure 9B).  These two sides are linked by a loop containing hydrophobic 

residues Ala142, Leu143, and Pro144.  Thus, the binding pocket provides a strong 

hydrophobic force to stabilize vitamin D3 binding.  The stereo view of such an interaction is 

also drawn in Figure 9B, depicting the binding on the surface of LG.  The carbons of vitamin 

D3 (n = 27 in total) close to the surface are C5, C8, C10, C13, C14, C15, C16, C17, C18, C19, 

C22, C24, C25, and C26 (n = 14).  They are oriented toward the surface consistent with the 

analysis of Figure 5.   

CD spectrum analysis of heated LG 

In general, the CD spectrum at 222 nm is used for the calculation of the α-helical content 

of a given protein.  Because the α-helix region of LG is located in the second binding site 

and heating LG retains ~40% of the maximal vitamin D3 binding to the whole LG molecule, 

we monitored whether there were spectral changes of LG at 222 nm of LG upon heating at 50, 

60, 70, 80, 90, and 100 °C.  Figure 10 reveals that there were no significant changes in 

spectra at 222 nm.  As expected, the β-configuration was disordered at temperatures above 
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70 °C, consistent with our previous observation.4  Thus, it temptingly offers support that the 

proposed exosite is somewhat thermally stable.   

 

Discussion 

During the past 40 years, LG has been extensively studied for its biochemical properties, 

and an abundance of literature exists about its physicochemical nature.9  Although the exact 

physiological functions of LG are not fully explored, one of its roles is to transport 

hydrophobic molecules, such as retinol, fatty acids, and vitamin D.49,50  The active form of 

vitamin D is 1α, 25(OH)2 vitamin D3, which maintains calcium homeostasis and plays 

important roles on the immune system and prevents the growth and differentiation of cancer 

cells.  Recent studies indicate that increased plasma vitamin D3 concentrations are associated 

with decreased incidence of breast, ovarian, prostate and colorectal cancers,51 and 

osteoporotic fractures.52  The concentration of vitamin D3 in plasma is about 80 nM.  A 

double-blind placebo controlled study conducted in Europe indicated this level to be 

significantly reduced over the winter season (about 37%) due to the lack of exposure to 

sunlight.53  However, drinking vitamin D3 fortified milk (312 nM) significantly compensated 

the seasonal loss of vitamin D by greater than 50%.  For this reason, it has been 

recommended that milk enriched with vitamin D3 be provided in high-latitude European 

countries.  Thus, we chose vitamin D3, instead of vitamin D2, to form a LG-vitamin D3 
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complex in this study.  Structurally, the only difference of vitamin D3 from D2 is the latter 

being a double bond between the carbon positions 22 and 23 (Figure 1).  Despite the minor 

difference, their binding characteristics to LG are similar.31  One additional goal in the 

present study is to test the possibility of binding vitamin D3 to thermally denatured milk, 

which is often produced in the processing of milk.   

With respect to the ligand binding of LG, many research groups28,31,32 have shown that 

the stoichiometry for binding retinol or palmitate to LG is 1:1, and most experimental 

evidence points to the calyx of LG as the binding site for retinol and palmitate.29  However, 

there remains a debate about the stoichiometry for vitamin D3 binding being 1 or 2.  Wang et 

al.31,34 proposed that LG has another binding site for vitamin D in addition to the central calyx, 

but doubt has been raised based on crystallographic analysis.9,29  In fact, the presence of a 

secondary site for ligand binding has been described and proposed for some time,16 but the 

identity of a LG-ligand complex by an X-ray crystal structure has not been elucidated.9   

In the present work, using the method of extrinsic fluorescence emission and 

fluorescence enhancement and quenching established previously,4,31,32 we show the maximal 

binding ratios of retinol or palmitate with LG to be 1:1, whereas it was 2:1 for that of vitamin 

D3 (Figure 2).  The latter result is consistent to that reported by Wang et al.31,32  It is worth 

mentioning that using the intrinsic fluorescence of Trp can give results that indicate 

significantly tighter ligand binding than other methods, especially equilibrium dialysis.  This 
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effect is particularly noticeable when the Trp fluorescence decreases with ligand addition.9,35  

A recent review9 suggests that a surface low-affinity binding site together with a central 

high-affinity binding site (calyx) would appear to satisfy most of the reported experimental 

observations.  In brief, the diverse reports of more than a single binding site may be 

dependent on the method used.   

In an attempt to resolve the controversy about an additional binding site for vitamin D3, 

we used several additional approaches involving structural change to study the interaction 

between vitamin D3 and LG.  First, it has been established that the EF loop acts as a gate 

over the calyx.9,18,29,54  At a low pH, the loop is in a “closed” position, and the ligand binding 

into the calyx is inhibited. On the contrary, at a high pH above the Tanford transition, the loop 

is “open” allowing ligands to penetrate into the calyx.4,54,55  We explored the binding ability 

between LG and vitamin D3 at various pH.  Similar to that of retinol and palmitate, the 

present study shows that there is a notable transition of vitamin D3 binding to the calyx of LG 

occurring between pH 6.0 and 8.0 (Figure 3).  Most interestingly, at pH between 2 and 6 we 

show vitamin D3 interacting with LG (with about 35% of maximal binding ability), but not 

retinol and palmitate (Figure 3C).  Because the EF loop is “closed” below the Tanford 

transition, such binding suggests the presence of another binding site for vitamin D3.  

Physiologically, such low pH binding could be essential, since LG is well known to be stable 

at low pH1,2 and resistant to acid hydrolysis and protease digestion in the gastrointestinal 
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tract.56,57  Notably, the binding of vitamin D3 or palmitate to LG was decreased to some 

extent at pH 9-10 (Figure 3).  One of the possible explanations is that the positively charged 

groups of lysine residues inside calyx are neutralized at pH above 8 resulting in a weakening 

of the interaction with the carboxyl group of palmitate.4   

Second, we have shown that the β-strand D of the calyx is directly involved in the 

thermal denaturation.4  The conformational changes of LG were rapid, extensive, and 

irreversible upon heating over 70-80 °C.5  As a result, it completely diminishes the binding 

of palmitate and retinol.  To test the hypothesis that there is a putative second binding site 

for vitamin D3 located independently from the calyx, we thermally denatured the calyx 

(between 50 and 100 °C) and then conducted the binding for retinol, palmitate, or vitamin D3 

over time (Figure 4).  It is of interest that only vitamin D3 was able to bind to heated LG (at 

100 °C for 16 min) with a stoichiometry of almost 1:1, instead of 2:1 (Figure 4D).  Our data 

suggests that the second binding site for vitamin D3 is heat stable to some extent.   

Third, analysis of the binding shows that the binding affinity between native LG and 

vitamin D3 is relatively high within a nM range, about 10 times greater than palmitate and 

retinol (Table 1).  The result is almost the same as that of vitamin D2 reported by Wang et 

al.,31 but somewhat higher than the affinity reported for vitamin D3.31  The reason 

contributing to such discrepancy remains elusive.  One possibility may be due to the 5 μM 

concentration (pH 8.0) of LG that we employed, while Wang et al. used a 20 μM 
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concentration (pH 7.0) for a typical emission spectrum.34  The other possibility may be due 

to the pH; the fluorescence of Trp may be affected by ionization of neighboring prototropic 

groups or by conformation changes due to the dimerization of the protein.2,34  Nevertheless, 

the calculated affinity for vitamin D3 ( app
dK = 45.67 ± 3.12 nM) to putative second or 

thermally stable binding site is about 10 times lower than that to native LG (calyx plus second 

site) (Table 1).  Thus, it seems to be consistent with the hypothesis proposed by Kontopidis 

et al.9 that the central site (calyx) is a main binding site possessing a high affinity for most of 

the hydrophobic ligands, whereas the affinity for the secondary site is low.  Ultimately, the 

secondary binding may depend on the nature of the ligands, such as their size, structure, and 

hydrophobicity.  It would be of interest to further investigate other ligand bindings to heated 

LG, although the calculation of binding affinity of heated LG is somewhat complicated owing 

to the formation of large LG polymers as mentioned (see Results).   

Finally, to confirm our hypothesis that there exists a second vitamin D3 binding site 

remote from the calyx, we used a synchrotron radiation X-ray to determine the crystal 

structure of the LG-vitamin D3 complex.  Our crystal of the complex is defined in trigonal 

(lattice Z) space group P3221.  This final model reveals that one vitamin D3 molecule binds 

to the calyx (central internal binding-site) of LG and the other binds to the surface of LG 

between the α-helix and β-strand I (external binding site; Figure 5).   
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In the electron density map at 2.4 Å resolution, vitamin D3 is well fitted into the bulk of 

electron density around the calyx or the exosite (Figure 6).  In central calyx binding mode, 

the aliphatic tail of vitamin D3 clearly inserts into the binding cavity where the 3-OH group of 

vitamin D3 binds externally.  In an early report using vitamin D2,9 the end that inserted into 

the calyx was not conclusively identified because the electron density was not enough to 

cover the entire ligand.  It is not clear whether vitamin D3 is superior to vitamin D2 in 

binding to LG. The other difference is that in our study the 3-OH group of vitamin D3 forms a 

hydrogen bond with the carbonyl of Lys60 (Figure 7B) instead of Lys69 as proposed using 

vitamin D2.9  Again, the electron density was not strong enough for the outer extremity of 

vitamin D2 making the exact conclusion difficult.  Another explanation is that there might be 

a significant difference in the orientation between vitamin D2 and D3, although the difference 

in chemical structure is subtle.  Regardless, the vitamin D3-LG binding mode is quite similar 

to that of retinol-LG interaction over the calyx.29  Pro38, Leu39, Val41, Ile71, Ala86, 

Phe105, and Met107 are all involved in providing hydrophobic interactions with the displayed 

distance of less than 3.8 Å to the carbon backbone of vitamin D3 (Figure 7B).   

In exosite binding mode, the vitamin D3 molecule attaches at a pocket between the 

C-terminal α-helix and β-strand I (Figure 5).  We specifically demonstrated that the exosite 

of LG provides a hydrophobic force to stabilize vitamin D3 (Figure 8B) and concluded that 

the exosite is located near the surface of the C-terminal α-helix and β-strand I, where there is 
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no strong evidence to show that the 3-OH group of vitamin D3 is capable of interacting with 

LG (Figure 8B).  A stereo view shown in Figure 9B reveals that part of the vitamin D3 

molecule is exposed toward the surface, consistent to that depicted in Figure 5.  Although 

this second binding is located near the surface of LG, our data suggest that the binding affinity 

of vitamin D3 to exosite is reasonably high and almost equivalent to that of retinol or 

palmitate to calyx (Table 1).  Apparently, vitamin D3 interacts mostly with those 

hydrophobic amino acids within residues 136-149 with distances less than 3.8 Å (Figure 8B).  

The linking-loop residues 142-145 (Ala-Leu-Pro-Met) between the α-helix and β-strand I are 

all hydrophobic.  With such an orientation, a hydrophobic pocket is constructed in 

facilitating the binding for vitamin D3.  It is worth mentioning that this exosite is very 

similar to the surface hydrophobic site (mentioned and discussed above) that has been 

described by Monaco et al.16 and proposed by Wang et al.31   

It is of interest that the α-helix involved in the exosite is typically amphipathic.  This 

amphipathic region could be heat resistant as suggested from our binding experiment for 

vitamin D3 and heated LG.  A similar situation is seen in a typically amphipathic 

apolipoprotein A-I; its conformation and lipid binding properties are completely maintained 

upon heating over 100 °C.58  It might be worthwhile to study the crystal structure of the 

heated-LG-vitamin D3 complex to finally prove its heat resistance.  Unfortunately, we are 

40



not able to crystallize such a complex at the present time.  This could be due to the formation 

of multiple aggregated forms of LG upon heating.3-6 

Vitamin D is found in only a few foods, such as fish oil, liver, milk, and eggs, in which 

milk is a major source for vitamin D in the diet.  The level of vitamin D in bovine milk has 

been reported to be low.  In many sophisticated food industries, processed milk, dry milk, 

margarine, and other dairy products are fortified with vitamin D3 to a level of about 0.35 μM.  

The concentration of LG in milk is about 270 μM, providing a sufficient amount of LG to 

transport spiked vitamin D.  It is of interest to point out that recent studies have 

demonstrated that intact LG is acid resistant with a super permeability to cross the epithelium 

cells of the gastrointestinal tract.56,57  Such a unique property of LG is worthy of 

consideration for transporting vitamin D in the milk.   

There are two advantages for the presence of vitamin D3 binding exosite in LG.  First, 

central calyx of LG is thought to be primarily occupied by the fatty acid in milk.59  The 

available exosite may provide another route for transporting the vitamin D.  Second, many 

dairy products today are processed under excessive heat for the purpose of sterilization.  The 

presence of a heat stable exosite may maintain the binding for vitamin D3.   

Finally, since the putative exosite is located at the surface of LG, an approach using 

site-directed mutagenesis may eventually be served as to probe the structural and vitamin D 

binding relationship.  The experiment is now in progress in our laboratory.   
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Figure legends 

Figure 1. Amino acid sequence of LG and chemical structure of its binding ligands.  (A) LG 

is consisted of 162 amino acids with nine β-sheet strands (A-I) and one α-helix at the 

COOH-terminus.  There are two disulfide linkages located between strand D and 

COOH-terminus (Cys66 and Cys160) and between strands G and H (Cys106 and Cys119), 

with a free buried thio-group at Cys121.  α-helix with three turns is located between residues 

130 and 141 (in light gray).  (B) Chemical structure of retinol, palmitic acid, and vitamin D3. 

Figure 2. Binding ratio of LG with ligands.  (A) Titration experiment for binding of LG to 

retinol measured at 470 nm with excitation at 287 nm (pH 8.0).  Binding was determined by 

the enhancement of extrinsic fluorescence of retinol.  (B, C) Titration experiment for binding 

of LG to palmitate and vitamin D3 measured at 332 nm with excitation at 287 nm (pH 8.0).  

Binding was determined by the fluorescence enhancement (palmitate) and quenching (vitamin 

D3) of intrinsic fluorescence of LG.  The maximal binding ratio of vitamin D3 to LG is 2:1.  

Right panels: PT = Total protein concentration, RT = Total ligand concentration, and a = 

Fraction of unoccupied ligand sites on the protein.  Each point represents the mean of 

triplicate determinations with an average of standard deviation (SD) less than 5-8% of the 

mean.   

Figure 3. Effect of pH (Tanford transition) on LG binding with ligands.  (A) Emission 

fluorescence of retinol.  (B) Enhanced fluorescence of LG upon the binding of palmitate.  
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(C) Quenched intrinsic fluorescence of LG upon the binding of vitamin D3.  All the 

measurements are identical to that described in Figure 2.  Each point represents the mean of 

triplicate determinations ± SD.   

Figure 4. Effect of heating on LG binding with ligands.  (A-C) LG was heated between 50 

and 100 °C for 15 s to 16 min before the addition of retinol, palmitate, and vitamin D3.  (D) 

Titration curve of heated LG (100 °C for 16 min) with vitamin D3.  Only vitamin D3, but not 

retinol and palmitate, was able to bind denatured LG with a molar ratio of ~1:1.  The data 

suggest that there is another thermally independent vitamin D3 binding site, which is remote 

from the calyx pocket.  Each point in panels A-C represents the mean of triplicate 

determinations ± SD.  While, each point in panel D represents the mean of triplicate 

determinations with a SD less than 5-8% of the mean.   

Figure 5. Structure of LG complexed with vitamin D3 at 2.4 Å resolution.  Space-filling 

drawing of LG-vitamin D3 complex.  Vitamin D3 (colored in yellow) and LG are drawn 

based on our final refined model with carbon, oxygen, and nitrogen atoms depicted in gray, 

red, and blue, respectively.  Sulfur molecules (in orange) are buried inside at this face.  It 

demonstrates that there are two distinct vitamin D3 binding sites on each LG molecule.  One 

is penetrated inside the calyx (left) and the other is lying on the surface between the α-helix 

and β-strand I at the COOH-terminus (residues 136-149) (right).   

Figure 6. Electron density map around the calyx and the exosite of vitamin D3-LG complex at 
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2.4 Å resolution.  Final refined model together with the 2|Fobs - Fcalc| electron density show 

that the bulk of the electron density is sufficient to cover a vitamin D3 molecule, both in the 

calyx (top) and the exosite (bottom).  In the central calyx binding mode, the aliphatic tail of 

vitamin D3 clearly inserts into the binding cavity, where the 3-OH group of vitamin D3 binds 

externally.  In exosite binding mode, vitamin D3 interacts mostly with the hydrophobic 

moiety of the pocket.   

Figure 7. Superimposed structure of the calyx before and after binding of vitamin D3 and a 

diagram showing their contacts less than 3.8 Å.  (A) Superimposing the current model for 

vitamin D3-LG (colored in gray) with previously described native LG (in red) (PDB code 

1BSQ) in the calyx shows that there is a significant repositioning of Glu62 and Met107 to 

make room for the ligand into the calyx.  Notably, vitamin D3 binding has resulted in a local 

conformational change by opening the EF loop as shown in a dotted circle (residues 85-89).  

Such conformational change in the loop is similar to the binding of retinol (data not shown).  

(B) The calyx of LG offers mainly hydrophobic interactions to vitamin D3 binding (less than 

3.8 Å).  The shortest distance, 2.97 Å, is the hydrogen bond between the 3-OH group of 

vitamin D3 and Lys-60 (dotted red).   

Figure 8. Superimposed structure of the exosite before and after binding of vitamin D3 and a 

diagram showing their contacts of less than 3.8 Å.  (A) Superimposing the current model for 

vitamin D3-LG (colored in gray) with previously described native LG (in red) (PDB code 
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1BSQ) in the exosite reveals that the overall conformation is not substantially changed upon 

the binding of vitamin D3.  (B) The exosite is near the surface of C-terminal α-helix and 

β-strand I, where the 3-OH group of vitamin D3 does not apparently form hydrogen boding 

with LG.   

Figure 9. Amphipathic helix of LG and its interaction with vitamin D3.  (A) The only 

α-helix region of LG is located between residues 130 and 141 (Figure 1).  Most interestingly, 

the α-helix is oriented as amphipathic with all the charged residues clustered on one side 

without an exception.  (B) The crystal structure reveals that the hydrophobic side of the 

α-helix forms a stable hydrophobic pocket with β-strand I.  They are linked by a 

hydrophobic loop (residues 142-145) and thus facilitate the binding to vitamin D3.  The 

stereo view shows that part of vitamin D3 is near the surface, particularly for the aliphatic tail, 

which is consistent with that depicted in Figure 5.   

Figure 10. Circular dichroic spectra of native and heated LG.  LG preheated between 50 and 

100 °C for 16 min was recorded by circular dichroism at a final concentration of 0.2 mg/mL. 

The β-structure of LG underwent disordering upon continuous heating as significant changes 

of ellipticity at 205-208 nm occurred above 80 °C.  The negative ellipticity at 222 nm, 

commonly a criterion for α-helical structure, was identical between native and heated LG. 
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Table 1. Apparent dissociation constants and binding ratio for binding ligands to native or 

heated LG 

Ligand 
Binding ratio 
(ligand / LG) 

 

  (10-9 M) 

   

Retinol with native LG 0.908 ± 0.089 17.28 ± 1.62 

Palmitate with native LG 0.801 ± 0.072 44.03 ± 4.56 

Vitamin D3 with   

           native LG 1.761 ± 0.121 4.74 ± 0.37 

           heated LG 0.835 ± 0.054 45.67 ± 3.12 

SDX ± SDX ±

app
dK
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Table 2. Data collection and refinement statistics of LG-vitamin D3 complex 

Data collection  

Space group P3221 
Cell dimensions   
  a, b, c (Å) 53.780, 53.780, 111.573 
  α, β, γ  (°)  90, 90, 120 
Resolution (Å) 30-2.4 (2.49-2.4) 
Rsym 0.034 (0.226) 
<I / σI> 43.3 (10.3) 
Completeness (%) 98.5% (99.5%) 
Redundancy 7.0 
  
Refinement  
Resolution (Å) 15-2.4  
No. of unique reflections 7422 
Rwork / Rfree 23.86% / 26.12% 
No. of atoms  
    Protein 1272 
    Ligand 56 
    Water 38 
B-factors  
    Protein 55.02 
    Ligand in calyx / exosite 39.19 / 46.90 
    Water 52.47 
R.m.s deviations  
    Bond lengths (Å) 0.007 
    Bond angles (°) 1.264 
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Table 3. Mean B-factor for LG complexes with ligands extracted from previously published 

papers. 

Ligand Retinol 
Retinoic 

acid 
Palmitate Cholesterol Vitamin D2 Mercuury 

12-Bromodo

decanoic acid

Mean B-factor for 

protein atoms (Å2) 
56.1 48.8 54.2 44.5 57.27 50.0 41.3 

Mean B-factor for 

ligand atoms (Å2) 
65.0 66.8 58.4 69.9 72.6 53.5 52.1 

Mean B-factor for 

water molecules (Å2) 
67.4 59.0 68.1 53.0 56.9 55.9 72.6 
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Figure 2 
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Figure 3 
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C. Vitamin D3
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Figure 5 

Space-filling model 

Vitamin D in exosite In calyx 
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Figure 6 
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Figure 7 

B. Interaction distance 
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Figure 8 

B. Interaction distance 
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Figure 9 

B. Stereo view of vitmin D3-exosite complex 
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Figure 10 
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Abstract 

β-Lactoglobulin (LG) is a major milk whey protein containing primarily a calyx for 

vitamin D3 binding, although the existence of another site beyond the calyx is controversial.  

Using fluorescence spectral analyses in the previous study, we showed the binding 

stoichiometry for vitamin D3 to LG to be 2:1 and a stoichiometry of 1:1 when the calyx was 

“disrupted” by manipulating the pH and temperature, suggesting that a secondary vitamin D 

binding site existed.  To help localize this secondary site using X-ray crystallography in the 

present study, we used bioinformatic programs (Insight II, Q-SiteFinder, and GEMDOCK) to 

identify the potential location of this site.  We then optimized the occupancy and enhanced 

the electron density of vitamin D3 in the complex by altering the pH and initial ratios of 

vitamin D3/LG in the cocrystal preparation.  We conclude that GEMDOCK can aid in 

searching for an extra density map around potential vitamin D binding sites.  Both pH (8) 

and initial ratio of vitamin D3/LG (3:1) are crucial to optimize the occupancy and enhance the 

electron density of vitamin D3 in the complex for rational-designed crystallization.  The 

strategy in practice may be useful for future identification of a ligand-binding site in a given 

protein.   

 

Introduction 
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Bovine β-lactoglobulin (LG) is a major protein in milk comprising about 10−15%.1  

Because of its thermally unstable and molten-globule nature, LG has been studied extensively 

for its physical and biochemical properties.2-7  Some essential functions of LG including 

hypocholesterolemic effect,8 retinol transport,9,10 and antioxidant activity11-14 have been 

reported.  According to the crystal structure, LG comprises predominantly a β-sheet 

configuration containing nine antiparallel β-strands from A to I (Figure 1A).15-17  

Topographically, β-strands A-D form one surface of the barrel (calyx), whereas β-strands E-H 

form the other.  The only α-helical structure with three turns is located at the 

COOH-terminus, which follows the β-strand H beyond the calyx.18  A remarkable feature of 

the calyx is its ability to bind hydrophobic molecules such as retinol, fatty acids, and vitamin 

D3 (Figure 1B).19-22   

The location of vitamin D binding sites has been controversial, yet most evidence points 

toward the calyx.  It has been postulated that another site exists,23-25 but it could not be 

verified by the crystal structure using the vitamin D2-LG complex.10  In a previous study, we 

first conducted a ligand binding assay using the fluorescence changes by retinol, palmitic acid, 

and vitamin D3 to address the existence of another site for vitamin D binding.  This data 

demonstrated that the maximal binding stoichiometry of vitamin D3 with LG was 2:1, 

whereas that of retinol or palmitic acid was 1:1 (Table 1),26 suggesting that there was another 

binding site for the vitamin D3 molecule.  Second, we manipulated the binding capability by 
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switching off the gate of calyx at low pH (2-6)15 to further substantiate the “two site 

hypothesis”.  As expected, the binding capability of retinol and palmitic acid diminished 

under this condition, but it retained the vitamin D binding with a vitamin D3 to LG 

stoichiometry of 1:1 (Table 1).26  We also used a strategy to denature the conformation of the 

calyx by heat treatment7 and conducted the binding assay after the calyx was thermally 

“disrupted”.  Under this condition, the binding stoichiometry of vitamin D3 to heated LG 

(100 °C for 16 min) was found to be 1:1 (Table 1).26  These previous binding experiments26 

suggest that there is a secondary site for vitamin D3 binding distinct from the calyx.   

In the present study, we located the secondary vitamin D3 binding site of LG, which has 

been a controversy among many researchers, using bioinformatic analysis to narrow the 

region of potential binding sites for crystallographic verification.  We first utilized 

well-known programs (ActiveSite_Search Insight II and Q-SiteFinder) to predict the 

ligand-binding site in search of a possible location for vitamin D binding with the geometric 

or energetic criteria.  The Insight II27 is based on the size of surface cavities of a given 

protein without a specified ligand; it searches the location and extent of the pocket according 

to the geometric criteria.  The Q-SiteFinder,28 however, defines a binding pocket only by 

energy calculations using a methyl probe for van der Waals interactions with a given protein.  

We next used a more accurate docking program, GEMDOCK, which was developed in our 

laboratories,29 to dock a specific ligand with a given protein based on a nonbiased search for 
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their interactions.  GEMDOCK is specifically designed for a flexible ligand that may best fit 

into possible binding sites.  Under this condition the docked ligand conformations are 

generated.  All three programs require an established 3D structure of a given protein.  We 

show that Insight II and Q-SiteFinder predicted three and six major potential regions, 

respectively, available for any nondefined ligand binding on LG. Docking using GEMDOCK 

predicted six possible sites for vitamin D3 binding.  Following the analyses of Insight II, 

Q-SiteFinder, and GEMDOCK cross-docking, we identified that there were two potential 

secondary sites for vitamin D binding located near the C-terminal α-helical region.  This led 

us to study the crystal structure of LG-vitamin D3 complex to further identify the secondary 

vitamin D binding site, if any.   

Furthermore, we cocrystallized the LG-vitamin D3 complex which was prepared at pH 7 

with a vitamin D3/LG ratio of 2 according to the previous crystallographic study.20  A search 

for an extra electron density for vitamin D3 around potential secondary binding sites was 

based on the predicted data obtained from bioinformatic analysis.  We found a weak extra 

electron density that was located near the C-terminal α-helical region.  With respect to 

cocrystallization, the maximum occupancy of the ligand should provide a better opportunity 

in growing high-quality crystals of the ligand-protein complex.  In general, the affinity, 

solubility, and concentrations of added hydrophobic ligands would influence the ligand 
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occupancy at equilibrium.  For 90% occupancy, the amount of added ligands must be greater 

than the amount of protein so that the free ligands at equilibrium are not depleted.30   

In this work, we reported a rationally designed approach for preparing the complex of 

LG and vitamin D3 at various pH and vitamin D3/LG ratios to optimize the occupancy of 

vitamin D3 and improve the electron density of the secondary binding site.  Finally, we 

identified an exosite for vitamin D binding to be located near the α-helix and β-strand I of LG 

using a crystal prepared at pH 8 with a vitamin D3/LG ratio of 3:1.  The biological 

significance of the revealed exosite for vitamin D binding in milk LG was also discussed.   

 

Materials and methods 

Materials  

LG was purified from fresh raw milk using 40% saturated ammonium-sulfate, followed 

by a G-150 column chromatography of the supernatant as described previously.4  Vitamin D3 

(cholecalciferol) was purchased from Sigma (St. Louis, MO).   

Predicting possible binding site by ActiveSite_Search Insight II and Q-SiteFinder  

To identify the possible binding sites, the ActiveSite_Search Insight II27 and 

Q-SiteFinder28 software were used, and the prediction was performed according to the 

standard protocol.  For ActiveSite_Search Insight II, we used the size within 50 Å as a cutoff 

site for the smallest cavity (in grid points).  For Q-SiteFinder, the parameters for identified 
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protein residues involved in the van der Waals interactions with the methyl probe, 5.0 Å was 

used.  The coordinates of possible sites predicted by Insight II and Q-SiteFinder were saved 

in PDB format and depicted using the Swiss-Pdb Viewer program.31   

Docking analysis between ligands and LG by GEMDOCK  

We extrapolated the 3D structure of retinol (PDB ID 1GX8, LG-retinol complex), 

palmitic acid (1GXA, LG-palmitic acid complex), and vitamin D3 (modified from 

25(OH)-vitamin D3; 1MZ9, cartilage oligomeric matrix protein-vitamin D3) from the Protein 

Data Bank (PDB).  Energy minimization of these three compounds was performed using a 

SYBYL program package.  An established 3D structure of LG (1GX8) was used as the 

target for cross-docking.  Since GEMDOCK is able to search the whole protein for exploring 

the binding site of a given ligand, we presumed those atoms near the charged surface and 

hydrophobic areas of LG were the potential binding sites for vitamin D3.  The predicted 

area(s) was then compared with the established binding pocket (calyx) for palmitic acid and 

retinol.  Following the removal of all structured water molecules in LG molecule, 

GEMDOCK search was then conducted according to the procedures previously described.29  

Using an empirical energy function which consists of the electrostatic, steric, and hydrogen 

bonding potentials for docking, GEMDOCK29 seemed to be more accurate than some 

conventional approaches, such as GOLD and FlexX, based on a diverse data set of 100 

protein-ligand complexes proposed by Jones et al.32  The accuracy of GEMDOCK was 
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demonstrated when screening the ligand database for antagonist and agonist ligands of the 

estrogen receptor (ER).33   

In this work, we used an empirical scoring function to estimate interaction energies 

between LG and ligands.  The parameters used in the flexible docking included the initial 

step size (σ = 0.8 and ψ = 0.2), family competition length (L = 2), population size (N = 1000), 

and recombination probability (pc = 0.3).  For each docked ligand, optimization was stopped 

when either the convergence was below a certain threshold value or the iterations exceeded 

the maximal preset value of 80.  Therefore, GEMDOCK produced 3600 solutions in one 

generation and terminated when it exhausted to 324 000 solutions for each docked ligand.   

Crystallization  

Purified LG was concentrated to 20 mg/mL in 20 mM acetate (pH 4), cacodylate (pH 6), 

HEPES (pH 7), or Tris buffer (pH 8).  Vitamin D3 stock solution prepared as 50 mM in 

100% ethanol was added to LG solution to give a molar ratio of 3:1, 2:1, or 1:1 with a final 

ethanol concentration less than 7% and incubation for three hours at 37 °C.  Crystallization 

of the LG-vitamin D3 complex was achieved using the hanging-drop vapor-diffusion method 

at 18 °C with 2 μL hanging drops containing equal amounts of LG-vitamin D3 complex and a 

reservoir solution (0.1 M HEPES containing 1.4 M trisodium citrate dehydrate, pH 7.5).   

Crystallographic data collection and processing  
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The crystals were mounted on a Cryoloop (0.1-0.2 mm), dipped briefly in 20% glycerol as a 

cryoprotectant solution, and frozen in liquid nitrogen.  X-ray diffraction data at 2.1-2.2 Å 

resolution were collected at 110 K using synchrotron radiation on the Taiwan contracted 

beamlines BL12B2 at SPring-8 (Harima, Japan) and BL13B at NSRRC (Hsinchu, Taiwan).  

The data were indexed and processed using a HKL2000 program.34   

 

Results and discussion 

Although a secondary vitamin D binding site of LG has been proposed from some 

physicochemical experiments,23-25, 35, 36 its existence and location have remained elusive and 

controversial.  Several studies have clearly demonstrated that the binding stoichiometry 

between retinol or palmitic acid and LG is 1 where the central calyx of LG is responsible for 

retinol and palmitic acid binding,21-23 but whether the binding of vitamin D to LG is 1 or 2 

remains uncertain.  Wang et al. proposed that LG possesses two potential binding sites for 

vitamin D: one is in the calyx formed by a β-barrel and the other is near an external 

hydrophobic pocket between the α-helix and the β-barrel.24, 25  In the previous study, we first 

showed that the relative binding of vitamin D to LG was 56% of the maximal binding at a 

vitamin D3/LG ratio of 1:1 and the binding stoichiometry of vitamin D3 to LG was 2:1 relative 

to that 1:1 of retinol or palmitic acid verified using extrinsic fluorescence emission, 

fluorescence enhancement and quenching methods (Table 1).26  Our previous data tended to 
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support the view that LG comprises two vitamin D binding sites.  Second, we monitored the 

vitamin D3 binding of LG by utilizing a unique structural change property of LG at various 

pH to further substantiate the “two site hypothesis”.  The EF loop of LG is known to act as a 

gate over the calyx;15 at pH values lower than 6 the loop is in a “closed” position.  Of 

remarkable interest, LG still retained about 30% of the maximal binding for vitamin D3 at pH 

below the transition (2-6) (Table 1).26  It suggested that there might be another vitamin D 

binding site that is independent of pH.  Our previous study has shown that thermally 

denatured LG (heated 100 °C for 5 min) is unable to bind to retinol and palmitic acid owing to 

the deterioration of the calyx.7  We tested the hypothesis whether the “secondary binding 

site” for vitamin D (if any) still existed after heating.  Since LG is a molten globule with a 

heating transition between 70 and 80 °C,5, 7 we monitored the vitamin D3 binding with LG 

preheated at different temperatures including one that could denature the calyx structure.  

Interestingly, it showed a dramatic and sharp decrease in retinol, palmitic acid, and vitamin D3 

binding near the LG transition temperature.  At the temperature above 80 °C, it almost 

completely abolished the retinol and palmitic acid binding, while still retaining 40% of the 

vitamin D3 binding even at 100 °C heating for 16 min (Table 1).26  To confirm it further, we 

monitored the binding of heated LG (100 °C for 16 min) with various amounts of vitamin D3, 

and a stoichiometry of 1:1 was observed between heat-denatured LG and vitamin D3 using the 

same fluorescence quenching analysis.26  Taking the previous pH and thermal experiments 
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together (Table 1), we concluded that a thermally stable site (defined as an exosite) beyond 

the calyx exists for vitamin D3 binding.  In the present study, we located the secondary 

vitamin D3 binding site of LG using bioinformatic analysis to narrow the region of potential 

binding sites, the search of extra electron density around the potential binding sites of the 

cocrystal prepared on previous crystallographic study,20 and a rationally designed 

crystallographic approach for obtaining cocrystals with sufficient quality and ligand 

occupancy.   

Structural analysis of the binding pockets of LG using Insight II and Q-SiteFinder 

We attempted to identify the regions of LG that might be available for the interaction 

with any nondefined molecules using well-known programs (Insight II27 and Q-SiteFinder28), 

which are based on the size of the binding pocket and the binding energy between the methyl 

group and the pocket of a given protein, respectively, for prediction of a ligand binding site.  

The former and latter predicted that there were 3 and 10 possible “binding sites” for any 

ligand, respectively.  Table 2 and Figure 2A show the ranking and the location of six major 

predicted sites.  Essentially both programs predicted that site 1 is exactly located at the calyx 

with the ranking superior to any others.  This site is also known for all the vitamin D, retinol, 

and palmitic acid binding.  Location of other predicted sites 2 (among C-terminal loop, 

β-strands C and D), 3 (among the pocket C-terminal α-helix, β-strands F, G, H, and A), 4 (at 
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the side α-helix and β-strands I), 5 (near loop H), and 6 (between CD and DE loops) is 

depicted in Figure 2A.   

Docking analysis of the interaction between LG and retinol or palmitic acid using 

GEMDOCK 

Because both Insight II and Q-SiteFinder are not able to perform the specific interaction 

between an assigned ligand and a given binding site, we next used a more accurate docking 

program, GEMDOCK,29 for molecular docking to search for a possible number of vitamin D 

binding sites and to further assess the interaction of a specific ligand with each site.  

GEMDOCK appeared to be more accurate than comparative approaches, such as GOLD and 

FlexX, on a diverse data set of 100 protein-ligand complexes32 for docking and two 

cross-docking experimental sets.29  The screening accuracies of GEMDOCK were also better 

than GOLD, FlexX, and DOCK on screening the ligand database for antagonist and agonist 

ligands of estrogen receptor (ER).33  GEMDOCK is a better docking tool for assessing the 

interaction of a specific ligand with each site of LG.  We generated 30 docked conformations 

of each retinol or palmitic acid with whole LG.  Based on the docking protocol,29 we 

considered that a correct binding-mode was reproducible when the root-mean-square 

deviation (rmsd) between the best energy-scored conformation and crystal coordinates was 

less than 2 Å.32  In order to meet this criterion, we then evaluated the feasibility of 

GEMDOCK by cross-docking retinol and palmitic acid into the calyx or site 1 of LG (PDB 

79



code: 1GX8), known to be an established site for the binding of retinol or palmitic acid.  Our 

data reveal that these two ligands could be docked exactly into the calyx with a rmsd less than 

2.0 Å.  The average fitness of docked energy of retinol and palmitic acid was -86.3 and -75.7 

kcal/mol (Table 3), respectively.  Following the analyses of all the docking data, we found 

that none of the other sites 2-6 were fitted by either retinol or palmitic acid (<10% 

probability), except for palmitic acid interacting with site 2 (46% of total 30-docked 

conformations) (Table 3).  For example, none of the docked conformations of retinol and 

palmitic acid could fit into sites 3, 4, 5, and 6.  This result is almost consistent with the 

current knowledge that the calyx (site 1) is the major pocket for interacting with these two 

ligands.  It is thus feasible to use a similar strategy for studying the interaction between 

vitamin D3 and LG.   

Docking analysis of the interaction between LG and vitamin D3 using GEMDOCK 

Each docked conformation of vitamin D3 (n = 30) obtained from GEMDOCK was then 

evaluated for a possible vitamin D binding ability.  Table 2 shows that vitamin D3 could fit 

into the calyx with about 50% of the probability.  Interestingly, the docked energy of vitamin 

D3 into the calyx site 1 was similar to that of retinol.  The result suggests that GEMDOCK is 

suitable in conducting interactions between vitamin D3 and LG.  It also pointed out site 2 

(Figure 2B) as a possible second binding site for palmitic acid (46%) and vitamin D3 (20%).  

However, since the binding stoichiometry between palmitic acid and LG is 1 (Table 1) and 
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the calyx is the only available binding site for palmitic acid;21 we ruled out site 2 as a 

particular site for palmitic acid binding.  This site is located among the C-terminal loop, 

β-strand C, and β-strand D.  Since β-strand D is thermally unstable,7 it is not consistent to 

the proposed secondary vitamin D binding site that is supposed to be thermally stable in 

nature (Table 1).  Site 2 is thus unlikely for vitamin D interaction.   

In order to search for a potential secondary vitamin D3 binding site location, we blocked 

sites 1 and 2 with the reason mentioned above and then performed GEMDOCK, while using 

retinol and palmitic acid as a “negative control”.  Table 3 shows that, under this condition, 

sites 3 and 4 possessed high probability for vitamin D3 interaction (40 and 20%) relative to 

retinol and palmitic acid.  The other domains (sites 5 and 6) were considered nonsignificant 

due to the low probability (<3%).  Notably, the docked orientation of the vitamin D3 in sites 

3 and 4 was distinctly different from that of other ligands (Figure 2C).  Figure 2D tempted to 

suggest that the docked orientation of vitamin D3 in site 3 is more stable (with a low rmsd) 

than that in site 4 due to its large pocket size that could stabilize ligand docking.  On the 

other hand, the hydrophobicity of site 4 is high relative to site 3 based on the electrostatic 

potential surface model between LG and docked vitamin D3 conformation (Figure 2E).  The 

prediction of site 4 being involved in vitamin D3 interaction is consistent with ranking 

predicted by Q-SiteFinder which is based on van der Waals interaction (Table 2).  Taken 

together, sites 3 and 4 are the potential candidates for the secondary vitamin D binding site 
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and thus led us to localize it via a high-quality LG-vitamin D3 crystal.  We searched for an 

extra density around C-terminal α-helix (sites 3 and 4) of LG-vitamin D3 complex which was 

prepared at pH 7 with a vitamin D3/LG ratio of 2 according to the previous crystallographic 

study.20  We found a weak extra electron density located near the C-terminal α-helical 

region.  Later, we used a rationally designed crystallography experiment for improving 

electron density of vitamin D3 of the secondary binding site.  In the bioinformatic prediction 

of the secondary vitamin D3 binding site, we excluded false-positive site 2 on the previous 

biochemical findings.  It was confirmed that there is no extra density around site 2 in the 

crystal structure of LG-vitamin D complex that was prepared using the previous condition.  

For this reason, bioinformatic prediction excluded site 2 as a potential candidate for the 

secondary vitamin D binding site based on the previous biochemical findings that is proper 

for this study.   

Crystallization and diffraction of LG-vitamin D3 complex prepared at various pH and 

vitamin D3/LG ratios 

In any event, starting the cocrystallization experiment with maximum ligand occupancy 

should provide a better opportunity in growing high-quality ligand-protein crystals.  The 

affinity and concentrations of added ligands, as well as ligand solubility, would influence the 

occupancy of ligands at equilibrium.  For 90% occupancy, the amount of added ligands must 

be greater than the amount of protein so that free ligands at equilibrium is not depleted to less 
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than about 10 × Kd.30  In practice, ratios of ligands to a given protein up to 10:1 or more are 

commonly used, but large excesses should be avoided owing to the possibility of ligand 

binding to nonspecific sites.  In the case of a weak binding affinity, the concentrations of 

ligands (or ligand solubility) may have to be 10 mM or higher in order to observe 

crystallographic occupancy.37, 38  We suspect that the lower occupancy of vitamin D2 might 

explain an early study in which no electron density was found beyond the calyx using the 

crystal structure of LG-vitamin D2 complex.10  To optimize the binding and occupancy of 

vitamin D3 to LG, we prepared this complex at various pH values ranging from 4 to 8 with a 

vitamin D3/LG ratio ranging from 1 to 3.  Cocrystallization was conducted using the 

hanging-drop vapor-diffusion method in the same reservoir solution.  Although the 

complexes were prepared at various pH, all were crystallized in the same bottom reservoir at 

pH 7.5.  It is difficult to assess the true effect of pH on maximizing ligand occupancy, but 

one can prepare a LG-vitamin D3 complex with the maximal ligand binding for 

cocrystallization, and avoid precipitation of water-insoluble vitamin D3 during preparation of 

the LG-vitamin D3 complex.  The LG-vitamin D3 complex crystals of rhombohedral shape 

appeared in 6-11 days and continued to grow slowly to a dimension of 0.2-0.4 mm in 18 days 

(Figure 3).  In general, crystal could form except for the condition when prepared at pH 6 

with a vitamin D3/LG ratio of 1.  Crystals grew in larger quantity when the complex was 

prepared at pH 8 with a vitamin D3/LG ratio of 3 (data not shown).  Although some 
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precipitation was observed while the ratio of vitamin D3/LG increased, this was probably due 

to an excess of water-insoluble vitamin D3.  Analysis of the diffraction pattern indicated that 

the crystals exhibited trigonal symmetry and systematic absences suggested that the space 

group was P3221, with unit-cell parameters a = b = 53.78 Å and c = 111.57 Å.   

Initial electron density for secondary vitamin D3 binding site  

The structures of the LG-vitamin D3 complexes prepared in various conditions were 

determined by molecular replacement39 as implemented in CNS v1.140 using the crystal 

structure of bovine LG (PDB code 2BLG)15 as a search model.  The LG molecule was 

located in the asymmetric unit after the rotation and translation function searches.  The initial 

electron density maps of complexes prepared at various conditions were generated from the 

molecular-replacement phase.  One elongated extra electron density in the calyx was clearly 

visible.  We then searched the extra electron density around the α-helix, which was predicted 

by bioinformatic programs, to explore the existence and location of the exosite.  We found 

one extra electron density located near the α-helix and β-strand I as “site 4” which was 

predicted by bioinformatic programs (Figure 4).  Interestingly, the electron densities around 

the exosite of LG-vitamin D3 crystals prepared at pH 8 were the best defined (Figure 4).  

Figure 4 reveals the greater the vitamin D3/LG ratio prepared for crystallization at pH 8 the 

more visible electron densities were around the exosite.  The result indicates that the 

occupancy of vitamin D3 in complexes is an essential requirement for exploring the location 
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of a secondary vitamin D binding site.  Stereoviews of the |Fobs - Fcalc| and |2Fobs - Fcalc| 

electron density maps of LG-vitamin D3 complex prepared at pH 8 with a vitamin D3/LG ratio 

3:1 were generated by the initial model with omitted vitamin D3 (Figure 5).  The electron 

densities around vitamin D3 in the exosite were all more visible in the |Fobs - Fcalc| and |2Fobs - 

Fcalc| electron density maps (Figure 5).  This result supported the notion that the secondary 

vitamin D binding site exists and is located between α-helix and β-strand I.  The final 

refined structure determined using the LG-vitamin D3 complex prepared at pH 8 with a 

vitamin D3/LG ratio of 3:1 was given in detail and discussed elsewhere.26  The surface 

model of the LG-vitamin D3 complex reveals that vitamin D3 almost perpendicularly inserts 

into the calyx cavity, while the other vitamin D3 is located near the carboxyl terminus of LG 

(residues 136-149 including part of the α-helix and β-strand I) (Figure 6).  It shows the 

exosite containing most hydrophobic residues fitted parallel with one vitamin D3 molecule 

(Figure 6).   

In the present study, with bioinformatic analysis we were able to suggest two sites (sites 

3 and 4) around the C-terminal α-helix as potential binding sites on LG.  Subsequently, we 

searched for an extra density around the C-terminal α-helix (sites 3 and 4) in the electron 

density map of the cocrystal prepared in a previous crystallographic study.20  A weak 

electron density around site 4 (located between α-helix and β-strand I) of LG-vitamin D3 

complex was found.  The rationally designed crystallographic approach resulted in obtaining 
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cocrystals with sufficient quality and ligand occupancy so as to allow experimental validation 

of the second vitamin D3 binding site on LG.  We believe that our strategy is useful for 

others in the search for a ligand-binding site on a given protein.   

Biological significance  

Recent studies indicate that increased plasma vitamin D3 concentrations are associated 

with decreased incidence of cancer41 and osteoporotic fractures.42  Vitamin D is found in 

only a few foods, such as fish oil, liver, milk, and eggs.  As the level of vitamin D in bovine 

milk has been reported to be low, dairy products are fortified with vitamin D3 to a level of 

about 0.35 μM in many sophisticated food industries.43  Therefore, the vitamin D-fortified 

milk is a major source for vitamin D in the diet.  Because intact LG is acid resistant with a 

superpermeability to cross the epithelium cells of the gastrointestinal tract via a receptor 

mediated process,44 this unique property of LG is worthy of consideration for transport of 

vitamin D in milk.  There are two advantages for the presence of an exosite for vitamin D3 

binding.  First, the central calyx of LG is primarily occupied by the fatty acids in milk.45  

Second, many dairy products are currently processed under excessive heat treatment for the 

purpose of sterilization.  The presence of a thermally stable exosite may provide another 

route for transporting vitamin D.   

 

Conclusion 
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We concluded that there is a heat-resistant exosite beyond the calyx responsible for 

vitamin D3 binding in a previous binding study.  GEMDOCK is a helpful tool to localize and 

search for an extra density map around a possible secondary vitamin D binding site.  Both 

pH and the initial ratio of vitamin D3/LG are crucial to optimize the occupancy and enhance 

the electron density of vitamin D3 in the complex for rational-designed crystallization.  This 

strategy may be useful for future identification of a ligand-binding site in a given protein. 
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Figure legends 

Figure 1. Primary structure of LG and chemical structure of its binding ligands.  (A) LG 

comprises 162 amino acids with nine antiparallel β-sheet strands (A-I) and one α-helix (in 

gray).  There are two disulfide bonds located between β-strand D and carboxyl-terminus 

(Cys-66 and Cys-160) and between β-strands G and H (Cys-106 and Cys-119), while a free 

buried thiol group is at Cys-121.  (B) Chemical structure of ligands which bind to LG, such 

as vitamin D3, retinol, and palmitic acid.   

Figure 2. Prediction of potential binding pockets of LG using Insight II, Q-SiteFinder, and 

GEMDOCK.  (A) Binding pockets of LG predicted by Insight II (color in blue) and 

Q-SiteFinder (in black).  There are three and six major binding sites predicted by Insight II 

or Q-SiteFinder, respectively, for any nondefined ligand.  (B) There are total six potential 

binding sites for retinol, palmitic acid, and vitamin D3 (red, black, and blue) in LG following 
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the GEMDOCK docking. LG structure in 3D used was based on LG-retinol complex (PDB 

code: 1GX8).  Retinol and palmitic acid are able to dock exactly into the calyx (site 1), but 

not to the other sites except for palmitic acid interacting with site 2.  The probability of 

vitamin D3 fitting into the calyx is about 50% (see Table 1).  It indicates that the calyx is a 

superior binding site for vitamin D.  (C) Cross-docking of retinol, palmitic acid, and vitamin 

D3 into the cavity of LG with sites 1 and 2 blocked.  The docked orientation of the vitamin 

D3 in sites 3 and 4 are distinctly different from retinol and palmitic acid.  (D) Comparison of 

the docked orientation of vitamin D3 between sites 3 and 4.  The docked conformation of 

vitamin D3 binding in site 3 seems to be more stable than in site 4.  (E) The electrostatic 

surface model of LG depicting the positively charged (in blue), negatively charged (in red), 

and hydrophobic (white) side chains, in which the hydrophobic surface of site 4 seems to be 

large relative to that of site 3.   

Figure 3. Typical example of LG-vitamin D3 crystals prepared with various vitamin D3/LG 

ratios at pH 8.  Crystals of LG-vitamin D3 complexes were grown using a hanging-drop 

vapor-diffusion method.  Complex crystals of rhombohedral shape prepared at vitamin 

D3/LG ratios of 1, 2, or 3 appeared at day 11, 10, or 6 with 2.1, 2.2, or 2.1 Å resolution 

diffraction were observed, respectively.  The crystals grew slowly to a dimension of 0.2-0.4 

mm in 18 days.  Each bar represents 0.2 mm.   

Figure 4. Initial electron densities map around the exosite of LG-vitamin D3 complex 
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prepared at indicated conditions.  The |2Fobs - Fcalc| electron density maps generated by the 

initial LG model with omitted vitamin D3 show that the electron density (in cyan) of vitamin 

D3 molecule (in red) in the exosite is more visible when the complex was prepared at pH 8 

with a vitamin D3/LG ratio of 3:1.  The images were generated using the program O.46   

Figure 5. The electron density maps around the exosite of LG-vitamin D3 complex prepared 

at pH 8 with an initial vitamin D3/LG ratio of 3:1 in stereoview.  The |Fobs - Fcalc| (in blue) 

and |2Fobs - Fcalc| (in cyan) electron density maps generated by the initial LG model with 

vitamin D3 omitted show that the electron density of the vitamin D3 molecule (in red) in the 

exosite is clearly visible.   

Figure 6. Binding characteristics of vitamin D3 in the exosite of LG.  The surface model of 

vitamin D3 interacting LG with the hydrophobic (green) or hydrophilic region (red) of LG is 

displayed.  The data reveal that the exosite of LG provides the hydrophobic force to bind 

vitamin D3 stably.  Notably, the 3-OH group (red) of vitamin D3 sticks out from the pocket.  
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Table 1. Relative ligand binding ability of LG at the various pH and preheated temperatures extracted from our published paper26 

Relative binding (%) 

Titration experiment Effect of pH Effect of heating (preheated for 16 min) 

[ligand] / 

[native LG] 
Vitamin D3 Retinol 

Palmitic 

acid 
pH Vitamin D3 Retinol 

Palmitic 

acid 

Temperature 

(°C) 
Vitamin D3 Retinol 

Palmitic 

acid 

0.125 7.1 13.2 15.1 2.0 29.1 2.2 2.0 50 93.4 92.1 92.6 

0.25 14.1 26.0 30.0 3.0 29.0 0 0 60 91.1 90.2 90.4 

0.375 21.2 38.8 44.9 4.0 29.3 0 0 70 83.0 67.0 72.3 

0.5 28.1 50.6 59.0 5.0 29.3 0 0 80 49.2 10.2 14.4 

0.625 35.3 62.0 71.5 6.0 46.7 8.5 38.0 90 41.9 7.5 6.8 

0.75 42.3 72.7 80.4 7.0 58.1 27.0 49.4 100 40.7 6.7 5.8 

0.875 49.3 81.3 86.9 8.0 100 87.7 100 

1.0 56.2 88.0 91.9 9.0 78.2 100 82.6 

1.25 70.6 91.8 96.0 10.0 77.7 97.6 54.3 

 

1.5 82.9 95.0 98.5 

1.75 92.0 96.7 99.2 

2.0 96.0 98.0 99.7 
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Table 2. Possible sites predicted by Insight II, Q-SiteFinder, and GEMDOCK 

GEMDOCK  

Programs 

 

Ranking 

Fitness (ratio) 

Insight II Q-SiteFinder Vitamin D3 docking 

for whole protein 

Vitamin D3 docking for 

other parts of protein 

besides sites 1 and 2 

Site 1  

(calyx) 
1 1 -87.2 (50 %) 

Site 2 2 2 -88.4 (20 %) 

 

Site 3 3 8 -85.4 (6 %) -83.9 (40 %) 

Site 4  3 -82.4 (6 %) -81.2 (20 %) 

Site 5  5 -75.4 (3 %) -80.1 (3 %) 

Site 6  4 -83.4 (3 %) -87.0 (3 %) 
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Table 3. Percentage probability of different ligands docking into possible sites of LG 

 

Docking ligands into 1GX8 
Conditions 

Docking search on whole protein Docking search on other parts of protein 

Fitness 

(ratio) 
Retinol Palmitic acid Vitamin D3 Retinol Palmitic acid Vitamin D3 

Site 1  

(calyx) 

-86.3 

(93 %) 

-75.7 

(43 %) 

-87.2 

(50 %) 

Site 2 
-86.4 

(6 %) 

-77.6 

(46 %) 

-88.4 

(20 %) 

 

Site 3   
-85.4 

(6 %) 

-76.2 

(3 %) 

-69.7 

(10 %) 

-83.9 

(40 %) 

Site 4   
-82.4 

(6 %) 

-73.3 

(10 %) 

-69.4 

(16 %) 

-81.2 

(20 %) 

Site 5  
-76.1 

(6 %) 

-75.4 

(3 %) 

-72.9 

(6 %) 

-67.7 

(10 %) 

-80.1 

(3 %) 

Site 6   
-83.4 

(3 %) 

-77.2 

(43 %) 

-72.5 

(13 %) 

-87.0 

(3 %) 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Section 3: Evidence for LG involvement in vitamin 

D transport in vivo (FEBS Journal) 
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Abstract 

β-lactoglobulin (LG) is a major bovine milk protein, containing a central calyx and a 

second exosite beyond the calyx to bind vitamin D; however, the biological function of LG in 

transporting vitamin D remains elusive.  Crystallographic findings from our previous study 

showed the exosite to be located at the pocket between the α-helix and β-strand I.  In the 

present study, using site-directed mutagenesis, we demonstrate that residues Leu143, Pro144 

and Met145 in the γ-turn loop play a crucial role in the binding.  Further evidence is 

provided by the ability of vitamin D3 to block the binding of a specific mAb in the γ-turn loop.  

Using the mouse (n=95) as an animal model, we initially demonstrated that LG is a major 

fraction of milk proteins responsible for uptake of vitamin D.  Most interestingly, dosing 

mice with LG supplemented with vitamin D3 revealed that native LG containing two binding 

sites gave a saturated concentration of plasma 25-hydroxyvitamin D at a dose ratio of 2:1 

(vitamin D3/LG), whereas heated LG containing one exosite (lacking a central calyx) gave a 

ratio of 1:1.  We have demonstrated for the first time that LG has a functional advantage in 

the transport of vitamin D, indicating that supplementing milk with vitamin D effectively 

enhances its uptake. 

 

(Keywords: β-Lactoglobulin, Monoclonal antibody, Site-directed mutagenesis, Vitamin D 

binding, Vitamin D transport and uptake) 

Abbreviations 

LG, β-lactoglobulin; rLG, recombinant β-lactoglobulin; SD, standard deviation.
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Introduction 

Bovine β-lactoglobulin (LG) is a major whey protein that constitutes 10-15% of the total 

proteins in bovine milk.1  Since the 1960s, the thermally unstable and molten globule nature 

of LG has stimulated extensive research into its physical and biochemical properties.2-10  The 

crystal structure of LG, which is well established,11,12 has been used mostly as a benchmark to 

predict the secondary structure of a given protein with a known amino acid sequence.13  As 

shown in Figure 1A, the protein has predominantly a β-sheet conformation containing nine 

antiparallel β-strands from A to I.  Topographically, β-strands A-D form one surface of the 

barrel (calyx), and β-strands E-H form the other.14-16  The calyx has a remarkable ability to 

bind hydrophobic molecules such as retinol, fatty acids and vitamin D.17-20  According to a 

crystallographic structure of the LG-vitamin D3 complex (Figure 1B),9,10 the α-helical region 

with three turns linking with β-strand I on the surface is involved in binding vitamin D at the 

secondary exosite.  The conformational changes of LG upon heating are rapid and extensive 

above the transition temperature (~70 °C), at which β-strand D of the calyx participates in the 

unfolding during thermal denaturation.6  As a result, thermal treatment diminishes the calyx 

binding site for palmitate or retinol, but does not affect the exosite for vitamin D binding.6,9,10  

In our previous study, we proposed that this exosite contains a unique inverse γ-turn loop 

(residues 143-145 or Leu-Pro-Met), located between the α-helix and β-strand I, that is 

essential in forming a pocket to bind vitamin D.9 
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In the present study, we expressed recombinant LG (rLG) in Escherichia coli, and used 

site-directed mutagenesis to produce a set of mutants to test the hypothesis that this γ-turn 

plays an essential role in the interaction between LG and vitamin D.  We further tested this 

hypothesis using a mAb specific for this γ-turn region (selected from a battery containing 900 

mAbs) as a probe, and then determined whether vitamin D might interfere with the binding 

between LG and the mAb.  In addition, although the binding of vitamin D to milk LG is well 

known,9,10,14,21,22 whether it enhances the transport of vitamin D of milk is still unproven.  

We have demonstrated for the first time that LG is a fraction responsible for the uptake 

of vitamin D3 from milk, using the mouse (n=95) as an animal model.  Most interestingly, 

we showed that native LG containing both the calyx and exosite had an efficacy in vitamin D3 

uptake almost twice that of heated LG containing a single exosite.  Our study therefore 

provides new insights concerning the value of supplementing dairy products with vitamin D. 

 

Results 

Overall crystal structure of the LG-vitamin D3 complex 

Our space-filling drawing of the LG-vitamin D3 complex at 2.4 Å resolution reveals two 

domains in which vitamin D3 is bound (Figure 1B).  One vitamin D3 molecule inserts almost 

perpendicularly into the calyx cavity with the 3-OH near the outside similar to that of retinol 

binding; the other binds to the exosite near the C-terminus of LG (residues 136-149), 
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including a γ-turn loop (residues 143-145) by combining part of the α-helix and β-strand I 

(Figure 1C,D).  Uniquely, the α-helix in the exosite is totally amphipathic, as pointed out 

previously,23 with one face totally comprising charged amino acid residues, and another face 

totally comprising hydrophobic residues (Figure 2A).  The A ring and the aliphatic tail of 

vitamin D3 (following the C/D-rings) interact with β-strand I and the α-helix of LG, 

respectively (Figure 1D).  The crystal structure of the LG-vitamin D3 complex shows clearly 

that the conformation of vitamin D3 differs significantly between the two binding sites (Figure 

1B).  This fact explains why fatty acid and retinol are unable to bind at the secondary exosite.  

In the first phase of the present study, we tested the hypothesis that a γ-turn loop is essential to 

allow a stable interaction between vitamin D and the exosite (Figure 1D),9 using LG mutants 

produced from E. coli. 

Expression, purification and Western blot of rLG and its mutant 

Figure 3A shows that each rLG or mutant was abundantly expressed, with the average 

expressed levels being approximately 30% of total of total lysate proteins.  As each mutant 

consists a 6× His-tag, the molecular mass (~19.7 kDa) was slightly greater than that (18.4 kDa) 

of native LG.  Each purified recombinant protein shows ~ 95% homogeneity in reducing 

SDS-PAGE, and this was verified with a Western blot using a LG-specific mAb (4D11) 

(Figure 3B).6 

Vitamin D3 binding to LG and rLG 
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To determinate whether rLG was capable of interacting with vitamin D in a manner 

similar to that of native LG, we monitored the quenching of Trp fluorescence for the binding 

according to an established method.6,9,10,21,22  Figure 4A and Table 1 show that maximal 

vitamin D3 binding to native LG was achieved at a ratio of 2:1, but that the binding to rLG 

remained at a ratio of 1:1.  The expressed rLG hence incompletely mimics the native LG 

structure with a loss of one vitamin D binding site or partial loss for both sites.  Because 

palmitate and retinol bind to only the central calyx, not to the exosite,18 we used each of these 

two ligands as a ‘marker’ to monitor whether they still interact with rLG.  The results 

revealed that neither palmitate nor retinol interact with rLG, as judged by the absence of Trp 

fluorescence changes (Table 1) indicating that the correct conformation of the central calyx 

was not present in rLG. 

Figure 4A shows, however, that the exosite seems to be unaltered in rLG, as the binding 

ratio for vitamin D3 remained at 1:1.  Because heat treatment results in a loss of the central 

calyx but retention of the exosite,6,9,10 we used heated LG (100 °C for 16 min) as a probe to 

compare its vitamin D3 binding to rLG.   The binding of heated LG attained a ratio of 1:1, 

similar to previous findings.9,10  Interestingly, the ratios of vitamin D3 binding to either 

heated LG or rLG were almost indistinguishable, and heat had no effect on rLG (Figure 4A, 

left panel).  The affinities of heated LG, heated rLG and rLG for vitamin D3 were also 

similar (Figure 4A; right panel).  The number of vitamin D3 binding sites predicted with a 
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Cogan plot and the apparent dissociation constant calculated from the slope (Figure 4A, right 

panel) are listed in Table 1.  The binding affinity of native LG (containing two binding sites) 

was about 5 nM ( app
dK = 4.7 ± 0.37 nM), which appears to be seven times that of rLG 

(containing exosite only) ( app
dK =33.1 ± 3.62 nM). 

Because the β-structure of LG is required to maintain the calyx,6,9 we expected its 

structure to be altered in rLG.  From analysis of the CD spectra, we verified the change of 

the typical β-structure in rLG according to a leftward shift of a symmetric dip at 215 nm 

characteristic of native LG (Figure 5A).  Heat produced essentially no additional structural 

change in rLG.  There was a minor difference in the CD spectra between heated LG and rLG, 

which might be due to the presence of His-tag in the rLG or to different disulfide linkages, 

described below.  Notably, addition of vitamin D3 to all LG species did not alter the overall 

CD spectra (data not shown).  To confirm the loss of β-structure in expressed rLG, we used a 

β-structure-dependent specific LG monoclonal antibody (4H11E8)8 to show that it recognized 

only native LG, not rLG, on a native gel Western blot (Figure 5B). 

Further characterization of rLG using MALDI-TOF and carboxymethylation 

Recombinant LG apparently cannot fold to its native state in the E. coli expression 

system, which is a general issue when utilizing a given recombinant protein for the 

investigation of a structure-function relationship.  In our case, the loss of the binding nature 

of the central calyx in rLG is probably due to the overall change in the β-structure (Figure 5).  
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Although the exact mechanism involved in such a change remains elusive, we attempted to 

further investigate whether the disulfide linkages (n=2 from a total of five Cys residues with 

one free –SH group at position 121 in native LG) are related.  The use of limited 

trypsin-digested fragments of native, heated and recombinant LG in MALDI-TOF analysis 

revealed (Figure 6 A-D) that rLG contained two complicated intramolecularly crosslinked 

fragments, including Trp61-Lys69:Tyr102-Arg124 and Tyr102-Arg124:Leu149-Ile162 for 

Cys66-Cys106, Cys66-Cys119, or Cys66-Cys121 and Cys106-Cys160, Cys119-Cys160, or 

Cys121-Cys160, respectively, that differed from that of native LG, containing 

Trp61-Lys69:Leu149-Ile162 for Cys66-Cys160.  There was an additional crosslinked 

fragment in heated LG shown by Trp61-Lys69:Tyr102-Arg124 for Cys66-Cys106, 

Cys66-Cys119, or Cys66-Cys121. 

To elucidate the complicated crosslinked species of rLG (for example, dimerization was 

seen in both heated and recombinant LG), we irreversibly reduced all linkages by 

carboxymethylation using iodoacetic acid.  Under these conditions, we found that native LG, 

heated LG and rLG were able to form monomers with almost the same homogeneity (Figure 

6E).  Interestingly, both carboxymethylated rLG and carboxymethylated heated LG had 

similar binding ratios (1:1) and affinities for vitamin D3 to those without carboxymethylation, 

whereas carboxymethylated LG also exhibited a 1:1 ratio.  Further heating of modified 

proteins did not affect the binding ratios (Table 1).  These results indicate that disulfide 
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linkages are essential to maintain the necessary conformation of the central calyx, but are 

probably not particularly critical for exosite binding.  The expressed rLG therefore provided 

us with a tool in the subsequent mutant tests involving monitoring of a single exosite 

interaction. 

Vitamin D3 binding to rLG mutants of γ-turn loop residues 143-145 

According to the crystal structure of the LG-vitamin D3 complex,9 there is a direct 

interaction between vitamin D3 and the side chains of Leu143 and Met145 in the γ-turn loop, 

because the distance between vitamin D3 and each side chain is <3.8 Å (Figures 1D and 2B).  

We replaced each of these two residues with a positively charged Lys, a negatively charged 

Glu, or a hydrophobic Phe, by site-directed mutagenesis.  The effect on the binding to 

vitamin D3, determined by fluorescence quenching, is shown in Figure 4B (Left and right 

panels) and Table 2.  A markedly decreased binding affinity was seen when Leu143 was 

substituted with Lys or Glu (8.11-fold or 5.84-fold).  Interestingly, there was only a slight 

decrease when it was replaced by a hydrophobic Phe residue (0.96-fold) (Figure 4B).  A 

consistent pattern was likewise seen with the M145K, M145E and M145F mutants upon 

binding vitamin D3 (Figure 4C). 

Because Pro is typically found in a γ-turn, we tested the importance of Pro144 using 

P144A mutant.  Figure 4D and Table 2 show significantly decreased binding of vitamin D3 

(4.6-fold) by the P144A mutant.  Table 2 shows that the effects of these residues in the loop 
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region for vitamin D3 interaction rank overall as Leu143 > Met145 > Pro144. 

Interference of vitamin D3 to γ-turn specific mAb (1D8F8) binding with LG 

To select a mAb that might recognize the γ-turn region, we screened a LG mAb battery 

(n=900),5 using a set of mutants as a probe.  We found one LG mAb, 1D8F8, that was 

capable of reacting with the M145K, M145E and M145F mutants, but not with L143K, 

L143E and P144A mutants, according to a Western blot analysis (Figure 7A).  MAb 1D8F8 

is therefore specific for Leu143 and Pro144 located within the γ-turn loop.   As Leu143 and 

Pro144 are located inside the exosite (Figure 1B,D), the presence of vitamin D3 in the exosite 

is expected to interfere with the recognition of mAb 1D8F8, as depicted in our space-filling 

model (Figure 7B).  As Figure 7C shows, the binding of vitamin D3 to the “exosite” of 

native LG, heated LG or rLG attenuated the recognition of mAb 1D8F8, according to a 

dot-blot assay, but, with the use of retinol and palmitate as a control, neither ligands affected 

the binding of 1D8F8.  This result provides additional evidence for the involvement of the 

γ-turn loop in the binding of vitamin D. 

Biological activity of LG in vitamin D3 uptake in mice 

To investigate whether LG binding vitamin D can facilitate its uptake in an animal, we 

used the mouse as a model.  We initially fed the animals (n=30) with milk and milk fractions 

(LG, whey protein or casein) all fortified with vitamin D3 (final concentration 100 μM) for 3 

weeks, and then determined the plasma intake of 25-hydroxyvitamin D (a metabolite of 

115



 

vitamin D).  Figure 8A shows that the final mean concentrations of 25-hydroxyvitamin D in 

mice (n=5 in each group) fed with raw milk, whey protein (without casein) or LG each 

supplemented with vitamin D3 were significantly greater than those without LG (containing 

no LG) (P<0.001).  Caesin, which lacks LG appears ineffective in the vitamin D uptake.  

The levels of 25-hydroxyvitamin D in all tested groups were elevated relative to the naive 

control without vitamin D3 (P<0.001). 

Role of the exosite in uptake of vitamin D3 in mice 

To test the hypothesis that the exosite of LG plays a role in the transport of vitamin D, 

we compared the uptake of vitamin D3 between native LG (containing a calyx and an exosite) 

and heated LG (containing only an exosite) as a strategy to evaluate their variation in uptake, 

if any.6,9  Mice (n=65) were separated into three major groups: those fed vitamin D3 as a 

control (group 1), those fed LG supplemented with vitamin D3 (group 2), and those fed heated 

LG supplemented with vitamin D3 (group 3); mice fed with no vitamin D3 were included as a 

baseline.  Each subgroup of mice were then divided by increasing dosages of vitamin D3 

according to vitamin D3/LG ratios (0.4, 1, 2, and 3), while LG or heated LG was maintained 

at a constant concentration (250 μM).  Under these conditions, we expected to see the effect 

of the dosage of vitamin D3 on its transport by the exosite.  Figure 8B shows a typical dose 

response in all three major groups supplemented with vitamin D3.  Among these, the 

elevation of plasma 25-hydroxyvitamin D was prominent in group 2 (native LG supplemented 
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with vitamin D3).  There seemed to be no saturation of 25-hydroxyvitamin D with vitamin 

D3 at greater dosages in groups 2 and 3.  When the values of the control group (group 1 fed 

vitamin D3) were subtracted from those of group 2 or 3, the levels of 25-hydroxyvitamin D 

appeared, remarkably, to be saturable (Figure 8C).  The dose-response curves fit exactly the 

binding ratios of vitamin D3 versus LG; native LG containing two sites to bind vitamin D3 

hence produces maximal concentrations of plasma 25-hydroxyvitamin D at a dosage ratio of 

2:1 (vitamin D3/LG), whereas heated LG, consisting only the exosite, produces maximal 

concentrations of plasma 25-hydroxyvitamin D at a dosage ratio of 1:1.  The final increase in 

plasma 25-hydroxyvitamin D with native LG was almost exactly twice that of heated LG. 

 

Discussion 

The major concern of this study is that the structure of rLG produced in E. coli no longer 

mimics that of native LG.  We demonstrated, using MALDI-TOF analysis, that this 

phenomenon is due primarily to the mis-crosslinking of five Cys residues present in rLG 

(Figure 6).  rLG is composed of various dimeric and aggregated forms (Figure 6E).  

Interestingly, however, following the irreversible reduction of all disulfide linkages by 

carboxymethylation, these forms become a homogeneous species similar to that of 

carboxymethylated LG.  The same is seen with heated LG.  We then showed that all 

carboxymethylated proteins lost a calyx, as they failed to interact with retinol and palmitate, 
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but they still retained the ability to bind vitamin D3, with a binding affinity almost identical to 

that of reduced LG or nonreduced rLG (Table 1).  These data indicate that disulfide linkages 

of LG probably do not greatly affect the secondary binding to vitamin D.  The reason for 

using heated LG in this study was as a control to evaluate exosite binding for rLG, because 

almost identical binding was found with rLG and heated rLG (Figure 4A and Table 1).  

Whether the exosite of rLG maintains the same conformation as that of native LG is currently 

unknown.  An ultimate solution is to obtain the crystal structure of the rLG-vitamin D 

complex, including the mutants, but at present we are unable to obtain a rLG-vitamin D 

crystal, probably because of the heterogeneous structures of rLG.  We therefore 

subsequently used the rLG mutants as a probe to investigate the importance of the γ-turn loop 

in vitamin D binding. 

Another concern is that two Trp residues - Trp19 and Trp61 - in LG were involved when 

binding is monitored using fluorescence quenching.  Several previous studies suggested that 

the intrinsic fluorescence of LG is due almost exclusively to Trp19.24,25  Trp19 is located at 

the bottom of the calyx, whereas Trp61 is more accessible to a solvent, and is thus able to 

make only a minor contribution to fluorescence emission.26  On the basis of our previous 

studies,6,9,10 at pH 2-6 or after thermal treatment to switch off the gate of the calyx, we 

showed that vitamin D3 interacted with only the exosite (with 35~40% of maximal binding 

ability), but not retinol and palmitate.  The change of fluorescence caused by the binding of 
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the exosite is 35~40% of that of the native LG containing two sites.  The binding signal for 

the exosite is hence also attributed to Trp19, because Trp19 is located slightly away from the 

exosite.  In addition, the fluorescence binding assay was conducted with a control (ethanol) 

and a blank (N-acetyl-L-tryptophanamide), to exclude the effects of a solvent and a ligand, 

respectively.  Despite the small change in the fluorescence, Trp quenching in response to 

proximate ligand binding has served as a probe to investigate the dynamics of ligand and LG 

interactions.22 

Regardless of the undesired structural changes in E. coli-expressed LG, we provide 

several observations that might support the idea that the γ-turn loop plays a role in the 

interaction between the exosite and vitamin D.9  First, substituting each Leu143 and Met145 

with charged amino acids resulted in a substantially decreased binding affinity of vitamin D3 

(4.7-fold to 8.1-fold in Table 2), which is consistent with a previous crystallographic report9 

showing the side chains of these two residues to be directly involved in vitamin D binding.  

It should be noted that these Leu and Met residues are projected into the interior of the protein, 

such that any mutation to charged residues would be highly disruptive of the structure of this 

loop; a change in vitamin D binding would therefore be expected.  In contrast, such 

substitution might not greatly change the overall structure of the loop region, as demonstrated 

by the site-specific mAb 1D8F8 being able to recognize mutants M145K, M145E, and 

M145F (Figure 7A).  The substitution of centered Pro144 by Ala also significantly 
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attenuated the binding affinity (4.6-fold in Table 2).  Because Pro144 has no direct contact 

with vitamin D3,9 we suggest that it might be essential to maintain the conformation of the 

loop structure.  All mutants other than L143F and M145F impaired vitamin D binding.  

There is a strong inverse correlation (r = -0.94) between the apparent dissociation constants 

and binding ratios for all mutants (Table 2).  The binding ratios calculated from the Cogan 

plot are near 0.5 (Table 2), but the titration curve (Figure 4, left panel) revealed that maximal 

binding was achieved at a ratio of 1:1.  In general, the Cogan plot might indicate only that an 

impaired binding ratio might be caused by a markedly decreased binding affinity due to a 

unique structural change in those mutants.  For example, the L143F and M145F mutants still 

showed a ratio of 0.7.  Hence, Phe residues maintain the necessary hydrophobicity, although 

the overall conformation in this region might undergo some change. 

Second, the exosites of rLG, heated LG, carboxymethylated LG, carboxymethylated rLG 

and carboxymethylated heated LG recognize only vitamin D3, and neither palmitate nor 

retinol.  This interaction appears to be ligand-specific and consistent with a previous study, 

in that there is no second binding site for palmitate and retinol.18  Third, binding of vitamin 

D3 to LG attenuated the recognition of a γ-turn loop specific mAb (1D8F8) (Figure 7). 

With respect to the animal study, we found almost equal uptake of plasma 

25-hydroxyvitamin D for mice dosed with equal concentration of LG in vitamin D3-fortified 

LG, whey protein (mainly LG and α-lactoalbumin), and raw milk (Figure 8A).  LG is 
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therefore probably the only vehicle that transports vitamin D in milk.  Interestingly, the use 

of LG supplemented with vitamin D3 at various dose revealed that native LG, comprising two 

vitamin D-binding sites, produced a maximal uptake of plasma vitamin D at a dosage ratio of 

2:1 (vitamin D3/LG), whereas heated LG, possessing only an exosite, produced maximal 

uptake of plasma vitamin D at a dosage ratio of 1:1 (Figure 8).  The final increase in plasma 

25-hydroxyvitamin D caused by native LG was almost exactly twice that caused by heated LG.  

As a single mutation on the γ-turn loop (L143K) resulted in a maximal eight-fold decrease in 

binding affinity for vitamin D3, it would be of interest to investigate the effect of such a 

mutation on the uptake of vitamin D in animals.  This experiment is, however, impracticable 

at present, because of the limited quantity of rLG isolated in our expression system. 

Increased concentrations of vitamin D in plasma have been demonstrated to be 

associated with a decreased incidence of breast, ovarian, prostate and colorectal cancers.27,28  

Because LG is a fraction that is directly responsible for enhanceing the uptake of vitamin D in 

mice (Figure 8), there might be two advantages of the presence of an exosite in LG.  The first 

is that the central calyx of LG is thought to be partially occupied by fatty acid in milk;29 the 

available exosite might provide another route to transport vitamin D.  Second, at present, the 

processing of many dairy products involves excessive heat for the purpose of sterilization.  

The presence of a thermally stable exosite might play a ‘bypass’ role in maintaining the 

binding and transport of vitamin D3.  Such a unique property of LG is worth considering for 
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supplementing vitamin D in dairy products enriched with LG.  It is worthy mentioning here 

that mice and humans lack an LG gene;30 the present finding indicates that vitamin D 

supplementation in milk (the biochemical event) is therefore essential for general public 

health.  This is well worth following up in species that do express LG. 

In summary, this study indicates a potential role of the γ-turn (Leu-Pro-Met) in 

maintaining the structure of a secondary vitamin D binding site.  The additional mouse 

experiment provides new insights into the transport role of LG and its supplementation with 

vitamin D used in dairy products. 

 

Materials and methods 

Purification of native LG 

LG was purified from raw milk using the supernatant from a saturated ammonium 

sulfate fraction (40%), followed by chromatography on a G-150 column, as described 

previously.5 

Analysis of the crystal structure of the LG-vitamin D3 complex 

The crystal structure of LG in this context is deposited in the Protein Data Bank, code 

2GJ5,9 and the diagram created with Rasmol31 and O v7.0.32 

Construction of plasmid pQE30-LG 
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Total RNA was isolated from bovine mammary gland tissue; the cDNA was synthesized 

from RNA using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA).  The 

cDNA fragments encoding for LG33 were amplified on proofreading DNA polymerase 

(Invitrogen) and cloned into the BamHI-HindIII sites of an E. coli expression vector, pQE30 

(Qiagen, Madison, WI, USA).  The plasmids were screened in JM109 and expressed in M15 

(pREP4) (Qiagen), with the final sequence of pQE30-LG being confirmed by DNA 

sequencing.34,35 

Site-directed mutagenesis 

Site-directed mutants (n=7) of LG (L143K, L143E, L143F, M145K, M145E, M145F, and 

P144A) were generated using oligonucleotides containing the desired mutation with the 

QuikChange PCR method (Stratagene, La Jolla, CA, USA); the pQE30-LG expression vector 

served as a template,36 and the nucleotide sequencing confirmed.  In addition, DNA 

nucleotide-sequencing analysis confirmed each inserted cDNA mutant of rLG to be correct. 

Expression and purification of rLG and its mutants 

E. coli [M15 (pREP4)] with pQE30-LG or its mutants were cultured in the LB medium 

(containing 100 μg/ml ampicillin and 1 mM isopropyl thio-β-D-galactoside) at 37 °C for 6 h 

on a rotary shaker.  Cells were harvested at 8,000g for 20 min, resuspended in 40 ml of 20 

mM Tris-HCl (pH 8.0), sonicated, and then centrifuged at 20,000g for 20 min at 4 °C.  The 

pellet containing inclusion bodies was resuspended in 30 ml of 2 M urea containing 20 mM 
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Tris-HCl, 0.5 M NaCl, and 2% Triton X-100 (pH 8.0), sonicated as above, and then 

centrifuged at 20,000g for 20 min at 4 °C.  The inclusion bodies were then lysed, dissolved 

in a binding buffer containing 20 mM Tris-HCl, 0.5 M NaCl, 5 mM imidazole, 6 M 

guanidine-HCl, and 1 mM 2-mercaptoethanol (pH 8.0), and passed through a syringe filter 

(0.45 μm).  A HiTrap chelating column (GE Healthcare, Uppsala, Sweden) was washed with 

0.1 M NiSO4 and equilibrated with the binding buffer before the cell lysate was loaded as 

previously described.35  The column-bound fraction was then treated with a binding buffer 

containing 6 M urea, and finished with the binding buffer without urea.  The recombinant 

protein was finally eluted with a buffer containing 20 mM Tris-HCl, 0.5 M NaCl, and 250 

mM imidazole without 2-mercaptoethanol (pH 8.0).  Protein fractions were pooled, desalted 

on a P-2 column (Bio-Rad laboratories, Hercules, CA, USA), and lyophilized.  The protein 

concentration was determined by the Lowry method,37 using BSA as a standard. 

Gel electrophoresis and immunoblot analysis 

SDS-PAGE or native PAGE with 15% polyacrylamide gel was used to characterize rLG 

and its mutants, using a modified procedure similar to that described previously.7,38  The 

sample for SDS-PAGE or native PAGE were mixed with a loading buffer (12 mM Tris-HCl, 

0.4% SDS, 5% glycerol, and 0.02% bromphenol blue, pH 6.8) without thermal treatment to 

ensure the retention of the native structure of LG.  For reducing PAGE, mercaptoethanol at a 

final concentration of 143 mM in the samples was used.  Western blot analysis was 
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performed as described previously:6 the electrotransferred samples were incubated with mAbs 

(4D11, 4H11E8, or 1D8F8),5 and developed using 3,3′-di-aminobenzidine containing 0.01% 

H2O2.6  Dot-blot to assess the interaction between vitamin D3 and the exosite was performed 

using the samples of LG or LG-vitamin D3 complex (ratio 1:10) spotted onto the membrane; 

the final binding was probed with a γ-loop specific mAb (1D8F8). 

Vitamin D3 binding to LG, rLG and rLG mutants 

The ligand-binding assay of LG was performed with fluorescence emission as previously 

established.6,9,10,21,22,24,25  The binding of vitamin D3 to LG was measured by fluorescence 

quenching of Trp19 of LG at 332 nm, using excitation at 287 nm.  Fluorescence spectra 

(Cary Eclipse fluorescence spectrophotometer; Varian Inc., Palo Alto, CA, USA) were 

recorded at 24 °C.  For the titration experiment, 5 μM native LG, heated LG (preheated at 

100 °C for 16 min), rLG or its mutants (in 10 mM phosphate buffer, pH 8.0) was instantly 

incubated with increased concentrations of vitamin D3 (0.625-20 μM in absolute ethanol).  

The final concentration of ethanol in the reaction mixture was such that it was < 3% at the 

endpoint of the titration.  With this concentration, neither aggregation of LG nor a significant 

change in fluorescence emission was produced.39,40  As in previous studies,6,9,10,21,22,25 the 

titration of LG protein with various concentrations of ethanol (up to 3%) was evaluated and 

employed as an initial intrinsic fluorescence of LG before the addition of ligands.  A solution 

of N-acetyl-L-tryptophanamide (Sigma-Aldrich, St Louis, MO, USA), with an absorbance at 
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287 nm that was equal to that of the tested protein, was also used as a blank during the ligand 

titration, according to the method previously established.21,22,25  The decreased intensity of 

fluorescence of N-acetyl-L-tryptophanamide solution during the titration was thus not due to 

the interaction between ligand and tryptophanamide, but resulted from the inner filter effect as 

a consequence of ligand absorbance at 287 nm.41  The change in fluorescence intensity at 

332 nm depended on the amount of protein-ligand complex, allowing the calculation of a (the 

fraction of unoccupied ligand-binding sites), using the equation a = (F – Fsat) / (F0 – Fsat) as 

previously described.21,22,25  The data were then transformed to a plot of the Cogan equation, 

( nKaaRnaP app
dTT /)]1/()[/1( −−= ), in which PT is the total protein concentration, n is the 

number of binding sites per molecule, RT is the total ligand concentration, and app
dK is the 

apparent dissociation constant.42 

CD 

For CD measurement, 0.5 mg/ml of native or heated LG (100 °C for 16 min), rLG or its 

mutants (in 20 mM phosphate buffer, pH 7.0) was added to a cuvette of 1.0 mm path 

length.9,38  The CD spectra were recorded 20 times on a Jasco-J715 spectropolarimeter 

(Jasco, Tokyo, Japan) at 24 °C over the range from 200 to 250 nm at a scan speed of 20 

nm/min. 

MALDI-TOF MS analysis of trypsin-digested LG 
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For trypsin treatment, 100 µg of LG, heated LG or rLG in 50 μl of NaCl/Pi containing 

0.02 M phosphate and 0.12 M NaCl (pH 7.4) was incubated with 1 μl of trypsin (0.5 mg/ml) 

at 37 °C for 16 h.  The reaction was terminated by adding 1 mM phenylmethanesulfonyl 

fluoride.  The trypsinized samples were then concentrated using C18 Zip-Tips and eluted 

with 50% acetonitrile/0.1% trifluroacetic acid following the manufacturer’s (Millipore, 

Billerica, MA, USA) standard protocol.  MALDI-TOF MS was performed using a Microflex 

MALDI-TOF LRF20 mass spectrometer (Bruker Daltonics, Billerica, MA, USA).  The 

Zip-Tips-purified peptide digests were spotted with an α-cyano-4-hydroxycinnamic acid 

matrix and run in reflectron positive-ion mode at an accelerating voltage of 25 kV. 

Carboxymethylation of LG 

For carboxymethylation,6,8,38 5 mg of LG, heated LG or rLG was first dissolved in 2 ml 

of 0.1 M Tris-HCl buffer (pH 8.6) containing 6 M ultrapure urea and 0.02 M dithiothreitol.  

Following flushing with nitrogen for 2 h, 20 mg of iodoacetic acid was added to the reaction 

mixture, while the pH was maintained at 8.6 by the addition of 0.1 M NaOH, and incubation 

was performed for another 3 h.  Finally, carboxymethylated LG, carboxymethylated heated 

LG and carboxymethylated rLG were desalted on a Bio-Gel P2 column, eluted with 0.05 M 

ammonium bicarbonate, and lyophilized. 

Animal experiments 
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Female BALB/c mice (4 weeks old, n=95, obtained from the National Animal Center, 

National Science Council of Taiwan) were kept in an animal room (12 h light cycle, 21 °C) 

and fed with a standard diet; housing and management were according to guidelines 

established and approved by the National Science Council of Taiwan.  In an initial test using 

milk fortified with vitamin D3 and fortified milk components, mice (n=30) with body mass 

17.56 ± 1.28 g [mean ± standard deviation (SD)] were randomly divided into six groups (n=5).  

Vitamin D3 (100 μM) was emulsified with raw milk, whey protein (milk without casein), 

casein (reconstituted to the milk volume), LG (250 μM, approximately equivalent to the 

concentration in milk) or distilled water in a feeding bottle (ad libitum), and mice were fed 

with this for 3 weeks.  Each mouse drank ~3-3.5 ml/day on average.  The mean body mass 

of each group increased by 8% in general, and there was no significant difference among the 

groups at the end of the test.  For the experiment dosing with vitamin D3, mice (n=65, with 

body mass 17.73 ± 1.17 g, mean ± SD) were divided into three major groups: group 1 

(vitamin D3), group 2 (vitamin D3 plus native LG), and group 3 (vitamin D3 plus heated LG).  

The experiment was designed to investigate the relationship between the vitamin D-binding 

sites of LG and the uptake of vitamin D.  LG serving as a vehicle was kept at a constant 

concentration (250 μM) during the feeding period.  Group 1 (n=20) without LG was dosed 

with only vitamin D3, as a control.  All groups were given varied dosages: 100, 250, 500 or 

750 μM vitamin D3 according to vitamin D3/LG ratios of 0.4, 1, 2 or 3, respectively.  Group 

128



 

2 (n=20) and group 3 (n=20) were provided with native LG (containing two binding sites) and 

heated LG (containing one binding site), respectively.  As well as these three groups, one 

naive group given no vitamin D3 and LG was included (n=5).  Preparation of the vitamin D3 

supplement and the protocol (3 weeks) were as described above.  Analysis of 

25-hydroxyvitamin D in mouse plasma was conducted with a kit (25-Hydroxy Vitamin D 

Direct EIA, IDS Diagnostics, Fountain Hills, AZ, USA), according to the manufacturer’s 

instructions. 
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Figure legends 

Figure 1. Amino acid sequence of LG and crystal structure of the LG-vitamin D3 complex.  

(A) LG comprises 162 amino acids with nine β-sheet strands (A-I).  The α-helix with three 

turns is located between residues 130 and 141 (yellow).  (B) Space-filling drawing of the 

LG-vitamin D3 complex at resolution 2.4 Å.  Vitamin D3 (carbon yellow and oxygen red) 

and LG are drawn on the basis of our previously refined model,9,10 with one vitamin D3 

molecule penetrating inside the calyx (left) and the other lying on the surface pocket at the 

C-terminus (residues 136-149) (right).  (C) Front view of vitamin D3 binding to the exosite 

and chemical structure of vitamin D3.  (D) The 3D ribbon model of the LG-vitamin D3 
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complex shows that the exosite combines an α-helix (red) and β-strand I (pink) with a γ-turn 

loop (green). (A) and (B) are reproduced from our previous study,9 with permission of the 

publisher. 

Figure 2. Amphipathic α-helix of LG and its interaction with vitamin D3.  (A) Unique 

amphipathic α-helix of LG.  (B) Final refined model with the 2|Fobs - Fcalc| electron density 

showing that the bulk of the density is sufficient to cover the vitamin D3 in the exosite.  The 

figures are reproduced from our previous study,9 with permission of the publisher. 

Figure 3. Expression and purification of recombinant LG and its mutants from E. coli.  (A) 

SDS-PAGE (in the presence of mercaptoethanol) of native LG isolated from milk, cell lysate 

(paired left), and isolated rLG (paired right).  (B) Western blot of cell lysate and isolated 

rLG mutants using a LG specific mAb (4D11).  M represents a molecular marker. 

Figure 4. Fluorescence titration curves of native and heated LG, non-heated and heated rLG 

or rLG mutants with vitamin D3.  Left panel: titration curve of native LG, heated LG, rLG 

and heated rLG (A) and mutants (B-D) with vitamin D3.  Right panel: Cogan plot per 

titration curve.  PT = total protein concentration, RT = total ligand concentration, and a = 

fraction of unoccupied ligand sites on the protein.  The dashed line in each right-hand panel 

represents the titration plot of rLG only, used for reference.  Each point represents the mean 

of triplicate determinations.  The average SD was less than 5-8% of the mean. 

Figure 5. CD and Western blot analysis of rLG.  (A) Native LG exhibits primarily a typical 
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β-sheet conformation with a symmetrical dip at 215 nm.  (B) MAb (4H11E8) specific for the 

native β-structure.8  Western blot was performed using a 15% native PAGE. 

Figure 6. MALDI-TOF MS analysis of trypsin-digested LG and carboxymethylation of LG.  

(A) Predicted trypsin cleavage sites (red bar, indicating cleavage probability) of LG isoform A 

obtained using a peptide cutter program (http://au.expasy.org/tools/peptidecutter/).  The 

expected masses of peptide fragments (blue) and the disulfide linkages (orange bar) of native 

LG are depicted.  LG isoform A with Asp64 and Val118 and isoform B with Gly64 and 

Ala118 in fragments 61-69 and 102-124 are shown in red.  (B) MALDI-TOF spectrum of 

trypsin-digested native LG.  Two mass spectra showing ions with m/z 2721.286 for isoform 

B and m/z 2779.288 for isoform A are representative for the fragment 

Trp61-Lys69:Leu149-Ile162 containing the disulfide linkage Cys66-Cys160.  (C) Spectrum 

of trypsin-digested heated LG.  Ions with m/z 3317.565 and m/z 3796.354 represent the 

dimeric Leu149-Ile162 and Trp61-Lys69:Tyr102-Arg124.  (D) Spectrum of trypsin-digested 

rLG.  Ions with m/z 3805.000 and m/z 4342.204 represent Trp61-Lys69:Tyr102-Arg124 and 

Tyr102-Arg124:Leu149-Ile162.  (E) SDS-PAGE in the absence of mercaptoethanol of native 

LG, heated LG and rLG with or without carboxymethylation (CM).  HLG, CM and HCM 

denote heated LG, carboxymethylated and heated carboxymethylated proteins, respectively.  

The molecular marker (M) is shown. 

Figure 7. Identification and epitope mapping of a γ-turn-specific mAb and the 
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structure-function relationship between the γ-turn loop and vitamin D3.  (A) Identification of 

a mAb (1D8F8) specific for a γ-turn loop of LG, utilizing rLG mutants on a Western blot.  

1D8F8 recognizes native LG, rLG and some rLG mutants, but not mutants L143K, L143E, 

and P144A, indicating that γ-turn residues 143-144 are located within the epitope.  (B) A 

space-filling model depicting residues 143 and 144 (green).  They are within the vitamin 

D-binding exosite shared with 1D8F8.  (C) Effect of vitamin D3 binding on the 

immunoreactivity of LG, determined using dot-blot followed by scanning densitometric 

analysis (n=3).  R, P and D3 represent retinol, palmitate and vitamin D3, respectively. 

Figure 8. Effect of LG on vitamin D3 uptake in mice.  (A) Concentration of 

25-hydroxyvitamin D in plasma of mice fed (n=5 for each group) with milk or its components 

supplemented with vitamin D3 (100 μM).  (B) Effect of native LG (containing the calyx and 

exosite) and heated LG (containing only the exosite) on uptake of vitamin D: each subgroup 

of mice (n=5) was dosed with vitamin D3 in groups 2 and 3 (0, 100, 250, 500 and 750 μM), 

according to ratios 0, 0.4, 1, 2 and 3, respectively, of vitamin D3/LG; vitamin D3 alone (group 

1) served as a control group.  The concentration of LG was kept constant (250 μM).  (C) 

Final “adjusted” uptake of vitamin D after subtracting the value for the vitamin D3 control 

group (group 1) from those for the vitamin D3-fortified native LG (group 2) or the vitamin 

D3-fortified heated LG group (group 3). 
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SDX ±

Table 1. Apparent dissociation constants and ratios for binding of ligands to native LG and 
rLG 

Ligand Protein 
Binding ratio 

calculated from 
Cogan plot 

(ligand / LG) 

 

(10-9 M) 

    
Vitamin D3 Native LG 1.76 ± 0.12 4.7 ± 0.37 

 Heated LG  0.84 ± 0.05 45.7 ± 3.12 
 rLG 0.73 ± 0.03 33.1 ± 3.62 
 Heated rLG 0.72 ± 0.02 38.6 ± 3.56 
 Carboxymethylated LGa 0.84 ± 0.02 35.2 ± 2.92 
 Carboxymethylated heated LGa 0.84 ± 0.05 39.2 ± 3.08 
 Carboxymethylated rLGa 0.79 ± 0.03 32.8 ± 3.61 
 Carboxymethylated LG with heat treatmenta  0.83 ± 0.02 35.2 ± 3.03 
 Carboxymethylated heated LG with heat treatmenta 0.83 ± 0.03 40.0 ± 2.38 
 Carboxymethylated rLG with heat treatmenta  0.78 ± 0.03 33.1 ± 3.41 

Retinol Native LG 0.91 ± 0.09 17.3 ± 1.62 
 Heated LG -b - 
 rLG - - 
 Heated rLG - - 
 Carboxymethylated LG - - 
 Carboxymethylated heated LG - - 
 Carboxymethylated rLG - - 
 Carboxymethylated LG with heat treatment - - 
 Carboxymethylated heated LG with heat treatment - - 
 Carboxymethylated rLG with heat treatment - - 

Palmitate Native LG 0.80 ± 0.072 44.0 ± 4.56 
 Heated LG - - 
 rLG - - 
 Heated rLG - - 
 Carboxymethylated LG - - 
 Carboxymethylated heated LG - - 
 Carboxymethylated rLG - - 
 Carboxymethylated LG with heat treatment - - 
 Carboxymethylated heated LG with heat treatment - - 
 Carboxymethylated rLG with heat treatment  - - 

 
a The titration experiment was conduced as for other proteins, but is not shown in figure 4.   
b No fluorescence change or no binding in titration experiment.
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Table 2. Apparent dissociation constants and ratios for binding of vitamin D3 to rLG and its 
γ-turn loop region mutants 

 
Binding ratio calculated from 
Cogan plot (vitamin D3 / LG) 

 
(10-9 M) 

Fold decrease in 
binding affinity 

    

Wild type 0.73 ± 0.03 33.1 ± 3.62a  
L143K 0.50 ± 0.02 301.1 ± 13.16 8.11 
L143E 0.50 ± 0.02 226.3 ± 9.83 5.84 
L143F 0.70 ± 0.02 64.8 ± 3.91 0.96 
P144A 0.50 ± 0.02 185.3 ± 8.18 4.6 
M145K 0.53 ± 0.02 208.6 ± 9.19       5.31 
M145E 0.56 ± 0.02 189.8 ± 8.47       4.74 
M145F 0.71 ± 0.02 59.7 ± 3.87 0.81 

 

a P < 0.001 as compared to mutants.  Data represent means of triplicate determinations. 
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Figure 2 

A. Amphipathic α-helix in residues 130-141 
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B. Electron density map around the exosite containing the γ-turn loop 
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Figure 3 
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Figure 4 
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Figure 5 

B. Western blot using β-structure-dependent mAb (4H11E8) on native-PAGE 
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Figure 7 

A. Mapping of exosite-specific mAb (1D8F8) 
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B. Antigenic epitope of γ-turn specific mAb (1D8F8) 
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Epitope Mapping of a Monoclonal Antibody Specific to
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�-Lactoglobulin (�-LG) is a bovine milk protein sensi-
tive to thermal denaturation. Previously, we demon-
strated that such structural change can be detected by a
monoclonal antibody (mAb) specific to denatured �-LG.
In the present study, we show a dramatic increase in
�-LG immunoreactivity when heating raw milk between
70 and 80 °C. To map out the specific epitope of �-LG
recognized by this mAb, we used a combined strategy
including tryptic and CNBr fragments, chemical modi-
fications (acetylation and carboxymethylation), peptide
array containing in situ synthesized peptides, and a syn-
thetic soluble peptide for immunoassays. The antigenic
determinant we defined was exactly located within the
D strand (residues 66–76) of �-LG. Circular dichroic
spectral analysis shows that carboxymethylation on
�-LG not only resulted in a substantial loss of �-config-
uration but also exerted a 10 times increase in immuno-
reactivity as compared with heated �-LG. The result
suggests that a further disordered structure occurred in
�-LG and thus rendered the mAb recognition. Mutations
on each charged residue (three Lys and one Glu) re-
vealed that Lys-69 and Glu-74 were extremely essential
in maintaining the antigenic structure. We also show an
inverse relationship between the immunoreactivity in
heated �-LG and its binding to retinol or palmitic acid.
Most interestingly, pH 9–10, which neutralizes the Lys
groups of �-LG, not only reduced its immunoreactivity
but also its binding to palmitic acid implicating a role of
Lys-69. Taken together, we concluded that strand D of
�-LG participated in the thermal denaturation between
70 and 80 °C and the binding to retinol and palmitic acid.
The antigenic and biochemical roles of mAb specific to D
strand are discussed in detail.

Bovine �-lactoglobulin (�-LG)1 is one of the major proteins in
milk consisting of about 10–15% (1). Because of the thermally

unstable and molten globule nature, �-LG has been studied
extensively for its physical and biochemical properties (2, 3).
The protein comprises 162 amino acid residues, with one free
cysteine and two disulfide linkages (Fig. 1). According to the
three-dimensional crystallographic studies, �-LG is predomi-
nantly a �-sheet configuration containing nine antiparallel
�-strands from A to I (4–6) (Fig. 1). Topographically, strands
A–D form one surface of the barrel (calyx), and strands E–H
form the other. The only �-helical structure with three turns is
at the COOH terminus, which follows strand H lying on the
outer surface of the calyx (7). A remarkable property of the
calyx is its ability to bind in vitro hydrophobic molecules such
as retinol, fatty acids, vitamin D, and cholesterol (8–11). Spec-
troscopic studies have demonstrated that irreversible modifi-
cation of the �-LG structure occurs upon thermal treatment
above 65–70 °C. Thermodynamic analysis of the calorimetric
signal reveals that there are two domains unfolding independ-
ently while heating (12). The exact regions involved in the
thermal denaturation are still unclear. Whether the subtle
unfolding changes can be detected by an immunochemical ap-
proach remains a question.

Regardless of intensive research, the biological function of
this protein has not yet been satisfactorily resolved. Recently,
we immunized the mice with commercially prepared dry milk
and produced a panel of monoclonal antibodies (mAb). From
the 900 hybridomas screened, a clone specific to dry milk, but
not to raw milk, has been selected. Characterization of this dry
milk-specific mAb reveals that this antibody recognizes ther-
mally denatured �-LG (13). It suggests that a new antigenic
epitope in �-LG is being exposed by a heating process used in
the preparation of dry milk. In the present study, we defined
the immunoreactive site that was recognized by this specific
mAb, and we attempted to relate it to the thermal denaturation
properties of �-LG. The strategy for epitope mapping combined
several approaches, including tryptic and CNBr fragments,
chemical modifications (acetylation and carboxymethylation),
peptide array containing in situ synthesized peptides (with
overlapped regions), and a synthetic peptide in solution for
immunoassays. We demonstrate that the epitope was located
exactly within the D strand of �-LG (residues 66–76). The
immunoreactivity as recognized by this mAb was correlated to
the thermal denaturation and conversion of �-sheet to a disor-
dered structure of �-LG. Most interestingly, the D strand is
associated with the A–C strands forming one domain at the
opening of the calyx (Fig. 1). For this reason, we also studied
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the effect of heating and pH on �-LG binding to retinol and
palmitic acid. Further epitope mapping shows that conversion
of Glu-74 into either Ala or negatively charged Asp totally
abolished its immunoreactivity. A similar result was seen in
Lys-69 but not the other Lys residues. Finally, we propose that
strand D plays a provocative role in the molten globule state of
�-LG as probed by our mAb.

EXPERIMENTAL PROCEDURES

Materials—�-LG was purified from fresh raw milk using 30% satu-
rated ammonium sulfate top fraction followed by a G-150 column chro-
matography as described previously (13, 14).

Preparation of Monoclonal Antibody Specific to Dry Milk—Mono-
clonal antibodies were produced according to the standard procedures
described previously by us (15, 16), in which dry milk (Nestle Australia
Ltd., Sidney, Australia) was used for immunization (13). In brief, the
myeloma cell line (FO) was fused with spleen cells from immunized
BALB/c mice at a ratio of 1:5. The culture medium (between days 14 and
21 after fusion) was assayed for the production of specific antibodies by
a solid-phase ELISA using both raw and dry milk as the respective
antigen. Each monoclonal antibody was established by limiting dilu-
tions at least two times (15, 16).

Trypsin and CNBr Fragmentation—For trypsin treatment, 50 �g of
�-LG in 100 �l of phosphate-buffered saline (PBS) containing 0.02 M

phosphate and 0.12 M NaCl, pH 7.4, were preheated at 100 °C for 10
min. After this, 1 �l of trypsin (0.1 mg/ml) was added and incubated at
room temperature for 4 h (13). Trypsinized LG was analyzed on an
SDS-PAGE (18% polyacrylamide) followed by a Western blot. For CNBr
fragmentation (17, 18), 5 mg of �-LG were first dissolved in 70% (v/v)
trifluoroacetic acid with the addition of 10 mg of CNBr in the dark for
24 h at room temperature. After evaporating three times in a Speed Vac
(CVE 200D, ELELA, Japan) with the addition of 5� volume of de-
ionized water, the dry material was dissolved in the 10 mM phosphate

buffer, pH 7.0. The immunoreactivity of CNBr fragments was then
analyzed on an 18% SDS-PAGE, followed by a Western blot.

Acetylation and Carboxymethylation of �-LG—Chemical modifica-
tion of �-LG by acetylation was conducted by a modification of the
procedure described previously by us (19). To 5 mg of �-LG in 2 ml of 50
mM sodium bicarbonate, pH 8.0, containing 6 M urea, 5 �l of acetic
anhydride were slowly added into the reaction mixture step by step,
while maintaining the pH at 8.0 by using 0.1 M NaOH. After 3 h of
incubation at room temperature, the acetylated protein was desalted on
Bio-Gel P-2 column eluted by 0.05 M ammonium bicarbonate and ly-
ophilized. For carboxymethylation (19, 20), 5 mg of �-LG were first
dissolved in 5 ml of 0.1 M Tris-HCl buffer, pH 8.6, containing 6 M ultra
pure urea and 0.02 M dithiothreitol. Following flushing with nitrogen,
20 mg of iodoacetic acid were added into the reaction mixture, while
maintaining the pH at 8.6 by the addition of 0.1 M NaOH, and were
incubated for another 3 h. Finally, carboxymethylated (CM) �-LG was
desalted on a Bio-Gel P2 column eluted by 0.05 M ammonium bicarbon-
ate and lyophilized. By amino acid analysis, the CM-�-LG contained
4.98 residues of CM cysteine per mol of �-LG.

CD Spectrum—The secondary structure of native, heated, or chem-
ically modified �-LG was determined using a computerized Jasco J-715
CD spectropolarimeter. Each protein sample was dissolved in 10 mM

phosphate buffer, pH 7.0, with a final concentration of 0.2 mg/ml. About
300 �l of the protein solution were used for analysis within a cuvette of
1-mm path length. The obtained spectra were accumulated for 25 times
at a scanning rate of 50 nm/min. All the data were shown as the mean
residue molar ellipticity [�]MRW (20, 21).

Peptide Array—Twelve synthetic peptides in one nitrocellulose ar-
ray, each containing 15 amino acid residues, were designed correspond-
ing to residues 25–107 of �-LG or to residues 67–75 within strand D
(Fig. 1). The synthetic peptides were prepared under a contract with
Genesis Biotech Inc. (Taipei, Republic of China). Briefly, the peptides
were directly synthesized in situ on a nitrocellulose paper according to
the method described previously (22). The nitrocellulose membrane in

FIG. 1. Amino acid sequence and
three-dimensional structure of �-LG.
A, �-LG consisted of 162 amino acids with
nine �-sheet strands (A–I) and one �-helix
(shadow). There are two disulfide bonds
located between strand D and the car-
boxyl terminus (Cys-66 and Cys-160) and
between strands G and H (Cys-106 and
Cys-119), whereas a free buried thio
group is at Cys-121. B, crystal structure of
�-LG determined by Ref. 6 and created by
PyMOL (25) (PDB code 1CJ5), shows that
strands A–D form one surface of the bar-
rel, and strands E–I form the other. The
antigenic site recognized by the mAb is
located within strand D (green) following
thermal denaturation. The two disulfide
linkages are also shown (yellow). Hydro-
phobic molecules such as retinol and pal-
mitic acid are bound in the pocket of
calyx.
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0.01 M Tris-buffered saline containing 0.05% (v/v) Tween 20 (TBST) was
blocked with 5% (w/v) gelatin in TBST for 2 h at room temperature
followed by washing three times. After incubation with mAb for 2 h and
three washes, goat anti-mouse IgG conjugated with horseradish perox-
idase (HRP) in 0.5% gelatin/TBST was added and incubated. Finally,
following the washes, the chemiluminescent substrate (ECL™ Western
blotting System, Amersham Biosciences) was added, washed, and im-
mediately developed by exposing onto a film.

Competitive ELISA—In brief, heated �-LG (1 �g in 50 �l of PBS) was
first immobilized onto microtiter wells followed by three washes to
remove unbound �-LG (13, 23). The wells were then blocked by 3%
gelatin in PBS. After three washes, 50 �l of the competitive protein
(�-LG, heated �-LG, acetylated or carboxymethylated �-LG, or syn-
thetic peptide residues 67–76) in PBS containing 0.3% gelatin were
mixed with 50 �l of mAb and incubated at room temperature for 1 h.
Following washes and secondary antibody (goat anti-mouse IgG conju-
gated with HRP) incubation, the microtiter plate was developed with
2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and read at
415 nm.

Effect of pH on �-LG Binding to mAb—�-LG (1 �g/well) was immo-
bilized onto a microtiter plate followed by blocking and washing at
neutral pH. The immobilized �-LG was then incubated with mAb at
various pH values for 2 h at room temperature. After removing the
unbound mAb, the plate was developed according to the standard
ELISA procedures at neutral pH (13, 23). Because pH itself can affect
the antigen-antibody binding, a control experiment using mouse IgG as
immobilized antigen was also conducted at various pH values for a
parallel comparison.

Retinol and Palmitic Acid Binding to �-LG—�-LG was reported to be
a 1 to 1 binding ratio with retinol or palmitic acid as measured by
fluorescence emission techniques (24). In general, binding of retinol to
�-LG was measured by extrinsic fluorescence emission of the retinol
molecule at 470 nm using excitation at 287 nm. Binding of palmitic acid
to �-LG was measured by the fluorescence enhancement of Trp residues
of �-LG at 332 nm by using excitation at 287 nm. For the effect of the
pH experiment, 5 or 20 �M of native �-LG was instantly incubated with
5 �M of retinol or 20 �M of palmitic acid, respectively, at various pH
values at 24 °C. For the effect of the heat experiment, �-LG was pre-
heated at 80 or 100 °C for 5 min and then incubated with retinol or
palmitic acid at pH 8.0. Fluorescence spectra were recorded at 24 °C
with a fluorescence Spectrophotometer F-4500 (Hitachi High-Tech
Corp., Tokyo, Japan).

Three-dimensional Analysis of �-LG Structure—The three-dimen-
sional structure of �-LG used in this context was provided by Protein
Data Bank (www.rcsb.org/pdb/), code 1CJ5 (6), with the diagram cre-
ated by PyMOL (25).

Three-dimensional Analysis of �-LG and Palmitic Acid Complex
Structure—The three-dimensional structure of bovine �-LG complexed
with palmitic acid used in this context was provided by Protein Data
Bank code 1GXA (11), with the diagram created by RasMol (26).

RESULTS

Characterization of the Monoclonal Antibody Specific to Dry
Milk—Previous studies (13) show that the monoclonal antibody
(mAb) used in this report is specific to processed dry milk but
not to raw milk. It only recognizes �-LG, one of the major milk
proteins. The mAb is apparently able to discriminate the de-
natured �-LG from a given milk product (13). Because heating
procedures are used to process the dry milk, the finding indi-
cates that �-LG undergoes a conformational rearrangement,
which facilitates the binding of this mAb. In the present study,
we show a dramatic and sharp increase in �-LG immunoreac-
tivity when raw milk was heated between 70 and 80 °C over
time (Fig. 2). It was of interest that the increase in immunore-
activity was concomitant with the reported transition temper-
ature for converting native to denatured �-LG (27). The finding
suggests that the immunoreactive site recognized by this mAb
lies in the thermal denatured region of �-LG.

Mapping of Antigenic Determinant of Denatured �-LG Uti-
lizing Tryptic Digestion and Acetyl Modification—To initially
map out the specific immunoreactive region, heated �-LG was
limitedly digested by trypsin. On Western blot, we demon-
strated that the immunoreactivity was totally abolished after
the trypsin treatment (13), suggesting that Lys, Arg, or both

residue(s) were probably involved in maintaining the antigenic
structure for �-LG. Chemical modification using acetylation
(pH 8.0) on positively charged residues (mostly Lys) attenuated
the immunoreactivity of �-LG on a competitive ELISA (Fig.
3A). These two experiments support the notion that positively
charged amino acids of �-LG attributed for the mAb
recognition.

Immunoreactivity of CNBr Fragments of �-LG—To delineate
further the major antigenic domain, CNBr cleavage on �-LG
was conducted. Western blot analysis shows that there was a
major immunoreactive fragment corresponding to a molecular
mass of about 9 kDa (Fig. 3B). As estimated from its Met
cleavage site, this fragment was presumed a peptide containing
residues 25–107 (Fig. 1). Subsequently, the amino-terminal
sequence of this fragment was determined. The first six amino
acid residues (AASDIS) confirmed that the immunoreactive
site was located between residues 25 and 107 of �-LG (Fig. 1).

Final Antigenic Mapping Using a Solid-phase Peptide Ar-
ray—As described above, Lys-enriched areas were assumed to
participate in maintaining the antigenic structure. Pro resi-
dues are also considered to be involved as they are located at or
near the antigenic determinant by forming a loop at the surface
of a given protein. By using an EMBOSS program for searching
a possible antigenic determinant within residues 25–107 of
�-LG (Fig. 4), we predicted that two domains, namely residues
42–56 and 67–81, were most likely to be immunoreactive.
Accordingly, a solid-phase peptide array containing the above
predicted regions and 10 other overlapped synthetic peptides
(each with 15 residues) was prepared. These peptides were
directly synthesized on a nitrocellulose membrane (Fig. 4).
After binding of mAb and HRP-conjugated secondary antibody,
the array was developed by a chemiluminescent agent. We
show that only peptides 4 (residues 70–84), 8 (residues 61–75),
and 12 (residue 67–81) were immunoreactive (Fig. 4). Peptide
4 gave partial immunoreactivity, suggesting that residues
67–70 were essentially involved in the reactive site (Fig. 4).
Because the size of an epitope is relatively small, usually con-
taining 6–9 amino acid residues (16, 23, 28–30), it was possible
to narrow down the reactive site from the immunoreactivity in
overlapped peptides. We proposed that the reactive site was
closely associated with AQKKIIAEK (or nine residues 67–75)
(Fig. 4). Notably, this region is highly positive in charges. By
observing the high resolution crystal structure of �-LG (6), it is
fascinating to see that this proposed region is exactly located
within the D strand of surfaced �-sheet (residues 66–76) (Fig.

FIG. 2. Immunoreactivity of �-LG in raw milk heated at differ-
ent temperatures over time. Immunoreactivity was monitored using
an ELISA on raw milk heated at various temperatures. The increase in
immunoreactivity of �-LG assessed by dry milk-specific mAb is corre-
lated to the molten globule state of �-LG with a transition between 70
and 80 °C.
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1). We therefore defined this immunoreactive site as an
epitope. Another noticed point is that there is a disulfide link-
age between strand D (Cys-66) and the carboxyl terminus
(Cys-160). This disulfide linkage plays an important role in

stabilizing the �-structure by forming antiparallel sheets of
�-LG. The proposed epitope (residues 67–75) in its native state
is rather ordered with a �-sheet span about 28 Å in length. As
such, the orientation in native �-LG may prohibit the binding

FIG. 3. Effect of acetylation and
CNBr cleavage on immunoreactivity
of �-LG. A, competitive ELISA using
heated �-LG as an immobilized antigen,
while competing with native, heated,
acetylated, and heat-acetylated �-LG. Im-
munoreactivity of �-LG was significantly
increased upon heating at 100 °C for 5
min but not of acetylated and heated
acetyl-LG. B, immunoreactivity of CNBr
fragments of �-LG. About 10 �g of native
and CNBr cleaved �-LG were used for
SDS-PAGE containing �-mercaptoetha-
nol as a reducing agent (left) followed by a
Western blot (right). A major immunore-
active peptide with a molecular mass of
about 9 kDa was found to be in residues
25–107 as determined by an amino-termi-
nal sequence analysis. In theory, frag-
ments with a molecular weight greater
than 9 kDa represent those incompletely
cleaved peptides (Fig. 1). Lane M, molec-
ular markers. Lane 1, native �-LG. Lane
2, CNBr fragments of �-LG.

FIG. 4. Delineation of an epitope
recognized by mAb. Twelve peptides
corresponding to a 9-kDa CNBr fragment
of �-LG (residues 25–107) were directly
synthesized in situ on nitrocellulose mem-
brane. Peptides 11 and 12 were prepared
due to the presence of Pro residues
thought to be potentially antigenic and
Lys thought to be involved per our trypsin
and acetylation experiments. The entire
peptide array was commercially prepared
under a contract for customer designing.
Binding of antibody was conducted by us-
ing HRP-labeled secondary antibody with
chemiluminescent agent as a developer.
The shed region represents the proposed
epitope.
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of our specific mAb. We hypothesized when the D strand un-
derwent disordered structure, it would then allow the “dena-
tured” mAb binding.

Carboxymethylated �-LG and CD Spectrum—To test the
above hypothesis by which the conformational change of the D
strand would enhance the binding of our mAb, we chemically
modified all the Cys residues to irreversibly block the disulfide
linkages within the native �-LG (Fig. 5A). By using a compet-
itive ELISA with heated �-LG as a positive control, it revealed
that carboxymethylation on �-LG resulted in a striking in-
crease in its immunoreactivity. The increase was about 10�
greater than that of heated �-LG (Fig. 5B). Meanwhile, analy-
sis of CD spectra on carboxymethylated �-LG further con-
firmed a significant conformational change by converting a
�-sheet (typically at 215 nm) to a more disordered structure
than that of heated �-LG (Fig. 6).

Immunoreactivity of a Soluble Synthetic Peptide—Finally, a
soluble peptide corresponding to the linear sequence of strand
D (residues 67–76 or AQKKIIAEKT) was synthesized. Fig. 7
shows that this linear sequence was able to inhibit completely
mAb binding to heated �-LG on a competitive ELISA. Further-
more, this synthetic peptide exhibited a typical disordered
structure rather than a �-configuration (Fig. 6).

Role of Charged Residues in Epitope Specificity—To deter-
mine which lysines were responsible for the mAb recognition,
mutation on each Lys (Lys-69, Lys-70, and Lys-75) with Ala
was conducted. As shown in Fig. 8, only Lys-69 was very
specific for the mAb binding. Replacement with positively
charged Arg did not salvage the immunoreactivity. Glu-74
played a similar role; replacement with Ala or negatively
charged Asp failed to show any immunoreactivity. Ile-71 and
Ile-72 also played an essential hydrophobic role, although the
exact residue has not been identified. Meanwhile, negative
control peptides (Fig. 8, peptides 11–12) retaining all the Lys
residues did not show any binding.

Effect of pH on �-LG Binding to mAb—Because the struc-
tural stability of �-LG is pH-dependent (31), we tested whether
changes of pH could also induce an increase in �-LG immuno-
reactivity. Fig. 9A shows that the CD structure of �-LG was
stable at pH 2 with some changes between 3 and 7, whereas a
transition to disorder was seen from 8 to 10. However, such a
disordered structure did not facilitate the mAb binding (Fig.
9B). Because Lys-69 was essential (Fig. 8) and the overall
positive charge of this residue started to become neutralized
under pH 8–10, the immunoreactivity was decreased (Fig. 9B).
A control experiment showing a typical pH-dependent antigen-
antibody reaction was performed (Fig. 9C), and there was a
slight decrease in immunoreactivity at pH 9–10.

Effect of pH and Heating on �-LG Binding to Retinol and
Palmitic Acid—To explore the correlation between the struc-
tural change of �-LG (at various pH) and its retinol binding, we
monitored the extrinsic fluorescent change of retinol upon the
binding to �-LG. The optimal binding for retinol appeared to be
at pH between 8 and 10 (Fig. 10A). Heating �-LG at tempera-
tures greater than 80 °C almost completely abolished its bind-
ing for retinol (Fig. 10B). The data support the notion that the
striking increase in immunoreactivity of the D strand at this
temperature (Fig. 2) was negatively correlated to the retinol
binding, which requires the integrity of a �-sheet structure
of �-LG.

Most interestingly, the binding to palmitic acid was de-
creased to some extent at pH 9–10 (Fig. 10C), which correlated
with the binding to mAb (Fig. 9B). Because Lys-69 played an
very essential role in the antigenic site (Fig. 8), such correlation
suggests that the protonated state of this residue might be
involved in stabilizing both the mAb binding and �-LG-palmitic
acid complex formation (see more details under “Discussion”).
Similarly, heating on �-LG substantially reduced the binding
for palmitic acid.

DISCUSSION

Molten globules are thought to be general intermediates in
protein folding and unfolding (32, 33). �-LG, a major moiety of
bovine whey proteins, is one of the most investigated models for
understanding the mechanism involved in protein stability
upon heating. Although the three-dimensional crystal struc-
ture of �-LG has been elucidated, the area involved in thermal
denaturation remains unclear. On the other hand the region
responsible for Tanford transition (4), occurring at pH from 6.5
to 8.0 is known to be within the residues 85–90 (EF loop). This
region opens or blocks the entrance of the calyx (34).

The present study (13) demonstrates that denatured strand
D of �-LG was responsible for the binding of our thermally
sensitive mAb. Several unique features of the binding are iden-
tified. First, heating on native �-LG resulted in a loss of �-sheet
to more disordered structure (Fig. 6) in which the immunore-
activity was concomitantly increased (Fig. 5). Second, blocking
the disulfide linkage between the D strand (Cys-66) and COOH
terminus (Cys-160) of �-LG by carboxymethylation not only
produced a disordered structure (Fig. 6) but also markedly

FIG. 5. SDS-PAGE profile and immunoreactivity of carboxym-
ethylated �-LG (CM-LG). A, about 10 �g of �-LG and CM-LG were
loaded on 15% SDS-PAGE. Lane M, molecular markers. Lanes 1, �-LG.
Lane 2, heated �-LG. Lane 3, CM-LG. Lane 4, heated CM-LG. Signifi-
cant increase in �-LG dimer and high molecular forms are seen, while
heating at 100 °C for 5 min, but not in CM-LG. B, competitive ELISA of
native, heated, CM and heated CM-LG. The plate was immobilized with
heated �-LG.
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enhanced the mAb binding. Further heating on carboxymethy-
lated �-LG did not give more binding. Such enhancement was
even greater than heated �-LG (10�) on competitive ELISA
(Fig. 5B). Presumably, this was because of the augmented
degree of freedom of the D strand without the disulfide linkage
rendering more antibody binding. It is of interest to point out

that the secondary structure of strand D alone, without includ-
ing strand C, is predicted as 50% random coiled (residues
66–70) and 50% helical (residues 71–76) by using the param-
eters from three-dimensional PSSM; the folding recognition
server at the Imperial Cancer Research Fund (ICRF) (www.
sbg.bio.ic.ac.uk/�3dpssm/). However, in the presence of strand
C as an anti-parallel orientation, the predicted structure of
strand D becomes �-configuration. Obviously, the formation of
an anti-parallel �-structure in native �-LG molecule is stabi-
lized through the help of a disulfide linkage (Cys-66 and Cys-
160) between strand D and the helical domain at COOH ter-
minus (Fig. 1). Thus, conformational change on strand D
played a vital role for the mAb recognition. It is worth men-
tioning that although severe heating might break the disulfide
linkage at Cys-66, it would be immediately “stabilized” via
re-oxidation by forming high molecular or self-associated poly-
mers as shown in our previous report (13). Thus, the immuno-
reactivity of heated �-LG was less than that of carboxymethy-
lated �-LG. Third, the soluble synthetic peptide (residues 67–
76) corresponding to strand D (without Cys-66) was able to
completely inhibit the binding of mAb to �-LG. Fourth, the D
strand is topographically located at the surface of �-LG (Fig. 1),
which is agreeable to the general concept of a given antigenic
epitope (35). Fifth, the buried side chain of Lys-69 was exposed
upon heating and then recognized by the mAb (described
below).

With respect to the exact size of the epitope that was recog-
nized by our mAb, we excluded the possibility of Cys-66 as part
of the epitope from the D strand. First, peptide 67–81 without
Cys-66 gave an almost equal immunoreactivity to that of pep-
tide 61–75 with Cys-66 in a peptide array assay (Fig. 4) sug-
gesting that Cys-66 might not be located in antigenic determi-
nant. Second, carboxymethylation on whole �-LG molecules
with Cys-66 included in the modification markedly increased
its immunoreactivity. If Cys-66 were involved in the antigenic
site, introduction of such a bulky group (carboxymethyl) on this
residue would have resulted in a significant loss of immunore-
activity (30). It should be noted here that Cys-66 was only
responsible for the conformational restraint by cross-linking
Cys-66 and Cys-160; as such it limited the binding for dena-
tured mAb. Third, the length of a linear epitope can be as short
as 6–7 residues as demonstrated by our previous work (16, 23,
28) and the work of others (29, 30). The present study shows
the involvement of Glu-74 in the epitope (Fig. 8), which is eight
residues apart from Cys-66. Finally, our synthetic soluble pep-
tide without Cys-66 could completely inhibit the mAb binding

FIG. 6. Circular dichroic spectra of
native �-LG, heated �-LG, carboxy-
methylated LG (CM-LG), and syn-
thetic peptide 67–76. Samples at a final
concentration of 0.2 mg/ml in 10 mM phos-
phate buffer, pH 7.4, were used for the
study. A typical �-structure of native
�-LG is shown at 215 nm. �-LG was
heated at 100 °C for 5 min.

FIG. 7. Immunoreactivity of the synthetic peptide determined
by an ELISA. A synthetic peptide corresponding to residues 67–76
(AQKKIIAEKT) in strand D was prepared as a soluble form. The plate
was immobilized with heated �-LG.

FIG. 8. Role of charged residues in antigenic specificity deter-
mined by a peptide array. Peptide 1 represents the native sequence
67–75 of �-LG. Substitution of Lys-69 and Glu-74 by Ala or a same
charged amino acid, respectively, resulted in a total loss of immunoreac-
tivity (peptides 2–9). Hydrophobic residues Ile-71 and Ile-71 were essen-
tial in maintaining the antigenic structure, whereas peptides 11 and 12
retaining all the Lys residues were used as randomized negative controls.
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(Fig. 7). Regardless, our antigenic mapping suggests that
strand D located on the surface is involved in the molten
globule and the unfolding structure of �-LG while heated.
Coincidently, the transition temperature of native �-LG was
between 70 and 80 °C, which is in agreement with the increase
in immunoreactivity for this mAb. On the other hand, the
polyclonal antibody raised against the native �-LG did not

exhibit such a unique property (13).
The antigenic mapping from this study also provides some

interesting insight as to the specificity of antigen-antibody
interaction. Lys-69 and Glu-74 in the epitope were found to be
extremely essential in maintaining the antigenic structure
(Fig. 8), and substituting each with uncharged Ala diminished
the mAb binding. Replacing each with the same charged amino
acid Arg and Asp, respectively, could not restore the immuno-
reactivity. However, such point mutation in a given protein
between the same charged residues Lys/Arg or Glu/Asp is very
common within or among the species, while still maintaining
its biological function. Notably, fragment 70–84 (Fig. 4) with-
out Lys-69 gave a partial immunoreactivity, which differed
from the mutation experiment (Fig. 8). Although the mecha-
nism involved remains elusive, one possible explanation was
the different solution property between the peptide with and
without Lys-69. We speculate that the binding was more spe-
cific with the increase of chain length of the epitope, such as
“lock and key.” Another interesting feature is that the span
between Lys-69 and Glu-74 is six amino acids, which are suf-
ficient to form an epitope as described previously by us using a
mAb against fibrin (16). It is consistent with our observations
for the interaction of protein antigens with antibodies, in which
six determining residues, for the most part, were involved in
binding with antigen (16, 29). We also demonstrate the impor-
tance of Ile-72 and Ile-73 within residues 69–74; substituting
these two hydrophobic residues by Ala diminished its immuno-
reactivity. However, a further delineation using point mutation
to each residue is needed to draw a final conclusion.

Using mAb as a probe to study the structural and functional
relationship of a given protein has been popular and has been
reviewed (36). It provides a powerful tool in defining the func-
tional location within the molecule. Previously, we have shown
mAb prepared against human hepatic lipase can distinguish
between active and inactive forms of lipase (15). Some unique
low density lipoprotein (LDL) mAbs have been used for dis-
criminating between patients with and without coronary artery
disease (37, 38). Those LDL mAbs have also been utilized for
probing the thermal changes of human LDL (39), whereas the
immunoreactivity was conversely correlated to the temperature
with the optimal binding at 4 °C (38, 39). Because the three-
dimensional structures of lipase and LDL were lacking, the exact
mechanism involved remains elusive. The epitope of the �-LG we
mapped in this study, however, is known and provides a better
understanding for its interaction with mAb. We propose that
because of a highly ordered �-configuration of the D strand in its
native state, the binding to our specific mAb is prohibited. But
the D strand underwent a conformational change upon heating,
which would then allow the denatured mAb binding.

With respect to physiologic significance, the epitope region
we defined is located at one of the critical domains forming a
conical central calyx that is responsible for the binding of
retinol and fatty acids (10, 11). An in vivo experiment shows
that �-LG enhances the intestinal uptake of retinol in preru-
minant calves (40). It has been suggested that conformational
changes in the calyx and the exposure of the surface hydropho-
bic site of �-LG in the molten globule state reduces the retinol
affinity (24). The binding specificity may be determined by the
dynamic motion of loops between the �-strands (34, 41). It is
not known which �-strand(s) is involved for the exposure of the
surface hydrophobic site. In this study we show a substantially
decreased binding of retinol to �-LG that was preheated at a
transition temperature of 80 °C (Fig. 10), with a significant
increase in immunoreactivity (Fig. 2). Notably, two hydropho-
bic residues Ile-71 (buried in native state) and Ile-72 (exposed
in native state) are located within the epitope and participate

FIG. 9. Effect of pH on �-LG binding to mAb. A, CD spectra of
�-LG at pH from 2 to 10. B, binding of mAb to �-LG at various pH
values determined by ELISA. The primary mAb binding was conducted
at the pH values indicated; all other reactions, including coating, block-
ing, washing, and secondary antibody binding, were performed at pH
7.4 according to standard procedures. The binding was significantly
decreased at pH 8–10. C, control experiment evaluating the effect of pH
on antigen-antibody interaction. This experiment was designed to study
the pH effect on the binding of antigen and antibody in general. Antigen
(mouse IgG) was coated on the plate and allowed the binding of HRP-
labeled anti-IgG (goat) at various pH values. The plate was then devel-
oped after removing unbound antibody using PBS at pH 7.4. The
binding was slightly decreased at pH 9–10.
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in the binding to mAb (Fig. 8). One or both of these two residues
must be exposed to the surface during thermal transition for
rendering mAb binding. Thus, it is conceivable that Ile-71
might have become exposed on the surface during heating.
Using co-crystallized �-LG with palmitic acid, the refined
structure (at 2.5-Å resolution) reveals that the carboxyl group
of palmitic acid binds to both Lys-60 and Lys-69 (9, 10). Fig. 11

shows a stereo view in which Lys-69 lies exactly within the
antigenic epitope and orients at the entrance of the binding
pocket, whereas the side chain of Ile-71 may interact with the
fatty acyl chain. For the retinol binding, there is no obvious
contact between the hydroxyl group of retinol and Lys-69 (11),
although Lys-69 is closely oriented to the hydroxyl group (42).
Again, we show a decreased binding of palmitic acid to �-LG

FIG. 11. Three-dimensional view of �-LG complexed with palmitic acid. The diagram is constructed according to the RasMol wire
frame model (26), showing the D strand (residues 66–76) and other residues (28–43, 60–65, 84–93, and 107–117) (light wire frame) close to
the calyx of �-LG. Notably, palmitic acid (PA) is almost perpendicularly oriented against the D strand, whereas Lys-69 is capable of interacting
with the acidic group of palmitic acid. A hydrophobic interaction between the side chain of Ile-71 and palmitic acid is speculated. The EF loop
(85–89), which controls the opening or closing of the calyx, is also seen. During the thermal denaturation, the conformational change of strand
D results in the exposure of buried side chains of Lys-69 and Ile-71 and thereby attenuates and enhances the binding to palmitic acid and mAb,
respectively.

FIG. 10. Effect of pH and heating on �-LG binding to retinol and palmitic acid. A, fluorescence emission for binding of �-LG to retinol
was measured at 470 nm with excitation at 287 nm. Binding was determined by the enhancement of extrinsic fluorescence of retinol at 24 °C. B,
effect of �-LG heating (5 min) on retinol binding. C, fluorescence emission for binding of �-LG to palmitic acid was measured at 332 nm with
excitation at 287 nm. Binding was determined by the enhancement of intrinsic fluorescence of �-LG at 24 °C. D, effect of �-LG heating (5 min) on
palmitic acid binding.
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that was preheated at 80 °C (Fig. 10), and a significant increase
in immunoreactivity (Fig. 2).

We demonstrate that the binding of retinol to �-LG was
pH-dependent with initial binding at pH 7, while reaching a
maximal pH between 8 and 10 (Fig. 10A). The data are con-
sistent with the Tanford transition occurring at pH values from
6.5 to 9.5 (43). The calyx opens at pH 7.1–8.2 (4) and closes at
pH 2.6 (7). Most interestingly, the binding of palmitic acid was
attenuated at pH values from 8 to 10 (Fig. 10C). One of the
possible explanations is that the protonated state of buried side
chain of Lys-69 was neutralized at a pH value above 8 and
resulted in weakening the ionic interaction with the carboxyl
group of palmitic acid. Of course we could not rule out the other
part of �-LG that might also undergo conformational changes at
high pH, affecting the interaction with palmitic acid (Fig. 10C).
We also speculate that the change of protonated state of Lys-69
contributed to the decreased immunoreactivity at pH 8–10
(Fig. 9B).

As mentioned above, the immunoreactivity assessed by this
mAb was positively correlated to its molten globule state (be-
tween 70 and 80 °C in Fig. 3). This epitope in strand D was not
only thermal sensitive but was also negatively correlated to ret-
inol and palmitic acid binding. Lys-69 in native state participates
in the binding for palmitic acid (10), but in the heat-denatured
state it contributes to the binding for mAb. Therefore, this mAb
may be used as a probe to study the thermal changes and the
physiologic activity of �-LG, such as its binding to fatty acids and
retinol.

Much is known about the physicochemical properties of �-LG
(3). However, the biological function of this protein in addition
to the transport of retinol and fatty acids has not yet been
satisfactorily resolved. Recent studies have shown that �-LG
produces hypocholesterolemic (44, 45) and antioxidant effects
(46, 47) and may also serve as a growth factor for mammalian
cells (48). The protein is acid-resistant in the gastrointestinal
tract with a superior absorption capability via a receptor-me-
diated process (49–51). Because �-LG is a major protein con-
sisting of about 10–15% of total milk proteins (1) and is labile
to heat treatment by forming large polymers with other milk
proteins (13, 52), it is conceivable that overheating should be
avoided in order to maintain the physiologic role of �-LG.
Therefore, our mAb may be useful for monitoring the immuno-
chemical and biochemical nature of �-LG in heat-processed
milk. From a technological standpoint, the monoclonal anti-
body prepared against the strand D region may be relevant to
the design and operation of appropriate processes for thermal
sanitation of milk and of other dairy products.

Taken together, we conclude that our mAb was able to dis-
criminate the dry milk from the raw milk. The immunoreac-
tivity of thermal denatured �-LG was correlated to its molten
globule state and structural changes from primarily �-sheet to
disordered conformation. Epitope mapping reveals that Lys-69,
Ile-71, Ile-72, and Glu-74 in denatured D strand were directly
involved in binding to mAb. The data suggest that the D strand
plays a critical role in �-LG thermal denaturation, in which the
buried side chains of Lys-69 and Ile-71 were exposed to the
surface of �-LG calyx. At thermal transition temperature
80 °C, the increased immunoreactivity was associated with the
decreased retinol and palmitic acid binding. We propose the
mAb produced in this study may be used as a probe to study the
thermal changes and the physiologic activity of �-LG, such as
its binding to fatty acids and retinol. Whether the other
�-strands may also participate in this role upon the heating
between 70 and 80 °C, remains to be addressed.
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ABSTRACT

Molten globules are thought to be general intermedi-
ates in protein folding and unfolding. β-lactoglobulin
(β-LG) is one of the major bovine whey proteins, consti-
tuting ∼10 to 15% of total milk proteins. We have re-
cently identified β-LG as a superior marker for evaluat-
ing thermally processed milk. Strand D of β-LG partici-
pates in irreversible thermal unfolding as probed by a
monoclonal antibody (mAb) specific to thermally dena-
tured β-LG. In the present study, we used native β-LG
as an immunogen to test the hypothesis that a specific
mAb against the native β-LG could be established. As
result, a mAb (4H11E8) directed against the native
structure of β-LG was made. The antibody did not recog-
nize the heat-denatured form of β-LG, such as its dimer
and aggregates. Immunoassay using this “native” mAb
showed that the stability of β-LG was at temperatures
≤70°C. β-Lactoglobulin began to deteriorate between 70
and 80°C over time. The denaturation was correlated
with the transition temperature of β-LG. Further chem-
ical modification of Cys (carboxymethylation) or posi-
tively charged residues (acetylation) of β-LG totally
abolished its immunoreactivity, confirming the confor-
mation-dependent nature of this mAb. Using competi-
tive ELISA, the 4H11E8 mAb could determine the na-
tive β-LG content in commercially processed milks.
Concentrations of native β-LG varied significantly
among the local brands tested. From a technological
standpoint, the mAb prepared in this study is relevant
to the design and operation of appropriate processes for
thermal sanitation of milk and of other dairy products.
Key words: β-lactoglobulin structure, immunoassay,
native monoclonal antibody, thermal denaturation

INTRODUCTION

Molten globules are thought to be general intermedi-
ates in protein folding and unfolding (Chang et al.,
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2000; Yang et al., 2001; Croguennec et al., 2004; Chen
et al., 2005; Song et al., 2005). α-Lactalbumin and β-
LG are 2 of the major protein moieties of bovine whey
proteins; β-LG constitutes 50% of the whey or about 10
to 15% of total milk proteins (Braunschweig et al., 2000;
de Jongh et al., 2001; Wang and Lucey, 2003; Chen et
al., 2005). Both of them are the most investigated mod-
els for understanding the mechanisms involved in pro-
tein stability, folding, and unfolding upon heating.

β-Lactoglobulin consists of 162 AA residues with 1
free Cys and 2 disulfide linkages (Pérez and Calvo,
1995; Sava et al., 2005). According to 3-D crystallo-
graphic studies, β-LG is predominantly a β-sheet con-
figuration containing 9 antiparallel β-strands from A to
I (Qin et al., 1999; Forge et al., 2000). Topographically,
strands A through D form one surface of the barrel
(calyx), and strands E through H form the other. The
only α-helical structure with 3 turns is at the COOH-
terminus, which follows strand H lying on the outer
surface of the calyx (Uhrinova et al., 2000). A remark-
able property of the calyx is its ability to bind in vitro
hydrophobic molecules such as retinoids, fatty acids,
vitamin D, and cholesterol (Qin et al., 1998; Wu et
al., 1999; Kontopidis et al., 2002). We have recently
identified that strand D of β-LG participates in the
irreversibly thermal unfolding (Song et al., 2005) of
which a new antigenic epitope in β-LG is being exposed
between AA residues 66 and 76 when heating to >70°C
(Chen et al., 2005; Song et al., 2005). The unique struc-
tural and conformational changes made β-LG a superior
marker for evaluating thermal processed milk (Chen
et al., 2005).

In the present study, a conformation-dependent mAb
(4H11E8) directed against native β-LG was prepared.
The decreased immunoreactivity of β-LG as recognized
by this “native” mAb was correlated to the thermal
denaturation and conversion of β-sheet to the disor-
dered structure of β-LG. Chemical modification of Cys
and positively charged residues totally abolished the
immunoreactivity of β-LG, confirming the nature of con-
formational dependency of this mAb. Using competitive
ELISA, the mAb was able to determine the native β-
LG content in commercially processed milk. We showed
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that the native β-LG concentrations varied significantly
among the brands. The utility of this native mAb in
monitoring the quality of dairy products and the biologi-
cal consequences is discussed in detail.

MATERIALS AND METHODS

Preparation of Milk Samples and β-LG

Fresh, bulked, whole raw milk obtained from a local
dairy farm (Chyayi, Taiwan) was used for PAGE, West-
ern blot, and ELISA analyses. For the heating experi-
ments, each milk sample was heated at each tempera-
ture for the indicated time and immediately cooled
down in an ice bath before the study. β-Lactoglobulin
was purified from freshly skimmed milk using 40% sat-
urated ammonium-sulfate top fraction followed by a β-
LG antibody affinity column chromatography (Chen et
al., 2004, 2005).

Animal Care and Use

Balb/c mice were purchased from the National Ani-
mal Center of the National Science Council of Taiwan.
The mice were maintained and fed in light-cycled ani-
mal rooms; facilities and management were according
to guidelines established and approved by the National
Science Council.

Immunization of Mice

Female Balb/c mice, aged 5 to 7 wk, were used for
immunization according to the method described pre-
viously (Yang and Mao, 1999; Chen et al., 2004, 2005).
In brief, native β-LG [200 �g in 200 �L of PBS con-
taining 0.02 M phosphate and 0.12 M NaCl (pH 7.4)]
was homogenized with an equal volume of complete
Freund’s adjuvant by a 3-way stopcock for the first
injection. The other 2 injections were then followed us-
ing incomplete Freund’s adjuvant at d 7 and 14. Seven
days following a final booster, plasma was obtained
from blood collected in 0.1% EDTA (wt/vol) and was
then used as a source for conventional β-LG polyclonal
antibody. The titers of this antiserum were typically
>1:10,000 as judged by an ELISA (Chen et al., 2004).
The spleen obtained was used for preparing hybrid-
oma fusion.

Production of mAb

Monoclonal antibodies were produced according to
the standard procedures previously described (Mao et
al., 1982, 1988, 1990; Chen et al., 2004). In brief, a
myeloma cell line (FO) was fused with spleen cells from
immunized mice at a ratio of 1:5. Fusion was carried
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out within 2 min at 37°C using 1 mL of 50% (wt/vol)
polyethylene glycol containing 10% (vol/vol) DMSO (Hy-
bri-Max, Sigma Chemical Co., St. Louis, MO). The cell
mixture was then washed and resuspended in a hypo-
xanthine-aminopterin-thymidine medium (Hybri-Max)
containing approximately 1 × 104 FO cells/100 �L. The
suspended cells were distributed at 100 �L per well in
96-well microtiter plates and incubated at 37°C in a
5% CO2 incubator followed by the addition of 100 �L
of fresh hypoxanthine-aminopterin-thymidine medium
after 7 d. Subsequently, culture medium was assayed
for the production of specific mAb, between 14 and 21
d following fusion, using a solid-phase ELISA as de-
scribed subsequently.

Screening of mAb Specific for Native
β-LG Using ELISA

About 0.5 �g of raw or dry milk protein in 50 �L of
PBS was coated onto a microtiter plate (Nunc, Roskilde,
Denmark). Unbound β-LG was washed and subse-
quently blocked by the addition of 350 �L of 1% gelatin
(wt/vol) for 30 min (Mao et al., 1983, 1988; Patton et
al., 1983; Chen et al., 2004, 2005; Song et al., 2005).
Following washes with PBS, 50 �L of hybridoma cul-
ture medium (2 to 3 wk following the fusion) was added
and incubated at room temperature for 60 to 90 min.
Each well was then washed 3× with gelatin-PBS con-
taining 0.1% gelatin and 0.05% Tween-20. Bound β-LG
antibodies were detected using a goat antimouse IgG
conjugated with horseradish peroxidase in gelatin-PBS
for 30 min. Finally, each well was washed and devel-
oped with 0.04% (wt/vol) 2,2-Azino-bis(3-ethylbenz-thi-
azoline-6-sulfonic acid) (ABTS) in PBS containing
0.01% H2O2 (vol/vol). For primary screening, mAb that
differentially reacted with native β-LG were selected,
and those that reacted equally with native and ther-
mally denatured β-LG were ignored. The selected hy-
bridomas were expanded and subcloned by limiting di-
lutions for at least 2× to establish the monoclonals (Mao
et al., 1988, 1990). The specificity of the mAb that recog-
nized the native structure of β-LG was further con-
firmed by Western blot using native and heated β-LG
(95°C for 5 min).

Gel Electrophoresis

Sodium dodecyl sulfate-PAGE or native PAGE con-
taining 15% (wt/vol) polyacrylamide (unless specified)
was used for the characterization of the milk proteins
via a modified procedure (Yang and Mao, 1999; Chen
et al., 2005) similar to that described previously (Old-
field et al., 1998; Chen et al., 2005). All samples (5 to
20 �g) for SDS-PAGE were equilibrated in 10 mM Tris-

169



CHEN ET AL.914

HCl and 0.1% SDS (pH 7.6) before loading to the gel.
A preheat treatment used in the conventional SDS-
PAGE was omitted in this study to ensure the native
structure of unheated β-LG or milk proteins. The same
procedures were conducted for native PAGE.

Western Blot Analysis

Following the SDS-PAGE or native PAGE, the gel
was soaked instantly and briefly in a transfer buffer
containing 25 mM Tris-HCl, 192 mM glycine, 20%
methanol, and 0.0375% SDS (pH 8.3) for 30 s (Chen et
al., 2004, 2005). The gel was then immediately electro-
transferred to a nitrocellulose membrane (Hybond-ECL
extra, Amersham, Buckingham, UK) at 90 mA for 45
min in a semidry transfer cell (BioRad, Hercules, CA).
The membrane was immersed in 1% gelatin for 1 h
with gentle shaking. Following 3 washes with PBS for
5 min, the membrane was incubated with tested mAb
(with appropriate dilution in PBS containing 0.1% gela-
tin and 0.05% Tween-20) for 1 h followed by 3 washes
and incubation with horseradish peroxidase-conju-
gated goat antimouse IgG for 1 h. Finally, the mem-
brane was developed with 0.1 mg/mL of 3-3′-diamino-
benzidine (3,3′,4,4′-tetra-amino-biphenyl) containing
0.01% H2O2 in PBS.

Trypsin and Cyanogen Bromide Fragmentation

For trypsin treatment, 50 �g of β-LG in 100 �L of
PBS was incubated with 1 �L of trypsin (0.1 mg/mL)
at room temperature for 4 h (Chen et al., 2004; Song
et al., 2005). Trypsinized β-LG was analyzed on SDS-
PAGE (18% polyacrylamide) followed by a Western blot.
Cyanogen bromide (CNBr) fragmentation was con-
ducted according to the method previously described
with some modifications (Mao et al., 1977; Song et al.,
2005). In general, 5 mg of β-LG was first dissolved in
70% (vol/vol) trifluoroacetic acid as previously described
(Caprioli et al., 1991; Andrews et al., 1992) with the
addition of 10 mg of CNBr in the dark for 24 h at room
temperature. After 3× evaporation in a lyophilizer with
the addition of 5× volume of deionized water, the dry
material was dissolved in the 10 mM phosphate buffer
(pH 7.0). The immunoreactivity of CNBr fragments was
then analyzed on an 18% SDS-PAGE followed by a
Western blot.

Acetylation and Carboxymethylation of β-LG

Chemical modification of β-LG by acetylation was
conducted by a modification of the procedure previously
described (Mao et al., 1980; Song et al., 2005). To 5 mg
of β-LG in 2 mL of 50 mM sodium bicarbonate (pH
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8.0) containing 6 M urea, 5 �L of acetic anhydride was
slowly added into the reaction mixture step by step
while maintaining the pH at 8.0 using 0.1 M NaOH.
After 3 h of incubation at room temperature, the ace-
tylated protein was desalted on a Biogel P-2 column
eluted by 0.05 M ammonium bicarbonate and lyoph-
ilized.

For carboxymethylation (Mao et al., 1980; Tseng et
al., 2004; Song et al., 2005), 5 mg of β-LG was first
dissolved in 5 mL of 0.1 M Tris-HCl buffer (pH 8.6)
containing 6 M ultra-pure urea and 0.02 M 2-mercapto-
ethanol. Following flushing with nitrogen, 20 mg of
iodoacetic acid was added into the reaction mixture
while maintaining the pH at 8.6 via the addition of
0.1 M NaOH and incubation for another 3 h. Finally,
carboxymethylated (CM) β-LG was desalted on a Bio-
Gel P2 column eluted by 0.05 M ammonium bicarbonate
and lyophilized. According to AA analysis, the CM β-
LG contained 4.9 residues of CM Cys/mol of β-LG.

Standard Displacement Curve of Milk Samples
and Determination of β-LG Concentration

In brief, β-LG (0.5 �g in 50 �L of PBS) was first
immobilized onto each microtiter well followed by
washes and blocking as described for ELISA. After
washes, 50 �L of the milk samples (raw or commercially
processed milks) at various dilutions in 0.1% gelatin-
PBS was mixed with 50 �L of the 4H11E8 mAb and
incubated at room temperature for 1 h. Following
washes, a secondary antibody (goat antimouse IgG con-
jugated with horseradish peroxidase) was added, incu-
bated, washed, and then developed with ABTS. To de-
termine the native β-LG content of each milk sample,
the β-LG concentration was based on the equivalent
immunoreactivity extrapolated from that using purified
β-LG as a standard. The mean value of each unknown
sample was obtained from triplicated determinations
with an intraassay variation of <8%.

Milk Samples for Native PAGE

Different brands of commercially processed milk were
purchased from the local market, and one was from the
US market (Kroger, Cincinnati, OH). Freshly bulked,
whole raw milk was obtained from a local dairy farm.
Samples were immediately centrifuged at 13,000 rpm
(15,500 × g) for 1 h at 4°C. The top layer in the superna-
tant was carefully removed, and the remaining fraction
(whey protein) containing minimal casein was used for
the analysis of PAGE and Western blot.

RESULTS

Using dry milk as an immunogen, we have recently
produced a mAb that can distinguish dry milk from raw
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Figure 1. Typical example of a monoclonal antibody (mAb) that
differentially reacted with native and heated β-LG. Immunoreactivity
was monitored using an ELISA, and an equal amount of native and
heated β-LG protein (1 �g) was coated onto the microtiter plate. β-
Lactoglobulin was heated at 95°C for 5 min prior to the coating. Each
bar represents the mean ± SEM of triplicate determinations. OD =
optical density.

milk (Chen et al., 2004). Antigenic mapping shows that
the epitope is located between residues 66 and 76 in
strand D of thermally denatured β-LG (Song et al.,
2005). When heated to >80°C, the epitope region of β-
LG is exposed and bound by the mAb (3E7G7). There-
fore, the antibody is defined as “denatured” mAb. In the
present study, we tested the hypothesis that a native β-
LG mAb could be prepared when native β-LG was used
for immunization. Approximately 500 hybridoma
clones were screened, among which 1 mAb was estab-
lished (4H11E8) that specifically reacted with the na-
tive β-LG, but not heat-denatured β-LG. A typical ex-
ample is shown in Figure 1: mAb 4H11E8 bound pri-
marily to native β-LG in contrast to denatured mAb
that bound to heated β-LG.

Western Blot Analysis

Using SDS-PAGE and Western blot analysis, mAb
4H11E8 only recognized the native monomeric β-LG of
raw and dry milk, but not denatured β-LG dimer or
polymers of dry milk (Figure 2). The denatured β-LG
was almost nondetectable by Coomassie blue staining.
Such minimal denatured forms, however, were ob-
served using a denatured mAb prepared previously
[Figure 2 (right panel); Chen et al., 2004, 2005]. To
demonstrate the specificity and sensitivity of the
4H11E8 mAb, we heated raw milk at 95°C over time.
Following a native PAGE and Western blot analysis,
β-LG was found to be severely denatured after heating
of milk at 95°C for >2 min (Figure 3A). Formation of
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large polymers from either self-associated β-LG or β-
LG conjugates (with other milk proteins) was observed
for denatured mAb (Figure 3B). Because more β-LG
aggregates formed after heating for >4 min, less dena-
tured β-LG could run into the gel; such that some of
the sample became undetectable by the denatured mAb
on the blot (Figure 3B). It was obvious that mAb
4H11E8 only recognized the native β-LG. We herein
define it as “native” mAb.

Effect of Heat on the Immunoreactivity of Raw Milk

Quantitative ELISA was then used to analyze immu-
noreactivity of native mAb against raw milk heated at
different temperatures over time (Figure 4). The β-LG
thermal denaturation curve shows that, in general, β-
LG was stable at the temperatures ≤70°C. It began to
deteriorate between 70 and 80°C. Most interestingly,
the thermal denaturation curve determined by the im-
munoassay in this study is almost identical to that
determined by the structural change of β-LG using a
physical-chemical approach: a circular dichroic spec-
trum (Chen et al., 2005). A severe decrease in immuno-
reactivity was observed when heating was >80°C. This
finding demonstrated that the structural loss of native
β-LG could be probed by the native 4H11E8 mAb.

Effect of Conformational Change
on the Immunoreactivity of β-LG

We anticipated that the overall structure of β-LG
might determine the specific nature of this native mAb.
To test this hypothesis, we chemically modified β-LG
by carboxymethylation to break up the disulfide linkage
in altering its overall structure. As shown in Figure 5A,
the native mAb reacted with native β-LG, but not that
CM using a Western blot analysis. Notably, an extra
band was present in the modified β-LG (Coomassie blue
staining), which might have been generated during the
modification by an unknown mechanism. Additional
acetylation on the lysyl residues, limited trypsin treat-
ment, and CNBr fragmentation also diminished the
immunoreactivity (Figure 5, B through D). It should be
noted here that both of these 2 chemical modifications
were carried out in the presence of 6 M urea. The modi-
fied β-LG was dialyzed against PBS prior to the Western
blot to remove the urea. After dialysis, the immunoreac-
tivity of β-LG treated with 6 M urea was retained be-
cause of the renaturation of the conformation. Also,
sample treated with trifluoroacetic acid alone (without
the presence of cleavage reagent CNBr) did not show
the loss of immunoreactivity after removing the trifluo-
roacetic acid by lyophilization. However, β-LG treated
with 8 M urea without dialysis resulted in a complete
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Figure 2. Characterization of native monoclonal antibody (mAb) 4H11E8 using Western blot. Left: raw and dry milk on a 15% SDS-
PAGE followed by Coomassie blue staining. Right: raw and dry milk on SDS-PAGE followed by Western blot using native and denatured
mAb. The data show that native mAb only recognizes the native form of β-LG, but not β-LG dimer, polymers, or aggregates. The denatured
forms of β-LG cannot be seen by Coomassie staining.

loss of the immunoreactivity on a nitrocellulose using
a dot-blot assay (data not shown). Taken together, these
results suggest that the native mAb was not sequen-
tially dependent.

Determination of Native β-LG in Processed Milk
from the Local Market

Using competitive ELISA by native mAb, we moni-
tored the immunoreactivity of native β-LG in processed
milk. A typical example for the standard displacement
curves resulting from the samples purchased from the
local market is shown in Figure 6. Optical density is
inversely correlated with the expression of native β-LG
in tested milks. The raw milk shows a superior β-LG
immunoreactivity to most of the brands tested (Figure
6) and was almost superimposed with one brand that
was claimed to be pasteurized at <65°C for 30 min (low
temperature; long pasturization). Using a standard
curve of native β-LG (data not shown), the extrapolated
β-LG content for each brand is listed in Table 1. The
β-LG left over in each processed brand varied signifi-
cantly. Interestingly, the native β-LG values in a US
brand (No. 3) and domestic brand (No. 2; low tempera-
ture and long pasteurization) were essentially identical
to those in raw milk. Finally, we characterized the na-
tive β-LG content in processed milk using a native
PAGE. β-Lactoglobulin was found severely denatured
in some of the brands (Figure 7) and was almost consis-
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tent with the quantitative ELISA using native mAb
(Table 1).

DISCUSSION

It is well established that the heating process during
the preparation of dry milk causes structural changes
in some milk proteins (Needs et al., 2000; Chen et al.,
2004). Although such changes are subtle, we have dem-
onstrated that the denatured mAb can distinguish mi-
nor differences between the dry and raw milks (Chen
et al., 2004). Subsequently, β-LG was found to be the
component responsible for the specificity of that dena-
tured mAb (Chen et al., 2004). Following antigenic map-
ping using synthetic peptides, we have recently deline-
ated the epitope to be located between residues 66 and
76 of the denatured D strain of β-LG (Song et al., 2005).
Thus, this suggests that β-LG is a sensitive thermal
marker that can be probed by a mAb specific to dena-
tured β-LG. Conversely, it predicts that a mAb specific
to native β-LG can be made following appropriate im-
munization and screening. For this reason, in the pres-
ent study, we used native β-LG as an immunogen to test
the hypothesis that a specific mAb against the native
structure of β-LG could be established.

Because those monoclonals that cross-reacted with
denatured β-LG had already been eliminated in the
initial screening, the remaining clones that were spe-
cific to native β-LG should be most likely directed
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Figure 3. Thermal denaturation of β-LG characterized by native
monoclonal antibody (mAb) 4H11E8 and denatured mAb on native
PAGE. The experiment was carried out by heating raw milk at 95°C
over time (0 to 16 min) followed by a Western blot using mAb (A)
and denatured mAb (B). Two isoforms of β-LG were seen on native
PAGE. The native mAb does not recognize the thermally denatured
β-LG.

against a conformational dependent epitope. Several
lines of evidence support this possibility. First, from
the known 3-D structure, Cys residues are responsible
for stabilizing the overall structure of β-LG by cross-
linking the positions strand D Cys-66 and carboxyl ter-
minus Cys-160 (Creamer et al., 2004; Song et al., 2005).

Journal of Dairy Science Vol. 89 No. 3, 2006

Figure 4. Immunoreactivity of β-LG in raw milk heated at differ-
ent temperatures over time. Each milk sample was independently
heated at each respective temperature with the time as indicated
and immediately cooled in an ice bath before immobilizing onto the
ELISA plate. Immunoreactivity was monitored by an ELISA using
native mAb 4H11E8. Each point represents a mean of duplicated
determinations. The decrease in immunoreactivity assessed by native
mAb is essentially correlated to the molten globule state of β-LG with
a transition between 70 and 80°C. OD = optical density.

Our chemical modification (carboxymethylation) on Cys
residues not only resulted in the conformational change
of β-LG as shown in our previous study (Song et al.,
2005.), but also completely abolished the immunoreac-
tivity in the present study (Figure 4). Second, acetyla-
tion. which neutralizes the positively charged lysyl resi-
dues (at pH 10), resulted in a total loss of the immunore-
activity of β-LG (Figure 5B). These charged residues
are also crucial in maintaining the overall 3-D structure
of a given protein or β-LG (Song et al., 2005). Third, in
contrast to the denatured β-LG mAb (Chen et al., 2004;
Song et al., 2005), this native mAb did not recognize
the CNBr fragment (Figure 4). It is conceivable that
this mAb may not be sequence dependent. It was tempt-
ing to speculate that the entire β-LG molecule was re-
quired in maintaining the antigenic structure, but we
could not rule out that such fragmentation might di-
rectly cleave the epitope, resulting in a loss of immuno-
reactivity. We then denatured the β-LG using 8 M urea
and demonstrated that it was not immunoreactive us-
ing a dot-blot assay (data not shown). Thus, it further
supports the notion that conformation of β-LG plays a
role in this native mAb. With respect to CNBr cleavage,
we used 70% trifluoroacetic acid instead of formic acid.
Although formic acid is commonly used because of its
good solubility and denaturation for a given protein, it
may damage Trp and Tyr residues (Morrison et al.,
1990). It may also result in formylation and so increase
peptide mass (Beavis and Chait, 1990). Conversely, tri-
fluoroacetic acid is preferable to formic acid, giving a
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Figure 5. Role of disulfide linkage in maintaining the antigenic structure of β-LG and the effect of chemical modifications on its
immunoreactivity. A) β-LG was irreversibly reduced by carboxymethylation; lane I: native β-LG and lane II: carboxymethylated β-LG. B)
β-LG was modified before (lane I) and after (lane II) acetylation at pH 10. C) β-LG was treated before (lane I) and after (lane II) trypsin
cleavage. D) β-LG was treated before (lane I) and after (lane II) cyanogen bromide (CNBr) cleavage. The left side of each panel represents
the analysis of 20% SDS-PAGE using Coomassie blue staining, except for Panel A, where staining was at 15% SDS-PAGE. The right side
of each panel represent the Western blot analysis using native monoclonal antibody 4H11E8. The data suggest that the immunoreactivity
is dependent on the overall structure of β-LG (A and B), and the epitope is likely not located in the β-LG fragments (C and D).

satisfactory result (Caprioli et al., 1991; Andrews et al.,
1992), but the reaction time is somewhat slower than
that of formic acid.

Taken together, our study reveals that this native
mAb is conformationally dependent on the overall
structure of β-LG. It is difficult for us to map out the
specific antigenic determinant at the present time, but
it is very possible that Cys-121 or its neighboring resi-
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dues might play an essential role in the recognition of
the native mAb. Because the free Cys-121 residue is
known to be involved in the simplest form of covalently
linked β-LG dimer upon heating (Panick et al., 1999;
Farrell et al., 2004; Kontopidis et al., 2004), such dimer-
ization causes the loss of our mAb binding (Figure 2).
The covalent linkage may eventually block the 4H11E8
binding via steric hindrance (Figure 2). Furthermore,

174



ANALYSIS OF β-LG IN PROCESSED MILK 919

Figure 6. Typical example of immunoreactivity of native β-LG in
raw and processed milk as determined by a competitive ELISA. Na-
tive β-LG was used as an immobilized antigen while competing the
binding of raw and processed milks for native monoclonal antibody
4H11E8. A) raw milk, B) processed milk from a local market pasteur-
ized at 60°C for 30 min, and C through G) processed milks purchased
from the local market with undisclosed heating procedures. Appar-
ently, the immunoreactivity of β-LG in most of the processed milk
was attenuated as compared with the raw milk. OD = optical density.

the Cys-121 is also responsible for cross linking with β-
LG aggregates or with other milk proteins upon heating
(Chen et al., 2004; Creamer et al., 2004; Croguennec et
al., 2004; Chen et al., 2005). We have attempted to map
out the antigenic structure for this native mAb using

Table 1. Determination of native β-LG from commercially processed
milk

Processed milk Amount of native
from market1 β-LG (mg/mL)2

1 5.50 ± 0.06
2 5.35 ± 0.15
3 5.40 ± 0.12
4 2.98 ± 0.27
5 0.60 ± 0.08
6 0.36 ± 0.02
7 0.55 ± 0.08
8 1.84 ± 0.36
9 0.39 ± 0.03
10 0.34 ± 0.08
11 0.68 ± 0.18
12 1.05 ± 0.16
13 0.49 ± 0.04
14 0.48 ± 0.05

1Samples 1, 2, and 3 represent a raw milk and a processed milk
of a local market pasteurized at 60°C for 30 min and a processed milk
of a U.S. market pasteurized with a standard procedure, respectively.
Samples 4 through 13 represent various processed milks of a local
market with an undisclosed heating procedure.

2Determination of β-LG was by competitive ELISA. Each value
represents the mean ± SEM of triplicate determinations.
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the peptide array technique previously established in
our laboratory (Song et al., 2005), but we failed to show
any immunoreactivity against the synthetic peptides.
Therefore, we can only speculate that Cys-121 (or its
neighboring residues) is essential for mAb recognition,
but the antigen-antibody interaction may still need the
integrity of the native structure of β-LG. Final conclu-
sive interpretation of the involvement of Cys-121 with
respect to the native mAb recognition probably lies in
the use of recombinant β-LG with a single mutation on
Cys-121. This experiment is now in progress in our
laboratory using site-directed mutagenesis. In addition,
the acetylation experiment conducted in this study (Fig-
ure 5) tended to suggest the possible involvement of
lysyl residues in the antigenic determinant similar to
that found previously (Song et al., 2005), in which the
positively charged residues are frequently expressed on
a surface epitope.

As to the biological function of β-LG, studies have
shown that it produces hypocholesterolemic (Nagaoka
et al., 2001) and antioxidant effects (Peña-Ramos and
Xiong, 2001; Wong and Kitts, 2003; Hernandez-
Ledesma et al., 2005) and may also serve as a growth
factor for mammalian cells (Feuermann et al., 2004).
It can transport and complex with retinol and fatty
acids via its hydrophobic binding pocket calyx of β-LG
(Song et al., 2005). Interestingly, β-LG is not only acid
resistant in gastrointestinal tracts, but it also possesses
a superior absorption capability via a receptor-medi-
ated process (Dew and Ong, 1997). Our recent study
demonstrates the loss of this binding capability when
β-LG is denatured by heating to >80°C. We have further
suggested that it is the exposure of hydrophobic region
(residues 66 to 76) of the D strand to a polar environ-
ment that destabilizes the calyx structure and complex
formation with retinol and palmitic acid (Song et al.,
2005). Because β-LG is also labile to heat treatment by
forming large polymers with other milk proteins (Chen
et al., 2004, 2005), it is tempting to speculate that heat
may reduce the extent of absorption of β-LG through
the gut. Conceivably, additional overheating should be
avoided to maintain the physiologic role of β-LG. Our
mAb may provide a novel mean for monitoring the na-
tive structure of β-LG in heat-processed milks. It is of
interest to note that the reported transition tempera-
ture of native β-LG (between 70 and 80°C) is almost
completely agreeable with the decrease in immunoreac-
tivity for the native mAb (Figure 4). From a technologi-
cal standpoint, this mAb may be relevant to the design
and operation of appropriate processes for thermal sani-
tation of milk and other dairy products. For example,
using a standard Ohio State University method of man-
ufacturing whey protein curd, milk is short-time pas-
teurized (about 72°C for 30 s) and held overnight at

175



CHEN ET AL.920

Figure 7. Characterization of β-LG content in processed milk using native PAGE. Whey protein of skimmed milk (n = 14; 10 �g each)
was loaded on a 15% native PAGE and stained by Coomassie blue. For the preparation of whey protein, milk samples were immediately
centrifuged at 13,000 rpm (15,500 × g) for 1 h at 4°C. The top layer in the supernatant was carefully removed, and the remaining fraction
(whey protein) containing minimal casein was used for the analysis. Lane 1: raw milk; lane 2: processed milk from a local market pasteurized
at 60°C for 30 min; lane 3: processed milk from a US market pasteurized with a standard procedure; lanes 4 to 14: processed milk of various
brands from a local market with undisclosed heating procedures. β-Lactoglobulin concentration in each milk was determined by native mAb
using an ELISA. The designated sample number of each tested milk was the same as that shown in Table 1 (n = 14).

40°C. The next morning, the mixture is cooled to 30°C,
inoculated with a lactic acid culture, and incubated for
30 min. Rennet extract is added, and the mixture is
stirred, resulting in coagulation of curd (Marshall,
2004). According to our curve for thermal denaturation
constructed by the mAb (Figure 4), β-LG is likely intact
using these standard procedures. The present study
shows the use of native mAb in determining the native
β-LG concentration in processed milk (Table 1), but not
of the polyclonal antibodies, as they recognized both
native and denatured β-LG (Chen et al., 2005). Table
1 illustrates that the β-LG content varied significantly
among the brands we tested. Although the status for
the manufactured process is not disclosed and is not
yet readily known, our study indicates the remarkable
difference among the procedures for thermal steriliza-
tion and pasteurization as previously indicated (Doug-
las et al., 1981). Therefore, it is recommended that the
heating process should be eventually standardized to
avoid unnecessary overheating by our domestic manu-
facturers. In conclusion, the present study provides evi-
dence that a novel conformation-dependent β-LG mAb
can be prepared via an appropriate immunization strat-
egy and screening. Such native mAb can be used as a
unique reagent to routinely monitor the quality of dairy
products when β-LG is considered to be an essential in-
gredient.
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INTRODUCTION

Bovine b-lactoglobulin (b-LG) is a major whey protein in

milk to an extent of about 50%.1 Because of its thermally

unstable and molten-globule nature, b-LG has been studied

extensively for its physical and biochemical properties in the

past 40 years.2–6 Although the biological functions of the

protein still remain elusive, some essential functions of b-LG,
such as cholesterol lowering, modulation of immune system,

transport of retinol, fatty acid, and vitamin D,7–9 and pre-

vention of oxidative stress,10,11 have been reported.

Several crystal forms of bovine b-LG have been de-

scribed.12–21 Of these, lattices X and Z (Space group P1 and

P3221) have been investigated at a low resolution.14 A high

resolution study of another crystal form, lattice Y, has yielded

a chain trace and a preliminary model.14 The overall folding

turns out to be remarkably similar to that of the human

plasma retinol binding protein15,16,22,23 and human tear

lipocalin,24 known as members of the lipocalin superfamily.

As shown in Figure 1(A), b-LG comprises of 162 amino acid

residues with two disulfide linkages and one free cysteine. It

has predominantly a b-sheet configuration containing nine

antiparallel b-strands from A to I.18,19,25 Topographically,

b-strands A-D form one surface of the barrel (calyx), whereas

strands E-H form the other.

The only a-helical structure with three turns is at the

COOH-terminus (residues 130–141), which is followed by a

b-strand I lying on the outer surface of the calyx.26 The

Grant sponsor: National Science Council (NSC); Grant numbers: 92-2313-B-009-002, 93-

2313-B009-002, 94-2313-B-009-001, 95-2313-B-009-001, 94-2321-B-213-001; Grant spon-

sor: National Synchrotron Radiation Research Center (NSRRC); Grant numbers:

944RSB02, 954RSB02.

*Correspondence to: Simon J. T. Mao, Department and College of Biological Science and

Technology, National Chiao Tung University, 75 Po-Ai Street, Hsinchu, 30068 Taiwan,

ROC. E-mail: mao1010@ms7.hinet.net and Chun-Jung Chen, Life Science Group, Research

Division, National Synchrotron Radiation Research Center, 101 Hsin-Ann Road, Hsinchu,

30076 Taiwan, ROC. E-mail: cjchen@nsrrc.org.tw

Received 13 April 2007; Revised 16 August 2007; Accepted 22 August 2007

Published online 14 November 2007 in Wiley InterScience (www.interscience.wiley.com).

DOI: 10.1002/prot.21811

ABSTRACT

b-lactoglobulin (b-LG), one of the most investigated pro-

teins, is a major bovine milk protein with a predomi-

nantly b structure. The structural function of the only a-

helix with three turns at the C-terminus is unknown.

Vitamin D3 binds to the central calyx formed by the b-

strands. Whether there are two vitamin D binding-sites

in each b-LG molecule has been a subject of controversy.

Here, we report a second vitamin D3 binding site identi-

fied by synchrotron X-ray diffraction (at 2.4 Å resolu-

tion). In the central calyx binding mode, the aliphatic

tail of vitamin D3 clearly inserts into the binding cavity,

where the 3-OH group of vitamin D3 binds externally.

The electron density map suggests that the 3-OH group

interacts with the carbonyl of Lys-60 forming a hydrogen

bond (2.97 Å). The second binding site, however, is near

the surface at the C-terminus (residues 136–149) contain-

ing part of an a-helix and a b-strand I with 17.91 Å in

length, while the span of vitamin D3 is about 12.51 Å. A

remarkable feature of the second exosite is that it com-

bines an amphipathic a-helix providing nonpolar resi-

dues (Phe-136, Ala-139, and Leu-140) and a b-strand

providing a nonpolar (Ile-147) and a buried polar resi-

due (Arg-148). They are linked by a hydrophobic loop

(Ala-142, Leu-143, Pro-144, and Met-145). Thus, the

binding pocket furnishes strong hydrophobic force to sta-

bilize vitamin D3 binding. This finding provides a new

insight into the interaction between vitamin D3 and b-

LG, in which the exosite may provide another route for

the transport of vitamin D3 in vitamin D3 fortified dairy

products. Atomic coordinates for the crystal structure of

b-LG-vitamin D3 complex described in this work have

been deposited in the PDB (access code 2GJ5).

Proteins 2008; 71:1197–1210.
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structural and functional relationship of this helical

region is not yet clearly defined. Studies on the crystal

structure of b-LG-retinol complex at 2.5 Å resolution by

Monaco et al. have pointed out that there is a surface

pocket consisting of almost completely hydrophobic resi-

dues near the helical region.16

The remarkable ability of the calyx to bind hydropho-

bic molecules, such as retinol, fatty acids, and vitamin D

[Fig. 1(B)],27–29 has recently been reviewed by Kontopi-

dis et al.9 It seems clear that the binding of fatty acid,

retinol, and vitamin D is within the central calyx of the

protein; however, the existence of a second ligand bind-

ing site beyond the calyx is a matter of controversy.9

Interestingly, an early study has suggested that a hydro-

phobic pocket, formed by the a-helix and the surface of

the barrel, also exists.16 This surface pocket, limited by

Phe-136 and followed by residues 139–143 (Ala-Leu-Lys-

Ala-Leu), has been suspected to potentially bind reti-

nol;16 however, later studies by X-ray diffraction did not

reveal that retinol could occupy this site.9,29 Using cis-

parinaric acid as a ligand, Dufour et al.30 have suggested

that this ligand is bound in this hydrophobic pocket. It

remains unclear what type of ligands may interact with

this surface site. The binding of vitamin D to b-LG is

also controversial.9,31 It has been postulated that there is

another binding site, in addition to the calyx, for vitamin

D based on the work of Swaisgood and de Wolf31–35 by

using biochemical binding assays. Subsequently, they also

suggested that one vitamin D is bound in that hydropho-

bic site. Nevertheless, the location of the secondary bind-

ing site remote from the calyx has been implicated,15,16

but has not yet been identified by the crystal structure of

bovine b-LG with vitamin D2.9

Spectroscopic studies and thermodynamic analysis of

the calorimetric signal have demonstrated that irreversi-

ble unfolding of the b-LG structure occurs upon thermal

treatment above its transition temperature, 65–708C.36

Recently, we have shown that the conformational changes

of b-LG are rapid and extensive at temperatures above

the transition,5 and b-strand D of the calyx is directly

involved in the unfolding during the thermal denatura-

tion.4 As a result, the binding of palmitate or retinol to

the central calyx is diminished. In the present study, we

also demonstrated that the maximal binding ratios of

vitamin D3 to b-LG were 2:1, similar to that established

by Wang et al.31 Our next strategy was to denature the

conformation of the calyx by heating at 1008C for 16

min; under this condition the calyx pocket was thermally

‘‘removed.’’ We then tested whether the thermally dena-

tured b-LG was able to bind vitamin D3, palmitate, and

retinol. Interestingly, only vitamin D3 bound the heated

b-LG and the binding ratio of vitamin D3 to the heated

b-LG was found to be 1:1. Thus, it suggests that there is

a secondary site for vitamin D3 binding, which is ther-

mally independent. To confirm the hypothesis that a sec-

ond vitamin D3 binding site exists, we determined the

crystal structure of b-LG-vitamin D3 complex and

attempted to identify, localize, and characterize such a

site.

MATERIALS AND METHODS

Materials

b-LG was purified from raw milk using saturated am-

monium sulfate (40%) followed by a G-150 column

chromatography of the upper fraction as described previ-

ously.3 All-trans retinol, palmitic acid, vitamin D3 (chole-

calciferol), and N-acetyl-L-tryptophanamide were pur-

chased from Sigma-Aldrich (St. Louis, MO).

Ligand binding to b-LG

b-LG stock solution was prepared in 0.01M phosphate

buffered solution, pH 8.0 (PB). Retinol, palmitate, and

vitamin D3 were prepared using absolute ethanol and

purged with nitrogen and stored at 2808C in the dark.

All the binding assays described below were conducted at

Figure 1
Amino acid sequence of b-LG and chemical structure of its binding ligands. (A)

b-LG is consisted of 162 amino acids with nine b-sheet strands (A-I) and one

a-helix at the COOH-terminus. There are two disulfide linkages located between

strand D and COOH-terminus (Cys-66 and Cys-160) and between strands G

and H (Cys-106 and Cys-119), with a free buried thio-group at Cys-121. a-
helix with three turns is located between residues 130 and 141 (in light gray).

(B) Chemical structure of retinol, palmitic acid, and vitamin D3.
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248C. The ligand binding assay of b-LG was measured by

fluorescence emission techniques similar to that previ-

ously described.4,31,32 In general, the binding of retinol

to b-LG was measured by extrinsic fluorescence emission

of a retinol molecule at 470 nm using excitation at 287

nm, whereas binding of palmitate or vitamin D3 to b-LG
was measured by the fluorescence enhancement or

quenching of Trp-19 of b-LG at 332 nm using excitation

at 287 nm. Fluorescence spectra were recorded with a flu-

orescence spectrophotometer (Hitachi F-4500; Tokyo, Ja-

pan). For the titration experiment, 5 lM of native b-LG
was instantly incubated with various proportions of reti-

nol or vitamin D3 (0.625–25 lM) at pH 8.0. For palmi-

tate (2.5–100 lM), 20 lM of native b-LG was used. A

solution of N-acetyl-L-tryptophanamide with an absorb-

ance at 287 nm—equal to that of the protein—served as

a blank. The change in fluorescence of this solution with

titration caused by an inner filter effect was corrected as

described by Cogan et al.37 The change in fluorescence

intensity at 332 nm or 470 nm was assumed to depend

on the amount of protein-ligand complex, which allowed

the calculation of a, the fraction of unoccupied ligand-

binding sites on the protein: a 5 (F 2 Fsat)/(F0 2 Fsat).

Here F is the fluorescence intensity at a certain titration

ratio, Fsat is the corrected fluorescence intensity of b-LG
solution with its sites saturated, and F0 is the initial cor-

rected fluorescence intensity. These data were then used

to construct a plot of PTa versus RTa/(1 2 a) according

to the equation: PTa 5 (1/n)[RTa/(1 2 a)] 2 Kd
app/n,

where PT is the total protein concentration, n is the

number of binding sites per molecule, RT is the total

ligand concentration, and Kd
app is the apparent dissocia-

tion constant.

To study the effect of pH on the binding capacity,

native b-LG between 5 and 20 lM was instantly incu-

bated with retinol, vitamin D3, or palmitate between

5 and 20 lM. To determine the effect of heat on the

binding ability, b-LG was preheated at between 50 and

1008C for 15 s to 16 min and stopped using a 208C
water bath. The preheated b-LG was then incubated with

retinol, palmitate, or vitamin D3 at pH 8.0. The final

concentration of ethanol in the reaction mixture was

kept less than 3% (vol/vol) for all the experiments men-

tioned above. The ligand binding ability of b-LG was cal-

culated as described previously.4,31 For the titration

curve experiment, the data were expressed as the percent-

age of emission of b-LG that had the maximal binding

ratio. For the heat denaturation experiment, the data

were expressed as the percentage relative to native b-LG.
All the data were collected in triplicate determinations.

Circular dichroism spectrum

For the circular dichroism (CD) spectral measure-

ments, each sample (0.5 mg/mL) was heated in 20 mM

Tris, pH 8.0.4,38 The CD spectra were recorded on a

spectropolarimeter (Jasco-J715; Tokyo, Japan) at 248C
over wavelength ranges from 200 to 250 nm, and

recorded at a scan speed of 20 nm/min. All spectra were

measured twenty times in a cuvette with a path length of

1.0 mm. Each b-LG sample (100 lL) was preheated at

50, 60, 70, 80, 90, and 1008C for 16 min and instantly

stopped in a 208C water bath before an immediate mea-

surement.

Crystallization

Purified b-LG was concentrated to 20 mg/mL in 20

mM Tris, pH 8.0. Vitamin D3 stock solution made up as

50 mM in ethanol was added to b-LG solution to give a

molar ratio of 3:1 and incubated for 3 h at 378C. Precipi-
tation immediately occurred when b-LG and vitamin D3

were mixed, and the solution drops became clear on the

slides after 3–4 days. Crystallization of the b-LG-vitamin

D3 complex was achieved using the hanging-drop vapor-

diffusion method at 188C with 2 lL hanging drops con-

taining equal amounts of b-LG-vitamin D3 complex and

a reservoir solution (0.1M HEPES containing 1.4M triso-

dium citrate dehydrate, pH 7.5). Crystals 0.1–0.2 mm

long grew after 7 days.

Crystallographic data collection and
processing

The crystals were mounted on a Cryoloop (0.1–0.2

mm), dipped briefly in 20% glycerol as a cryoprotectant

solution, and frozen in liquid nitrogen. X-ray diffraction

data at 2.4 Å resolution were collected at 110 K using the

synchrotron radiation on the beamlines BL12B2 at

SPring-8 (Harima, Japan) and BL13B at NSRRC

(Hsinchu, Taiwan). The data were processed using the

HKL2000 program.39 The crystals belong to the space

group P3221 with unit cell dimensions of a 5 b 5 53.78

Å and c 5 111.573 Å. There is one molecule per asym-

metric unit according to an estimated solvent content in

a reasonable region. Details of the data statistics are given

in a table in the text.

Crystal structure determination and
refinement

The structure of the b-LG-vitamin D3 was determined

by molecular replacement40 as implemented in CNS

v1.141 using the crystal structure of bovine b-LG (PDB

code 2BLG)18 as a search model. The b-LG molecule

was located in the asymmetric unit after rotation and

translation function searches. All refinement procedures

were performed using CNS v1.1. The composite omitted

electron density maps with coefficients |2Fo 2 Fc| were

calculated and visualized using O v7.0,42 and the model

was rebuilt and adjusted iteratively as required. Through-

out the refinement, a random selection (8%) of the data

was placed aside as a ‘‘free data set,’’ and the model was
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refined against the rest of the data with F � 0 as a work-

ing set.43–45 The monomer protein model was initially

refined by rigid-body refinement using the data from

15.0 to 3.0 Å resolution, for which the group tempera-

ture B values were first restrained at 20 Å2. This refine-

ment was followed by simulated annealing using a slow

cooling protocol with a starting temperature of 2500 K,

provided in CNS, applied to all data between 15.0 and

2.4 Å. The bulk solvent correction was then applied, and

group B factors were adjusted. After several cycles of

positional and grouped B factor refinement interspersed

with interactive modeling, the R-factor for the b-LG-vita-
min D3 complex decreased to about 28% with the Rfree

around 36%. Two elongated extra electron densities with

one b-LG molecule were clearly visible and recognized as

the vitamin D3 in rA-weighted |Fo 2 Fc| difference

maps. Two vitamin D3 molecules were then adjusted and

well fitted into the density map. The refinement then

proceeded with another cycle of simulated annealing

with a slow cooling, starting at a temperature of 1000 K.

The vitamin D3 molecules were adjusted iteratively

according to the omitted electron density maps. Finally,

water molecules were added using the program CNS

v1.1.

Model validation

The final model of b-LG and vitamin D3 complex con-

tains 1272 nonhydrogen protein atoms for the monomer

b-LG, 28 atoms for one vitamin D3 molecule, and 38

water molecules. The refinement statistics are given in

the text. The correctness of stereochemistry of the model

was verified using PROCHECK.46 The calculations of

r.m.s. deviations from ideality47 for bonds, angles, and

dihedral and improper angles performed in CNS showed

satisfactory stereochemistry. In a Ramachandran plot,48

all main chain dihedral angles were in the most favored

and additionally allowed regions except for Tyr-99.

Coordinates

Atomic coordinates for the crystal structure of b-LG-
vitamin D3 complex described in this work have been de-

posited in the PDB (access code 2GJ5).

RESULTS

Binding of b-LG to retinol, palmitate, and
vitamin D3

Using the titration method previously established by

Wang et al.,31,32 we show that the maximal binding of

vitamin D3 with b-LG was achieved at a 2:1 ratio;

whereas the binding for retinol or palmitate remained to

be 1:1 (Fig. 2). This result is similar to that reported pre-

viously by Wang et al.31,32 and tends to support a

notion that b-LG binds two vitamin D3 molecules. The

two possibilities for this result are either that b-LG has

the same binding site for two vitamin D3 molecules or it

possesses two independent vitamin D3 binding sites.

Effect of pH on b-LG binding to retinol,
palmitate, and vitamin D3

It has been postulated that pH plays a crucial role in

controlling the opening of the calyx to allow the entrance

of b-LG ligands. At low pH or below the Tanford transi-

tion (about pH 6), the EF loop (the calyx cap) is closed,

disallowing the binding of the ligands. To explore

whether there is another vitamin D3 binding site that

may not be affected by the Tanford transition, we moni-

tored the binding of vitamin D3 at various pH while

using retinol or palmitate as a reference. A notable tran-

sition of vitamin D3 binding to b-LG was found to occur

between pH 6.0 and 8.0 (Fig. 3), similar to that of retinol

and palmitate. The binding to vitamin D3 or palmitate

was decreased to some extent at pH 9–10 (Fig. 3). This

could be due to the protonated state of Lys-69 inside the

calyx being neutralized at a high pH as suggested previ-

ously.4,29 It is of interest to note that unlike retinol and

palmitate; b-LG at a pH between 2 and 6 still retains

about 35% of the maximal binding for vitamin D3 [Fig.

3(C)]. The data imply that there is a possible secondary

binding site for vitamin D3 that is independent of the

calyx.

Effect of heating on b-LG binding to retinol,
palmitate, and vitamin D3

The pH titration experiment described above was

unable to yield an accurate explanation of the existence

of another binding site for vitamin D3. Our previous

work showed that thermally denatured b-LG (heated to

1008C for 5 min) was unable to bind to retinol and pal-

mitate because of the unfolding of the calyx.4 In the next

experiment, our strategy was to thermally ‘‘remove’’ the

calyx and then test whether heated b-LG retained an ac-

tivity allowing vitamin D3 binding. Figure 4 shows a no-

table and sharp decrease in retinol, palmitate, and vita-

min D3 binding to b-LG heated between 708C and 808C
over time. The change of binding is consistent to the

molten-globule nature of b-LG, which correlates to its

transition temperature.4 At temperatures above 808C, the
protein lost its binding ability to retinol and palmitate in

a time-dependent fashion, but it still retained 40% of the

binding to vitamin D3 even after being heated at 1008C
for 16 min [Fig. 4(C)]. The heated b-LG (1008C for 16

min) was further titrated with the binding of vitamin D3

in excess. Figure 4(D) reveals that there was about 42%

of maximal binding of vitamin D3 relative to that using

native b-LG. There was no fluorescence change while

titrating with retinol or palmate (data not shown).

Remarkably, a maximal stoichiometry of 1:1 was ob-

served between the denatured b-LG and vitamin D3.
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Thus, it suggests that a thermally stable site exists in

b-LG to bind vitamin D3.

Comparison of binding affinity of b-LG to
retinol, palmitate, and vitamin D3

We further determined the binding affinities of b-LG
for retinol, palmitate, and vitamin D3 using the method

previously described by Wang et al.31,32 The fluorescence

data obtained for retinol, palmitate, and vitamin D3

binding to native b-LG are shown in Figure 2 (right pan-

els), while the vitamin D3 binding to heated b-LG (100

8C for 16 min) is shown in Figure 4(D) (inserted panel).

Yielding values for the number of binding sites per mole-

cule and apparent dissociation constant from the slope

are listed in Table I. The binding affinity of vitamin D3

to native b-LG using this method was about 5 nM (Kd
app

5 4.74 � 0.37 nM) and appears to be 5–10 times greater

than that of retinol and palmitate. On the other hand,

the binding affinity of vitamin D3 to heated b-LG was

attenuated at about 45 nM (Kd
app 5 45.67 � 3.12 nM),

but is within the same order as that between native b-LG
and retinol or palmitate. Because heating b-LG also

induces the aggregation of b-LG,5 the overall attenuated

binding affinity of the ‘‘secondary site’’ indicates a struc-

tural change in the second binding site in heated b-LG.

Figure 2
Binding ratio of b-LG with ligands. (A) Titration experiment for binding of b-LG to retinol measured at 470 nm with excitation at 287 nm (pH 8.0). Binding was

determined by the enhancement of extrinsic fluorescence of retinol. (B, C) Titration experiment for binding of b-LG to palmitate and vitamin D3 measured at 332 nm

with excitation at 287 nm (pH 8.0). Binding was determined by the fluorescence enhancement (palmitate) and quenching (vitamin D3) of intrinsic fluorescence of b-LG.
The maximal binding ratio of vitamin D3 to b-LG is 2:1. Right panels: PT 5 Total protein concentration, RT 5 Total ligand concentration, and a 5 Fraction of

unoccupied ligand sites on the protein. Each point represents the mean of triplicate determinations with an average of standard deviation (SD) less than 5–8% of the

mean.
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Nevertheless, the data temptingly suggest that the puta-

tive second binding site is somewhat heat resistant.

Overall crystal structure of b-LG-vitamin
D3 complex

We have clarified that there are two vitamin D binding

sites on b-LG according to ligand binding assay per-

formed in solution. Protein crystallography was used to

locate the secondary vitamin D binding site of b-LG.
There are several crystal forms of bovine b-LG that have

been well reported, including the triclinic (lattice X),

orthorhombic (lattice Y), and trigonal (lattice Z) forms

belonging to space groups P1, C2221, and P3221, respec-

tively.12–21 The crystal of the b-LG-vitamin D3 complex

we obtained was found to be a trigonal (lattice Z) space

group P3221 based on the data of 2.4 Å resolution. The

final model comprised of 161 residues and its refinement

statistics of the complex are given in Table II. The dis-

crepancy indices for R and Rfree are 23.86% and 26.12%,

respectively. The b-LG-vitamin D3 complex possesses a

well geometry similar to that reported by CNS27 with a

root-mean-square (r.m.s.) bond length and bond angle

deviation from ideality 0.007 Å and 1.2648, respectively
(Table II). A Ramachandran plot reveals that only one

residue is in the disallowed regions (Tyr-99), which arises

in most of the lipocalin family as a result of the g-turn
associated with the sequence ‘‘TDY’’ (residues 97–99).

The average temperature factor for all protein atoms is

55.02 Å2, which is considered to be inadequate for estab-

lished crystallographic standards. This may be explained

by b-LG having nearly 25% of the residues located

around flexile surface loops and NH2- and COOH-termi-

nal regions. Previously published statistics of b-LG com-

plexes9,27,29 show a B-factor range of 41.3–57.27 (Table

III), which accommodates for the elevated values

acquired in this study that seem to deviate from the

norm.

The overall topology of b-LG is similar to that previ-

ously described15–19 with a well-defined antiparallel b-
sheet structure and flexile loops connecting the secondary

structure elements. The loops AB, CD, EF, and GH are

more flexile than the others, consistent with the observa-

tions from other reported crystal structures.15–19 The

EF loop that acts as a flap is in the open position of

the central calyx, which is expected when vitamin D3 is

present.

Space-filling drawings of the b-LG-vitamin D3 com-

plex show that there are two domains for vitamin D3

binding (Fig. 5). One vitamin D3 molecule inserts almost

perpendicularly into the calyx cavity as expected and is

consistent to the previous reports.9,29 The other binds

to the surface near the COOH-terminus of b-LG (resi-

dues 136–149), including part of the a-helix and b-
strand I (Fig. 1) as shown in Figure 6. The B-factor for

the vitamin D3 molecules in the calyx and the second

site are 39.19 and 46.90, respectively (Table II). Proximity

of these values to the published data9,27,29 reveals the

rigidity of vitamin D3 bound to b-LG (Table III). For the

second site, vitamin D3 is close to the surface of b-LG
with 17.91 Å in length, while the span of vitamin D3 is

about 12.51 Å. Under this orientation, the A ring or the

aliphatic tail following the C/D rings of vitamin D3 inter-

acts with the b-strand I or the a-helix of b-LG, respec-
tively (Fig. 6). We putatively defined this second vitamin

D3 binding site as an exosite.

Figure 6 depicts that the bulk of the electron density is

sufficient to cover the entire extent of vitamin D3 in the

calyx (in stereo view) as well as that in the exosite. The

aliphatic tail of vitamin D3 (C17-27) is oriented inside

the calyx with the 3-OH group of vitamin D3 near the

outside of the pocket.

Superimposing the current b-LG-vitamin D3 and pre-

viously described b-LG models (PDB codes 1BSQ) in the

Figure 3
Effect of pH (Tanford transition) on b-LG binding with ligands. (A) Emission

fluorescence of retinol. (B) Enhanced fluorescence of b-LG upon the binding of

palmitate. (C) Quenched intrinsic fluorescence of b-LG upon the binding of

vitamin D3. All the measurements are identical to that described in Figure 2.

Each point represents the mean of triplicate determinations � SD.
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region of the calyx [Fig. 7(A)] reveals that the movement

of the external EF ‘‘gate loop’’ of b-LG-vitamin D3 is

quite similar to that of the b-LG-retinol complex18,29

(data not shown). Some side chains, such as Lys-60, Glu-

62, Phe-105, and Met-107, require significant reposition

to make room for vitamin D3 insertion into the calyx.

The atoms of vitamin D3 near or at the ‘‘mouth’’ of the

calyx possess higher values of B-factors suggesting their

higher mobility. Figure 7(B) depicts the distance of vita-

min D3 to the b-LG calyx. The shortest interaction dis-

tance is hydrogen bonding between the 3-OH group of

vitamin D3 and Lys-60 (2.97 Å) of b-LG; whereas the

only hydrogen bond involving retinol binding is that to

Glu-62.29 Hydrophobic interaction and the distances

between the carbons of vitamin D3 and Pro-38, Leu-39,

Val-41, Ile-71, Ala-86, Phe-105, and Met-107 of b-LG are

also displayed.

With respect to the second binding site for vitamin

D3, it appears that vitamin D3 is bound to a surface

pocket between the COOH-terminal a-helix and b-
strand I (residues 136–149). The current b-LG-vitamin

D3 and previously described native b-LG models in this

region (PDB codes 1BSQ) are superimposed and shown

in Figure 8(A). Notably, there is not much conforma-

tional change near the exosite of b-LG upon the vitamin

D3 binding. Figure 8(B) shows the distance between vita-

min D3 and the amino acids involved (Asp-137, Leu-140,

Lys-141, Leu-143, Met-145, His-146, Ile-147, and Arg-

148). Although some charged residues of the exosite are

involved, their interaction with vitamin D3 is mainly

hydrophobic with the charged groups of b-LG sticking

out of the pocket. The data suggest that the contact is

via a hydrophobic interaction. There is no evidence that

the hydroxyl group of vitamin D3 interacts with h1 N of

Arg-148 as the distance (4.9 Å) is greater than that of

Figure 4
Effect of heating on b-LG binding with ligands. (A–C) b-LG was heated between 50 and 1008C for 15 s to 16 min before the addition of retinol, palmitate, and vitamin

D3. (D) Titration curve of heated b-LG (1008C for 16 min) with vitamin D3. Only vitamin D3, but not retinol and palmitate, was able to bind denatured b-LG with a

molar ratio of �1:1. The data suggest that there is another thermally independent vitamin D3 binding site, which is remote from the calyx pocket. Each point in panels

A–C represents the mean of triplicate determinations � SD. While, each point in panel D represents the mean of triplicate determinations with a SD less than 5–8% of

the mean.

Table I
Apparent Dissociation Constants and Binding Ratio for Binding Ligands

to Native or Heated b-LG

Ligand Binding ratio (ligand/b-LG) Kd
app

(1029 M)
X � SD X � SD

Retinol with native b-LG 0.908 � 0.089 17.28 � 1.62
Palmitate with native b-LG 0.801 � 0.072 44.03 � 4.56
Vitamin D3 with
native b-LG 1.761 � 0.121 4.74 � 0.37
heated b-LG 0.835 � 0.054 45.67 � 3.12
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hydrogen bonding (bond length less than 3.13 Å) [Fig.

8(B)].

Furthermore, b-LG is primarily oriented as a b struc-

ture (50%); the only a-helix region of b-LG consisting of

three turns is located at the COOH-terminus between

residues 130 and 141. Remarkably interesting, the a-helix
is arranged as amphipathic consisting of all the charged

residues (Asp-130, Glu-131, Glu-134, Asp-137, Lys-138,

and Lys-141) clustered at one face with hydrophobic or

noncharged residues (Ala-132, Leu-133, Phe-136, Ala-

139, and Leu-140) at another face without an exception

[Fig. 9(A)]. A remarkable feature is that the exosite is

comprised of an amphipathic a-helix providing hydro-

phobic residues (Phe-136, Ala-139, and Leu-140) at one

side and a b-strand providing a hydrophobic Ile-147 and

a backbone His-146 at the other side [Fig. 9(B)]. These

two sides are linked by a loop containing hydrophobic

residues Ala-142, Leu-143, and Pro-144. Thus, the bind-

ing pocket provides a strong hydrophobic force to stabi-

lize vitamin D3 binding. The stereo view of such an

interaction is also drawn in Figure 9(B), depicting the

binding on the surface of b-LG. The carbons of vitamin

D3 (n 5 27 in total) close to the surface are C5, C8,

C10, C13, C14, C15, C16, C17, C18, C19, C22, C24, C25,

and C26 (n 5 14). They are oriented toward the surface

consistent with the analysis of Figure 5.

CD spectrum analysis of heated b-LG

In general, the CD spectrum at 222 nm is used for the

calculation of the a-helical content of a given protein.

Because the a-helix region of b-LG is located in the sec-

ond binding site and heating b-LG retains �40% of the

maximal vitamin D3 binding to the whole b-LG mole-

cule, we monitored whether there were spectral changes

of b-LG at 222 nm of b-LG upon heating at 50, 60, 70,

80, 90, and 1008C. Figure 10 reveals that there were no

significant changes in spectra at 222 nm. As expected,

the b-configuration was disordered at temperatures above

708C, consistent with our previous observation.4 Thus, it

temptingly offers support that the proposed exosite is

somewhat thermally stable.

DISCUSSION

During the past 40 years, b-LG has been extensively

studied for its biochemical properties, and an abundance

of literature exists about its physicochemical nature.9

Although the exact physiological functions of b-LG are

not fully explored, one of its roles is to transport hydro-

phobic molecules, such as retinol, fatty acids, and vita-

min D.49,50 The active form of vitamin D is 1a,
25(OH)2 vitamin D3, which maintains calcium homeo-

stasis and plays important roles on the immune system

and prevents the growth and differentiation of cancer

cells. Recent studies indicate that increased plasma vita-

min D3 concentrations are associated with decreased inci-

dence of breast, ovarian, prostate and colorectal can-

cers,51 and osteoporotic fractures.52 The concentration

of vitamin D3 in plasma is about 80 nM. A double-blind

placebo controlled study conducted in Europe indicated

this level to be significantly reduced over the winter sea-

son (about 37%) due to the lack of exposure to sun-

light.53 However, drinking vitamin D3 fortified milk (312

nM) significantly compensated the seasonal loss of vita-

min D by greater than 50%. For this reason, it has been

recommended that milk enriched with vitamin D3 be

provided in high-latitude European countries. Thus,

we chose vitamin D3, instead of vitamin D2, to form a

Table II
Data Collection and Refinement Statistics of b-LG-Vitamin D3 Complex

Data collection
Space group P 3221
Cell dimensions

a, b, c (�) 53.780, 53.780, 111.573
a, b, g (8) 90, 90, 120

Resolution (�) 30–2.4 (2.49–2.4)
Rsym 0.034 (0.226)
hI/rIi 43.3 (10.3)
Completeness (%) 98.5% (99.5%)
Redundancy 7.0

Refinement
Resolution (�) 15–2.4
No. of unique reflections 7422
Rwork/Rfree 23.86%/26.12%
No. of atoms

Protein 1272
Ligand 56
Water 38

B-factors
Protein 55.02
Ligand in calyx/exosite 39.19/46.90
Water 52.47

R.m.s. deviations
Bond lengths (�) 0.007
Bond angles (8) 1.264

Table III
Mean B-Factor for b-LG Complexes with Ligands Extracted from Previously Published Papers

Ligand Retinol Retinoic acid Palmitate Cholesterol Vitamin D2 Mercuury 12-Bromododecanoic acid

Mean B-factor for protein atoms (�2) 56.1 48.8 54.2 44.5 57.27 50.0 41.3
Mean B-factor for ligand atoms (�2) 65.0 66.8 58.4 69.9 72.6 53.5 52.1
Mean B-factor for water molecules (�2) 67.4 59.0 68.1 53.0 56.9 55.9 72.6
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b-LG-vitamin D3 complex in this study. Structurally, the

only difference of vitamin D3 from D2 is the latter being

a double bond between the carbon positions 22 and 23

(Fig. 1). Despite the minor difference, their binding char-

acteristics to b-LG are similar.31 One additional goal in

the present study is to test the possibility of binding vita-

min D3 to thermally denatured milk, which is often pro-

duced in the processing of milk.

With respect to the ligand binding of b-LG, many

research groups28,31,32 have shown that the stoichiome-

try for binding retinol or palmitate to b-LG is 1:1, and

most experimental evidence points to the calyx of b-LG
as the binding site for retinol and palmitate.29 However,

there remains a debate about the stoichiometry for vita-

min D3 binding being 1 or 2. Wang et al.31,34 proposed

that b-LG has another binding site for vitamin D in

addition to the central calyx, but doubt has been raised

based on crystallographic analysis.9,29 In fact, the pres-

ence of a secondary site for ligand binding has been

described and proposed for some time,16 but the identity

of a b-LG-ligand complex by an X-ray crystal structure

has not been elucidated.9

In the present work, using the method of extrinsic flu-

orescence emission and fluorescence enhancement and

quenching established previously,4,31,32 we show the

maximal binding ratios of retinol or palmitate with b-LG
to be 1:1, whereas it was 2:1 for that of vitamin D3

(Fig. 2). The latter result is consistent to that reported by

Wang et al.31,32 It is worth mentioning that using the

intrinsic fluorescence of Trp can give results that indicate

significantly tighter ligand binding than other methods,

especially equilibrium dialysis. This effect is particularly

noticeable when the Trp fluorescence decreases with

ligand addition.9,35 A recent review9 suggests that a sur-

face low-affinity binding site together with a central

high-affinity binding site (calyx) would appear to satisfy

most of the reported experimental observations. In brief,

the diverse reports of more than a single binding site

may be dependent on the method used.

In an attempt to resolve the controversy about an

additional binding site for vitamin D3, we used several

additional approaches involving structural change to

study the interaction between vitamin D3 and b-LG.
First, it has been established that the EF loop acts as a

gate over the calyx.9,18,29,54 At a low pH, the loop is in

a ‘‘closed’’ position, and the ligand binding into the calyx

is inhibited. On the contrary, at a high pH above the

Tanford transition, the loop is ‘‘open’’ allowing ligands to

penetrate into the calyx.4,54,55 We explored the binding

ability between b-LG and vitamin D3 at various pH.

Similar to that of retinol and palmitate, the present study

shows that there is a notable transition of vitamin D3

Figure 5
Structure of b-LG complexed with vitamin D3 at 2.4 Å resolution. Space-filling

drawing of b-LG-vitamin D3 complex. Vitamin D3 (colored in yellow) and

b-LG are drawn based on our final refined model with carbon, oxygen, and

nitrogen atoms depicted in gray, red, and blue, respectively. Sulfur molecules (in

orange) are buried inside at this face. It demonstrates that there are two distinct

vitamin D3 binding sites on each b-LG molecule. One is penetrated inside the

calyx (left) and the other is lying on the surface between the a-helix and

b-strand I at the COOH-terminus (residues 136–149) (right).

Figure 6
Electron density map around the calyx and the exosite of vitamin D3-b-LG
complex at 2.4 Å resolution. Final refined model together with the 2|Fobs 2 Fcalc|

electron density show that the bulk of the electron density is sufficient to cover a

vitamin D3 molecule, both in the calyx (top) and the exosite (bottom). In the

central calyx binding mode, the aliphatic tail of vitamin D3 clearly inserts into

the binding cavity, where the 3-OH group of vitamin D3 binds externally. In

exosite binding mode, vitamin D3 interacts mostly with the hydrophobic moiety

of the pocket.
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binding to the calyx of b-LG occurring between pH 6.0

and 8.0 (Fig. 3). Most interestingly, at pH between 2 and

6 we show vitamin D3 interacting with b-LG (with about

35% of maximal binding ability), but not retinol and

palmitate [Fig. 3(C)]. Because the EF loop is ‘‘closed’’

below the Tanford transition, such binding suggests the

presence of another binding site for vitamin D3. Physio-

logically, such low pH binding could be essential, since

b-LG is well known to be stable at low pH1,2 and resist-

ant to acid hydrolysis and protease digestion in the gas-

trointestinal tract.56,57 Notably, the binding of vitamin

D3 or palmitate to b-LG was decreased to some extent at

pH 9–10 (Fig. 3). One of the possible explanations is

that the positively charged groups of lysine residues

inside calyx are neutralized at pH above 8 resulting in a

weakening of the interaction with the carboxyl group of

palmitate.4

Second, we have shown that the b-strand D of the ca-

lyx is directly involved in the thermal denaturation.4 The

conformational changes of b-LG were rapid, extensive,

and irreversible upon heating over 70–808C.5 As a result,

it completely diminishes the binding of palmitate and

retinol. To test the hypothesis that there is a putative sec-

ond binding site for vitamin D3 located independently

Figure 7
Superimposed structure of the calyx before and after binding of vitamin D3 and

a diagram showing their contacts less than 3.8 Å. (A) Superimposing the current

model for vitamin D3-b-LG (colored in gray) with previously described native

b-LG (in red) (PDB code 1BSQ) in the calyx shows that there is a significant

repositioning of Glu-62 and Met-107 to make room for the ligand into the

calyx. Notably, vitamin D3 binding has resulted in a local conformational

change by opening the EF loop as shown in a dotted circle (residues 85–89).

Such conformational change in the loop is similar to the binding of retinol (data

not shown). (B) The calyx of b-LG offers mainly hydrophobic interactions to

vitamin D3 binding (less than 3.8 Å). The shortest distance, 2.97 Å, is the

hydrogen bond between the 3-OH group of vitamin D3 and Lys-60 (dotted red).

[Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 8
Superimposed structure of the exosite before and after binding of vitamin D3

and a diagram showing their contacts of less than 3.8 Å. (A) Superimposing the

current model for vitamin D3-b-LG (colored in gray) with previously described

native b-LG (in red) (PDB code 1BSQ) in the exosite reveals that the overall

conformation is not substantially changed upon the binding of vitamin D3. (B)

The exosite is near the surface of C-terminal a-helix and b-strand I, where the

3-OH group of vitamin D3 does not apparently form hydrogen boding with

b-LG. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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from the calyx, we thermally denatured the calyx

(between 50 and 1008C) and then conducted the binding

for retinol, palmitate, or vitamin D3 over time (Fig. 4). It

is of interest that only vitamin D3 was able to bind to

heated b-LG (at 1008C for 16 min) with a stoichiometry

of almost 1:1, instead of 2:1 [Fig. 4(D)]. Our data sug-

gests that the second binding site for vitamin D3 is heat

stable to some extent.

Third, analysis of the binding shows that the binding

affinity between native b-LG and vitamin D3 is relatively

high within a nM range, about 10 times greater than pal-

mitate and retinol (Table I). The result is almost the

same as that of vitamin D2 reported by Wang et al.,31

but somewhat higher than the affinity reported for vita-

min D3.31 The reason contributing to such discrepancy

remains elusive. One possibility may be due to the 5 lM
concentration (pH 8.0) of b-LG that we employed, while

Wang et al. used a 20 lM concentration (pH 7.0) for a

typical emission spectrum.34 The other possibility may

be due to the pH; the fluorescence of Trp may be affected

by ionization of neighboring prototropic groups or by

conformation changes due to the dimerization of the

protein.2,34 Nevertheless, the calculated affinity for vita-

min D3 (Kd
app 5 45.67 � 3.12 nM) to putative second or

thermally stable binding site is about 10 times lower than

that to native b-LG (calyx plus second site) (Table I).

Thus, it seems to be consistent with the hypothesis pro-

posed by Kontopidis et al.9 that the central site (calyx)

is a main binding site possessing a high affinity for most

of the hydrophobic ligands, whereas the affinity for the

secondary site is low. Ultimately, the secondary bind-

ing may depend on the nature of the ligands, such as

their size, structure, and hydrophobicity. It would be of

interest to further investigate other ligand bindings to

Figure 9
Amphipathic helix of b-LG and its interaction with vitamin D3. (A) The only a-helix region of b-LG is located between residues 130 and 141 (Fig. 1). Most interestingly,

the a-helix is oriented as amphipathic with all the charged residues clustered on one side without an exception. (B) The crystal structure reveals that the hydrophobic side

of the a-helix forms a stable hydrophobic pocket with b-strand I. They are linked by a hydrophobic loop (residues 142–145) and thus facilitate the binding to vitamin D3.

The stereo view shows that part of vitamin D3 is near the surface, particularly for the aliphatic tail, which is consistent with that depicted in Figure 5.

Vitamin D3 Binding Site of b-Lactoglobulin

PROTEINS 1207

188



heated b-LG, although the calculation of binding affinity

of heated b-LG is somewhat complicated owing to the

formation of large b-LG polymers as mentioned (see

Results).

Finally, to confirm our hypothesis that there exists a

second vitamin D3 binding site remote from the calyx,

we used a synchrotron radiation X-ray to determine the

crystal structure of the b-LG-vitamin D3 complex. Our

crystal of the complex is defined in trigonal (lattice Z)

space group P3221. This final model reveals that one vita-

min D3 molecule binds to the calyx (central internal

binding-site) of b-LG and the other binds to the surface

of b-LG between the a-helix and b-strand I (external

binding site; Fig. 5).

In the electron density map at 2.4 Å resolution, vita-

min D3 is well fitted into the bulk of electron density

around the calyx or the exosite (Fig. 6). In central calyx

binding mode, the aliphatic tail of vitamin D3 clearly

inserts into the binding cavity where the 3-OH group of

vitamin D3 binds externally. In an early report using vita-

min D2,9 the end that inserted into the calyx was not

conclusively identified because the electron density was

not enough to cover the entire ligand. It is not clear

whether vitamin D3 is superior to vitamin D2 in binding

to b-LG. The other difference is that in our study the 3-

OH group of vitamin D3 forms a hydrogen bond with

the carbonyl of Lys-60 [Fig. 7(B)] instead of Lys-69 as

proposed using vitamin D2.9 Again, the electron density

was not strong enough for the outer extremity of vitamin

D2 making the exact conclusion difficult. Another expla-

nation is that there might be a significant difference in

the orientation between vitamin D2 and D3, although the

difference in chemical structure is subtle. Regardless, the

vitamin D3-b-LG binding mode is quite similar to that

of retinol-b-LG interaction over the calyx.29 Pro-38,

Leu-39, Val-41, Ile-71, Ala-86, Phe-105, and Met-107 are

all involved in providing hydrophobic interactions with

the displayed distance of less than 3.8 Å to the carbon

backbone of vitamin D3 [Fig. 7(B)].

In exosite binding mode, the vitamin D3 molecule

attaches at a pocket between the C-terminal a-helix and

b-strand I (Fig. 5). We specifically demonstrated that the

exosite of b-LG provides a hydrophobic force to stabilize

vitamin D3 [Fig. 8(B)] and concluded that the exosite is

located near the surface of the C-terminal a-helix and b-
strand I, where there is no strong evidence to show that

the 3-OH group of vitamin D3 is capable of interacting

with b-LG [Fig. 8(B)]. A stereo view shown in Figure

9(B) reveals that part of the vitamin D3 molecule is

exposed toward the surface, consistent to that depicted in

Figure 5. Although this second binding is located near

the surface of b-LG, our data suggest that the binding af-

finity of vitamin D3 to exosite is reasonably high and

almost equivalent to that of retinol or palmitate to calyx

(Table I). Apparently, vitamin D3 interacts mostly with

those hydrophobic amino acids within residues 136–149

with distances less than 3.8 Å [Fig. 8(B)]. The linking-

loop residues 142–145 (Ala-Leu-Pro-Met) between the

helix and strand I are all hydrophobic. With such an ori-

entation, a hydrophobic pocket is constructed in facilitat-

ing the binding for vitamin D3. It is worth mentioning

that this exosite is very similar to the surface hydropho-

bic site (mentioned and discussed above) that has been

described by Monaco et al.16 and proposed by Wang

et al.31

It is of interest that the a-helix involved in the exosite

is typically amphipathic. This amphipathic region could

be heat resistant as suggested from our binding experi-

ment for vitamin D3 and heated b-LG. A similar situa-

tion is seen in a typically amphipathic apolipoprotein A-

I; its conformation and lipid binding properties are com-

pletely maintained upon heating over 1008C.58 It might

be worthwhile to study the crystal structure of the

heated-b-LG-vitamin D3 complex to finally prove its heat

resistance. Unfortunately, we are not able to crystallize

such a complex at the present time. This could be due to

the formation of multiple aggregated forms of b-LG
upon heating.3–6

Vitamin D is found in only a few foods, such as fish

oil, liver, milk, and eggs, in which milk is a major source

for vitamin D in the diet. The level of vitamin D in bo-

vine milk has been reported to be low. In many sophisti-

cated food industries, processed milk, dry milk, margar-

ine, and other dairy products are fortified with vitamin

D3 to a level of about 0.35 lM. The concentration of b-
LG in milk is about 270 lM, providing a sufficient

amount of b-LG to transport spiked vitamin D. It is of

interest to point out that recent studies have demon-

Figure 10
Circular dichroic spectra of native and heated b-LG. b-LG preheated between 50

and 1008C for 16 min was recorded by circular dichroism at a final

concentration of 0.2 mg/mL. The b-structure of b-LG underwent disordering

upon continuous heating as significant changes of ellipticity at 205–208 nm

occurred above 808C. The negative ellipticity at 222 nm, commonly a criteria for

a-helical structure, was identical between native and heated b-LG.
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strated that intact b-LG is acid resistant with a super

permeability to cross the epithelium cells of the gastroin-

testinal tract.56,57 Such a unique property of b-LG is

worthy of consideration for transporting vitamin D in

the milk.

There are two advantages for the presence of vitamin

D3 binding exosite in b-LG. First, central calyx of b-LG
is thought to be primarily occupied by the fatty acid in

milk.59 The available exosite may provide another route

for transporting the vitamin D. Second, many dairy

products today are processed under excessive heat for the

purpose of sterilization. The presence of a heat stable

exosite may maintain the binding for vitamin D3.

Finally, since the putative exosite is located at the sur-

face of b-LG, an approach using site-directed mutagene-

sis may eventually be served as to probe the structural

and vitamin D binding relationship. The experiment is

now in progress in our laboratory.
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Haptoglobin (Hp) is an acute-phase protein (respon-

sive to infection and inflammation) that is present in

the plasma of all mammals [1–4]. A recent study has

found that Hp also exists in lower vertebrates (bony

fish) but not in frog and chicken [5]. The most fre-

quently reported biological functions of the protein are

to capture released hemoglobin during excessive hemo-

lysis [6] and to scavenge free radicals during oxidative
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Similar to blood types, human plasma haptoglobin (Hp) is classified into

three phenotypes: Hp 1-1, 2-1 and 2-2. They are genetically inherited

from two alleles Hp 1 and Hp 2 (represented in bold), but only the

Hp 1-1 phenotype is found in almost all animal species. The Hp 2-2

protein consists of complicated large polymers cross-linked by a2-b
subunits or (a2-b)n (where n ‡ 3, up to 12 or more), and is associated

with the risk of the development of diabetic, cardiovascular and inflam-

matory diseases. In the present study, we found that deer plasma Hp

mimics human Hp 2, containing a tandem repeat over the a-chain based

on our cloned cDNA sequence. Interestingly, the isolated deer Hp is

homogeneous and tetrameric, i.e. (a-b)4, although the locations of )SH
groups (responsible for the formation of polymers) are exactly identical

to that of human. Denaturation of deer Hp using 6 m urea under reduc-

ing conditions (143 mm b-mercaptoethanol), followed by renaturation,

sustained the formation of (a-b)4, suggesting that the Hp tetramers are

not randomly assembled. Interestingly, an a-chain monoclonal antibody

(W1), known to recognize both human and deer a-chains, only binds to

intact human Hp polymers, but not to deer Hp tetramers. This implies

that the epitope of the deer a-chain is no longer exposed on the surface

when Hp tetramers are formed. We propose that steric hindrance plays

a major role in determining the polymeric formation in human and deer

polymers. Phylogenetic and immunochemical analyses revealed that the

Hp 2 allele of deer might have arisen at least 25 million years ago. A

mechanism involved in forming Hp tetramers is proposed and discussed,

and the possibility is raised that the evolved tetrameric structure of deer

Hp might confer a physiological advantage.

Abbreviations

Hp, haptoglobin; b-ME, b-mercaptoethanol.
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stress [7]. The captured hemoglobin is internalized by a

macrophage ⁄monocyte receptor, CD163, via endocyto-

sis. Interestingly, the CD163 receptor only recognizes

Hp and hemoglobin in complex, which indicates

exposure of a receptor-binding neo-epitope [6]. Thus,

CD163 is identified as a hemoglobin scavenger recep-

tor. Recently, we have shown that Hp is an extremely

potent antioxidant that directly protects low-density

lipoprotein (LDL) from Cu2+-induced oxidation. The

potency is markedly superior to that of probucol, one

of the most potent antioxidants used in antioxidant

therapy [8–10]. Transfection of Hp cDNA into Chinese

hamster ovary (CHO) cells protects them against oxi-

dative stress [9].

Human Hp is one of the largest proteins in the

plasma, and is originally synthesized as a single

ab polypeptide. Following post-translational cleavage

by a protease, a- and b-chains are formed and then

linked by disulfide bridges producing mature Hp [11].

The gene is characterized by two common alleles, Hp 1

and Hp 2b, corresponding to a1-b and a2-b polypep-

tide chains, respectively, resulting in three main pheno-

types: Hp 1-1, 2-1 and 2-2. All the phenotypes share

the same b-chain containing 245 amino acid residues.

As shown in Fig. 1A, the a1-chain containing 83

amino acid residues possesses two available )SH
groups; that at the C-terminus always cross-links with

a b-chain to form a basic a-b unit, and that at the

N-terminus links with another (a-b)1, resulting in an

Hp dimer (a1-b)2, i.e. a Hp 1-1 molecule. In contrast,

the a2-chain, containing a tandem repeat of residues

12–70 of a1 with 142 amino acid residues, is ‘trivalent’

providing an additional available )SH group (Cys15)

that is able to interact with another a-b unit. As such,

a2-chains can bind to either a1-b or a2-b units to form

large polymers [(a1-b)2-(a2-b)n in Hp2-1 and (a2-b)n in

Hp2-2] as shown in Fig. 1B.

Because of its weaker binding affinity to hemoglobin

and retarded mobility (or penetration) between the

cells, the polymeric structure of Hp 2-2 is dramatically

more prevalent in some groups of patients with certain

diseases, such as diabetes and inflammation-related

diseases [7,12–14]. The human Hp 2 allele has been

proposed to have originated from Hp 1 about two mil-

lion years ago and then gradually displaced Hp 1 as a

consequence of nonhomologous crossing-over between

the structural alleles (Hp 1) during meiosis [15–17],

and is the first example of partial gene duplication of

human plasma proteins [15,18,19]. Thus, only humans

possess additional Hp 2-1 and 2-2 phenotypes.

In the present study, deer Hp protein was initially

shown to be a homogeneous polymer using an electro-

phoretic hemoglobin typing gel. Following isolation

and identification of the protein, the a-chain was

found to be similar to the human a2-chain based on

its apparent molecular mass. We then cloned the

cDNA of deer Hp, showing that the putative amino

acid sequence mimics that of human Hp 2-2 (81.7%

and 67.9% sequence homology in the b- and a-chains,
respectively), and that the a-chain of deer Hp also pos-

sesses a unique tandem repeat. Interestingly, deer Hp

a-chain comprises seven )SH groups, that are oriented

exactly the same as in human Hp 2-2, but the molecu-

lar arrangement of deer Hp is strictly tetrameric, i.e.

(a-b)4. It is thus totally different from human Hp 2-2,

which has (a-b)n polymers, where n ‡ 3. Using an

a-chain mAb as a probe and denaturing ⁄ renaturing
experiments, we further demonstrated that steric

hindrance of the Hp a-chain plays a major role in

determining the polymeric formation of human (a-b)n
and the deer (a-b)4 tetramer. Amino acid sequence

alignment demonstrated that the evolved amino acid

A

B

Fig. 1. Schematic drawing of the human Hp a-chain and the molec-

ular arrangement of Hp phenotypes. (A) The human Hp a1-chain

includes two avaiable )SH groups. That at the C-terminus always

links to a b-chain to form a basic a1-b unit, and that at the N-termi-

nus links either an a1-b unit or (a2-b)n units. The sequence of a2 is

identical to that of a1 except for a partial repeat insertion of resi-

dues 12–70. However, the extra Cys74 means that Hp 2-1 and 2-2

form complicated polymers. (B) Hp 1-1 forms the simplest homodi-

mer (a1-b)2, whereas Hp 2-1 is polymeric in linear form, forming a

homodimer (a1-b)2, trimer (a-b)3 and other polymers. Here, a repre-

sents a1- or a2-chains. Hp 2-2 forms cyclic structures: a trimer

(a2-b)3 and other cyclic polymers.
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sequences of the ruminant b-chain are the most diver-

gent among all mammals. By phylogenetic tree analy-

sis, we identified the a-chain of dolphin and whale (a

branch before the deer) as belonging to the a1 type.

This suggests that the deer tandem repeat sequence

arose between 25 and 45 million years ago, which is

much earlier than the two million years proposed for

humans. It is possible that the evolved tetrameric

structure of deer Hp might confer a physiological

advantage. We further proposed that a steric hindrance

mechanism is involved in forming Hp tetramers.

Results

Identification of Hp phenotype

It has been claimed that the Hp of ruminants (cattle,

sheep and goat) cannot enter polyacrylamide gels due

to the large polymeric nature of the protein [20,21].

We tested whether this was also the case for the Hp of

deer (another ruminant). Using a hemoglobin typing

gel, we unexpectedly found deer plasma Hp to be a

simple homogeneous molecule that is small enough to

enter a 7% electrophoretic gel. An example of its phe-

notype and the electrophoretic properties of deer Hp,

compared to human Hp 1-1, 2-1 and 2-2, is shown in

Fig. 2. This shows that deer Hp mimics one of the

polymeric forms of human Hp 2-1 or 2-2: either a

linear or cyclic tetramer.

Isolation of deer Hp

The molecular size of the Hp a-chain has been conven-

tionally used for identifying the phenotype of a given

Hp protein. To further characterize the molecular form

of deer plasma Hp, we attempted to isolate the protein

using a Sepharose-based immunoaffinity column

[22,23]. A mouse mAb prepared against the human

a-chain (W1) was utilized for coupling to the Sepha-

rose because this mAb was able to react with both

human and deer a-chains on a western blot (described

below). First, plasma samples enriched with Hp were

pooled and applied to the affinity column. This pro-

cedure, however, failed to isolated deer Hp from the

plasma due to the lack of binding of deer proteins to

the column. Next, we used combined ammonium-sulfate

fractionation and size-exclusion chromatography pro-

cedures [24] for the isolation. A size-exclusion chro-

matographic profile for the fractions containing Hp is

shown in Fig. 3A (second peak). The homogeneity of

isolated Hp was approximately 90%, as determined by

SDS–PAGE (Fig. 3B). The presence of a-chains was

1 2 3 4 5

Fig. 2. Hemoglobin-binding patterns of deer and human plasma Hp

on 7% native PAGE. Lane 1, hemoglobin only. Lanes 2, 3 and 4,

human plasma of Hp 1-1, 2-1 and 2-2 phenotypes with hemoglobin,

respectively. Lane 5, deer plasma with hemoglobin.

A

B

C

Fig. 3. Isolation of deer Hp using a size-exclusion Superose-12 col-

umn on an HPLC system. (A) A dialyzed supernatant of the 50%

saturated ammonium sulfate fraction from plasma was applied to

Superose-12 column (1 · 30 cm) at a flow rate of 0.3 mLÆmin)1,

using NaCl ⁄ Pi as the mobile phase. The bar represents the pooled

fractions corresponding to Hp. (B) SDS–PAGE and western blot

analyses of eluted Hp fractions. (C) Hemoglobin-binding properties

of isolated Hp and plasma containing native Hp on 7% native

PAGE. Lane M, molecular markers in kDa (Invitrogen).
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confirmed by western blot using W1 mAb (Fig. 3B;

right panel).

Hemoglobin binding of isolated Hp

In the next experiment, we tested the hemoglobin-

binding ability of isolated deer Hp. Fig. 3C shows that

the isolated Hp was able to form an Hp–hemoglobin

complex under 7% native PAGE. Furthermore, it

demonstrates that the deer protein consists of one

major molecular form that is identical to its native

form in the plasma based on electrophoretic mobility.

It appears that the Hp isolated under our experimental

conditions was not significantly altered with regard to

its molecular and biochemical properties.

Molecular mass estimation of deer and human

Hp 2-2 using SDS–PAGE and western blot

Western blot analysis using the a chain-specific mAb

W1 indicated that the mAb recognizes both human

and deer a chains (Fig. 4A). It also reveals that the

deer a-chain belongs to the a2 group, with a mole-

cular mass of approximately 18 kDa on both SDS–

PAGE and western blot. We therefore tentatively clas-

sified the deer Hp as phenotype 2-2. In isolated deer

Hp, there was a trace amount of hemoglobin (approx-

imately 14 kDa), with a molecular mass comparable

to that of the human Hp a1-chain. The estimated

molecular mass of the deer b-chain was about

36 kDa, slightly lower than that of human. The iso-

lated deer Hp was further characterized using 4%

SDS–PAGE under non-reducing conditions. Consis-

tent with our hemoglobin binding assay, Fig. 4B (left

panel) demonstrates that isolated deer Hp consists of

only one specific tetrameric form, i.e. (a-b)4, with a

molecular mass about 216 kDa, which is close to that

of the human Hp 2-2 tetramer (230 kDa) based on

the gel profile.

Unique immunoreactivity of deer Hp defined

by mAb W1

We then attempted to ensure that the polymeric forms

of human and deer protein were an Hp by western

blot analysis using W1 mAb. Figs 3B and 4A clearly

showed that this antibody was capable of binding both

human and deer a-chains in its reduced form. Interest-

ingly, Fig. 4B (right panel) shows that this mAb recog-

nized all the human Hp 2-2 polymers, but not intact

deer Hp 2-2. However, after adding a reducing reagent

(b-mercaptoethanol; b-ME) directly to intact deer Hp,

the immunoreactivity was recovered on a dot-blot

assay (Fig. 4C). It appears that the antigenic epitope

of deer a-chain is masked in the tetrameric form.

This also explains why the W1 mAb-coupled affinity

A

B

C

Fig. 4. SDS–PAGE, western blot and molecular mass analyses of

isolated deer and human Hp. (A) The isolated proteins were run on

10–15% PAGE under reducing conditions. The western blot was

performed using a human a-chain-specific mAb (W1) that cross-

reacts with the deer a-chain. Lane M, molecular markers in kDa

(Invitrogen). (B) Left panel: western blot analysis of the polymeric

structure of isolated human and deer Hp under 4% non-reducing

SDS–PAGE using a-chain-specific mAb W1. Lane M, molecular

markers in kDa (Invitrogen). Lane 1, isolated human Hp 2-2. Lane 2,

isolated deer Hp. Right panel: On the western blot, mAb W1 only

recognizes human polymeric Hp, but not deer tetrameric Hp. (C)

Dot-blot analysis of isolated human Hp (hHp) and deer Hp (dHp)

using a-chain-specific mAb W1 in the presence or absence of the

reducing reagent b-ME (143 mM). BSA was used as a negative

control.
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column failed to bind deer plasma Hp in the purifica-

tion procedure described above.

Cloning of deer Hp cDNA

Evidently, the molecular form of deer ‘Hp 2-2’ totally

differs from that of human Hp 2-2, with the latter

found as typical polymers or the form (a-b)n, where

n = 3–12 (Fig. 4B). It remains ambiguous as to

whether deer Hp should be designated as a typical

Hp 2-2. The most significant feature of the molecular

structure of human Hp 2-2 is that it includes a tandem

repeat in the a2-chain. To determine whether this is

also true in deer Hp, we cloned the deer Hp cDNA.

The complete linear nucleotide sequence corresponding

to the a-b chain as determined by our laboratory

has been submitted to GenBank (accession number

EF601928). Based on the cDNA sequence, the deer

a- and b-chains comprise 136 and 245 amino acid

residues, respectively, which is similar to that of

human, with 142 (a2) and 245 (b) residues (Fig. 5A,B).

A tandem repeat of the deer a-chain was observed

(discussed below).

Amino acid sequence alignment of deer and

human Hp 2-2

The putative amino acid sequence alignment reveals

that deer Hp is somewhat homologous to human

Hp 2-2 (80% and 68% for b- and a-chains, respec-

tively). The divergence and identity of the b-chain
with that of other mammals are shown in Fig. 5C.

The sequence for deer is relatively similar to that of

cattle [25], another ruminant. We also created a brief

phylogenetic tree for possible molecular evolution

of the Hp b-chain using the clustal method in

dnastar megalign software. The result shows that

the evolved amino acid sequences of ruminant Hp

b-chains are the most divergent among all mammals

(Fig. 5D).

Analysis of )SH groups of the deer Hp a-chain

and their implication for formation of the

tetramer

As shown in Fig. 6 in the form of simplified ABC

domains, the human a2-chain contains identical ABC

Cattle
Deer 

Pig 
Dog 

House mouse 
Golden hamster 

Chimpanzee 
Human 

Rhesus
Rabbit

23.0 

20 15 10 5 0 

Fig. 5. Putative amino acid sequence analysis and divergence of mammal Hps. (A,B) Amino acid sequence alignment of the a- and b-chains

of human and deer. Variable regions are shaded in black. The cDNA nucleotide sequence corresponding to deer Hp in this study has been

deposited in GenBank under the accession number of EF601928. (C) Divergence of the amino acid sequences of Hp b-chains among ten

mammals. (D) Phylogenetic tree constructed according to the amino acid sequences of Hp b-chains for ten mammals. The tree was plotted

using the MEGALIGN program in the DNASTAR package. Branch lengths (%) are proportional to the level of sequence divergence, while units at

the bottom indicate the number of substitution events.
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domains to a1 with insertion of a tandem repeat region

(B1). The latter contains amino acid residues between

Asp12 and Ala70 (a total of 59 residues). The sequence

homology between the repeat regions of the human

a2-chain is 96%, with only two amino acids mutated

(replacement of Asn52 and Glu53 in the B region by

Asp52 and Lys53 in the B1 region). This tandem repeat

is responsible for the formation of Hp polymers due to

the extra )SH group (Fig. 1A). Such repeats also exist

within the deer a-chain (B1 and B repeat), where the

B1 region is residues 9–65. Thus, at the molecular level,

the deer a-chain belongs to the a2 group, and is identi-

cal to the human a2-chain in possessing a tandem

repeat. Interestingly, the sequence homology between

the two repeat units (B1 and B) of deer is only 68%

(Fig. 6).

As shown schematically in Fig. 1A, the human

a2-chain consists of seven )SH groups (Cys15, 34, 68,

74, 93, 127 and 131) in 142 residues. Among these, there

are two disulfide linkages within the a-chain (Cys34 and

68 and Cys93 and 127), and the one at the C-terminal

region (Cys131) cross-links with the b-chain (Cys105) to

form a basic a-b unit. Under such an arrangement,

Cys15 and Cys74 are available to link with other a-b
units. As a result, human a2 forms (a-b)n polymers

(where n ‡ 3) as shown in Fig. 4B. Interestingly, the

number and location of )SH groups in the deer

a2-chain are identical to those in human (Fig. 6), but

the deer Hp only yields a tetrameric (a-b)4 form. As the

identity between the tandem repeats of deer is only 68%

(compared with 96% in human), we hypothesized that

these amino acid differences determine the conforma-

tion between Cys15 and 74 and drive the construction

of the (a-b)4 structure of deer Hp (see Discussion).

To test whether the deer Hp can also form multiple

polymers in vitro, we denatured the protein using

6 m urea with addition of 143 mm b-ME. Under these

conditions, the deer protein was completely dissoci-

ated, similar to the profile shown in Fig. 4A for

SDS–PAGE analysis (data not shown). We then slowly

renatured the deer Hp by stepwise dialysis in order to

determine possible formation of other large polymers

(greater than tetramer). Figure 7 shows that the rena-

tured protein retained the tetramer form, and no other

polymers larger than tetramers were observed on SDS–

PAGE, although some trimers were produced. Under

the same conditions, human Hp 2-2 was renatured to

(a-b)n. The data suggest that formation of deer Hp tet-

ramer is specific, not randomly assembled. This assem-

bly seems to be dependent on the unique orientation

of the )SH groups within the Hp. In addition, each

renatured protein retained its hemoglobin-binding

ability (Fig. 7). A hypothetical model explaining the

formation of Hp tetramers is described below.

Fig. 6. Schematic drawing of tandem repeat region (B and B1) of deer and human a-chain. The most significant feature of human a2 is that it

matches the ABC domains of a1 but with an additional insertion of a redundant sequence (B1 region). The repeat unit contains 59 amino acid

residues between Asp12 and Ala70. The sequence homology in the repeat region of human is 96% (two amino acids mutated). Deer also have

a redundant sequence (B and B1), but the sequence homology between the two repeat units is approximately 68%. The full length of the

a-chain contains 142 and 136 residues in human and deer, respectively. The positions and number of Cys residues (total of seven) are com-

pletely identical between the two species (the one at the C-terminal region is not shown). Divergence of the amino acids within the species is

marked in yellow.
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Discussion

Isolation of deer native Hp

We have recently developed several lines of human Hp

mAb and routinely utilized these antibodies for the

isolation of human Hp 1-1, 2-1 and 2-2 phenotypes

[22,26]. As only W1 (specific to the a-chain) is able to

cross-react with the deer a-chain on a western blot, we

attempted to utilize this mAb for the affinity isolation

of deer Hp in this study. Interestingly, the W1 mAb

only recognizes the human Hp but not deer Hp in its

intact form (Fig. 4B,C). We therefore used a previ-

ously described HPLC-based size-exclusion chromato-

graphy procedure [24] for the isolation of deer Hp.

However, this procedure is only suitable for isolating

the Hps with a homogeneous structure, and is not

suitable for human Hp 2-2 or 2-1 [22]. One minor

disadvantage of the method was the contamination

of the isolated Hp by a trace amount of hemoglobin

(Fig. 4A). This is observed mainly because Hp–hemo-

globin complexes are formed prior to the purification;

as such, hemolysis should be kept to a minimum in

order to reduce the hemoglobin level while collecting

the blood.

Presence of Hp in deer plasma

Not all deer possess a high level of plasma Hp. About

30% of the plasma samples that we screened (total

n = 15) exhibited low Hp levels in the hemoglobin-

binding assay (Fig. 2). Based on chromogeneity, the

concentrations of deer plasma were approximately

1 mgÆmL)1 of those used for purification when com-

pared with human Hp 1-1 standard. In reindeer

(n = 6), a mean plasma value of 0.6 mgÆmL)1 has

been reported [27].

Primary structure of the deer a-chain and its

relationship to Hp polymers

There are several lines of evidence support the conclu-

sion that the genotype of deer Hp is Hp 2, with an

Hp 2-2 phenotype. First, analysis of mercaptoethanol-

reduced plasma indicates a molecular mass of 18 kDa

for the a-chain, which is similar to that of human a2
based on a western blot (Fig. 4A). Second, the molecu-

lar mass of the a-chain from a purified sample was

also similar to that of human a2 (Fig. 4A). Third,

by putative amino acid sequence alignment, the deer

a-chain contains a tandem repeat that is consistent

with that found in human. Fourth, the total number

of )SH groups and their location resulting from the

tandem repeat are completely identical to that of

human, although the sequence homology between the

repeats was 68% in deer, compared to 96% in human

(Fig. 6).

It remains unclear why the apparent molecular mass

of the deer a-chain on PAGE is somewhat higher than

that of human. We therefore attempted to determine

whether it was due to additional carbohydrate moieties

on the deer a-chain. However, using Pro-Q Emerald

glycoprotein gel stains (Molecular Probes, Eugene,

OR, USA), we did not identify any carbohydrates

associated with the a-chain of either species (data not

shown).

Hypothetical model for the formation of the deer

Hp tetramer

The ability of the deer Hp to refold and reassemble

into its tetrameric form in vitro indicates that the

assembly of a- and b-chains into predetermined poly-

mers is dependent on their biochemical nature (Fig. 7).

As shown in Fig. 8A, we proposed a model to explain

the formation of tetramers. This suggests that the two

)SH groups of the deer a-chain are located on two flat

surfaces at different angles to each other. Under these

conditions, a homodimer cannot form due to the avail-

ability of another free )SH group of the a-b unit for

cross-linking with another a-b unit. Figure 8B illus-

trates that there is no steric hindrance for tetramer for-

mation, although there are two possible configurations

for the tetramer. Some trimers may form, but there is

some hindrance preventing the subunits from coming

Fig. 7. SDS–PAGE and native PAGE analyses of renaturation of

deer and human Hp polymers. Denaturation of deer Hp using 6 M

urea under reducing conditions (143 mM b-ME) followed by renatur-

ation resulted in the formation of (a-b)4 and some (a-b)3.
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close together in the cyclic center (Fig. 8C). Therefore,

the formation of trimers takes place to a much lower

extent than that of tetramers. No higher-order poly-

mers are formed, because the distance between the

)SH groups is too great to allow cross-linking for

(a-b)5 pentamers or other larger polymers (Fig. 8D).

For a higher-order polymer (n > 5), the angle (h)
between the sides containing the )SH groups of two

polymers would be 90–360 ⁄ n degrees. If the distance

between the )SH sites is approximately 90�, and the

side of the Hp subunit contributes the base of the

triangle, the distance is proportional to sin h. As h
approaches 90� as n approaches infinity, the distance

between the )SH sites also comes close to a maximum

as n increases. In fact, few trimers are seen in our rena-

turing experiment (Fig. 7) and no polymers of an order

of five or higher are observed.

For human Hp 2-2, on the other hand, the forma-

tion of higher-order polymers is possible (Fig. 9). The

assumed positions of the )SH groups differ from those

in deer Hp. They are located at the edges of the same

plane, so formation of an identical ‘stacking’ dimer or

(a-b)2 is not possible due to steric hindrance between

the two )SH groups (Fig. 9A). However, formation of

some trimers by linking together via the two )SH
groups at the edge is possible, but not to a great extent

due to the limited space in the cyclic center (Fig. 9B).

This explains why there are only trace amount of

trimers in all the human Hp 2-2 samples (Fig. 2).

The cyclic center provides sufficient room to facilitate

A

B C

D E

Fig. 9. Model of formation of human Hp 2-2 polymers. The posi-

tioning of the )SH groups involved in polymer formation differs

from those in deer Hp. (A) A basic human Hp 2-2 subunit compris-

ing one a- and one b-subunit. The –SH groups that connect the

subunits into polymers are located at the edge of the surface. The

hindrance between the –SH binding sites A and B prevents forma-

tion of a dimer. (B) A trimer is able to form to some extent with

some steric hindrance. (C–E) Polymers of a higher order than tetra-

mers can form without any steric hindrance.

A

B

C D

Fig. 8. A hypothetical model illustrating the steric hindrance

involved in formation of a deer Hp tetramer. (A) A basic Hp subunit

comprising one a- and one b-subunit. The )SH groups that connect

the Hp subunits into polymers are assumed to be located with ste-

ric hindrance between the SH binding sites A and B. (B) The two

different possible forms of tetramers. (C) A trimeric form of deer

Hp is possible to assemble according to this model, but steric hin-

drance is seen which prevents the )SH groups from linking to

some extent. (D) Formation of a pentamer or higher-order polymer

is not possible.
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formation of polymers of an order greater than four

a-b units. Such configuration also allows binding of

the W1 mAb. In contrast, the cyclic center of deer Hp

tetramers is totally blocked and is not accessible for

mAb binding (Fig. 4B,C).

Evolution

In vertebrates, a recent study has suggested that the

Hp gene appeared early in vertebrate evolution,

between the emergence of urochordates and bony fish

[5]. All mammalian species studied to date have been

shown to possess Hp. Analysis of the electrophoretic

patterns of Hp–hemoglobin complexes has suggested

that most of these Hps are similar to human Hp 1-1

[28]. Only the protein found in ruminants (cattle, sheep

and goat) resembled polymeric forms of human

Hp 2-2 [20], but whether they also possess a tandem

repeat remains unexplored [25].

It is thought that humans originally had a single

Hp 1-1 phenotype [29]. Maeda et al. [15] proposed

that the tandem repeat sequence of human a2 evolved

two million years ago from a nonhomologous

unequal crossover between two Hp 1 alleles (Hp 1S

and Hp 1F) during meiosis. A unique feature of the

Hp 2 allele is that it is present only in humans and is

not found in any primates, including New and Old

World monkeys, chimpanzees and gorillas [17]. We

have recently found that cattle also possess Hp 2 as

the sole genotype [25]. It is likely that ruminants

including deer, cattle, goat and sheep may all possess

a sole Hp 2-type allele. In the present study, we have

shown that the inserted tandem repeat region in deer

Hp appears to have extensively evolved, as 32% of

the repeated region has undergone mutation, com-

pared to that of only 4% (two amino acid residues)

in human Hp (Fig. 6). Thus, we propose that the

occurrence of the tandem repeat in deer was much

earlier than in humans.

Figure 10 depicts a phylogenetic tree constructed by

assuming that all eutherian orders (mammals) radiated

at about the same point in evolutionary time (approxi-

mately 75 million years ago) [30]. The phylogenetic

analysis indicates that crossing-over of deer a-chains
occurred after divergence of the line leading to rumi-

nants and pig, as pig possesses only the Hp 1-1 pheno-

type [24]. As dolphins and whales are the closest

divergences before the ruminants, we further examined

the size of the a-chain in whales and dolphins as well

as other ruminants (cattle and goat) to determine the

possible time of the tandem repeat evolution in deer

Hp. Interestingly, the inserted panel of Fig. 10 shows

that the a-chains of all the ruminants tested are the a2
type, except for dolphins (n = 5) and whales (n = 5).

Fig. 10. Phylogenetic tree illustrating the molecular evolution of mammals, and phenotyping of human, whale, dolphin and ruminant

a-chains. The tree is constructed by assuming that all eutherian orders radiated at about the same point in evolutionary time, approximately

75 million years ago. Alternative branching orders give essentially identical results. Within a eutherian order, branch points are assigned using

evolutionary times based on fossil records [30]. Western blot analysis of Hp of six mammals (with a branching point before and after deer)

was conducted using a 10–15% SDS–PAGE gradient gel under reducing conditions with an a-chain-specific mAb (W1) prepared against

human Hp.
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These data suggests that the crossing-over resulting

in the tandem repeat in ruminants occurred at least 25

million years ago or between 25 and 45 million years

ago (Fig. 10), which is much earlier than the two

million years proposed in humans [15]. The molecular

evolution of the ruminants, which are the latest

mammals in the phylogenetic tree (diverging after dol-

phins), is remarkably rapid, based on molecular evolu-

tion models for growth hormone and prolactin, when

compared with other mammals [31,32]. This model

appears to be consistent with the overall amino acid

alterations (32%) within the tandem repeat of deer Hp

a-chain. A similar alteration in cattle has also been

reported recently [25].

Whether this alteration is adaptive during evolution

remains to be addressed. For example, in cattle, there

is an extensive family of at least eight prolactin-like

genes that are expressed in the placenta [33,34]. These

genes appear to be arranged as a cluster on the same

chromosome. Phylogenetic analysis suggests that all

of these genes are the consequence of one or more

duplications of the prolactin gene; detailed analysis

suggests that a rapid adaptive change has played a

role in molecular evolution [35].

Evolutionary advantage of deer Hp protein being

a tetramer

In addition to the superior binding affinity of Hp to

hemoglobin, Hp is an anti-inflammatory molecule and

a potent antioxidant [9]. In humans, the large compli-

cated polymers of Hp 2-2 are a risk in the association

of diabetic nephropathy [36,37]. One explanation is

that the large polymer dramatically retards penetration

of the molecule into the extracellular space [36]. We

have shown in the present study that deer Hp 2-2 was

not able to form complicated polymers, because the

diversity in amino acid sequence between the tandem

repeat of a-chain has produced steric hindrance

(Fig. 8) that may be advantageous to deer.

In conclusion, we have shown that deer possess

an Hp 2 allele with a tandem repeat that could have

occurred at least 25 or between 25 and 45 million

years ago based on the phylogenetic analysis. The

phenotypic and biochemical structure of their Hp is

markedly homogeneous, with a tetrameric arrange-

ment due to the orientation of the two available

)SH groups, preventing the formation of the compli-

cated Hp polymers found for human Hp 2-2. In

terms of molecular evolution, this steric hindrance

may have conferred an advantage on deer Hp that

compensates for the undesired tandem repeat in the

a-chain.

Experimental procedures

Animal plasma

Animal plasma of deer (Cervus unicolor swinhoei), goat

(Capra hircus), cattle (Bos taurus), pig (Sus scrofa

domestica), dolphin (Steno bredanensis) and whale

(Delphinapterus leucas) were obtained from the Pingtung

County Livestock Disease Control Center and the Veteri-

nary Medicine Teaching Hospital, National Pingtung

University of Science and Technology, Taiwan.

Phenotyping

Hp phenotyping was performed by native PAGE using

hemoglobin-supplemented serum or plasma [22]. Briefly,

6 lL plasma were premixed with 3 lL of 40 mgÆmL)1 hemo-

globin for 15 min at room temperature. The reaction mixture

was then equilibrated with 3 lL of a sample buffer contain-

ing 0.625 m Tris (pH 6.8), 25% glycerol and 0.05% bromo-

phenol blue, followed by electrophoresis on a 7% native

polyacrylamide gel (pH 8). Electrophoresis was performed at

20 mA for 2 h, after which time the Hp–hemoglobin com-

plexes were visualized by shaking the gel in a freshly

prepared peroxidase substrate (30 mL NaCl ⁄Pi containing

25 mg of 3,3¢-diaminobenzidine in 0.5 mL dimethyl sulfoxide

and 0.01% H2O2). The results were confirmed by western

blot using an a-chain-specific mAb prior to phenotyping.

Preparation of mouse mAb and human Hp

Mouse mAb W1 specific to the human Hp a-chain was pro-

duced in our laboratory according to standard procedures

[38]. Native human Hp was isolated from plasma using an

immunoaffinity column followed by size-exclusion chroma-

tography on an HPLC system using previously described

procedures [22].

Purification of deer haptoglobin

Plasma samples enriched with Hp were prepared from deer

blood containing 0.1% EDTA, followed by centrifugation

at 1200 g for 15 min at 4 �C to remove the cells. Isolation

was performed according to the method previously estab-

lished for porcine Hp [24]. Saturated ammonium sulfate

solution was added to the plasma to a final saturated con-

centration of 50%. After gentle stirring for 30 min at room

temperature, the precipitate was discarded by centrifugation

at 4000 g for 30 min at 4 �C. The supernatant was then

dialyzed at 4 �C for 16 h against NaCl ⁄Pi containing

10 mm phosphate (pH 7.4) and 0.12 m NaCl with three

changes. After dialysis, the sample was concentrated and fil-

tered through a 0.45 lm nylon fibre prior to size-exclusion

chromatography. An HPLC system (Waters, Milford, MA,

USA), consisting of two pumps, an automatic sample
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injector and a photodiode array detector, with a Superose-12

column (1 · 30 cm) (GE Healthcare, Uppsala, Sweden)

pre-equilibrated with NaCl ⁄Pi, was used for further purifi-

cation. The column was run for 60–80 min at room tem-

perature with a flow rate of 0.3 mLÆmin)1 using NaCl ⁄Pi

as the mobile phase. Fractions containing Hp were pooled

and concentrated to a final volume of 1 mL using an

Amicon centrifugal filter (Millipore, Billerica, MA, USA),

and stored at )20 �C until use.

Gel electrophoresis

SDS–PAGE was performed according to the method

described by Laemmli [39] with some modifications, using

5% polyacrylamide as the stacking gel [40]. In general, sam-

ples containing 143 mm b-ME were preheated at 100 �C for

10 min in a buffer containing 12 mm Tris–HCl (pH 6.8),

0.4% SDS, 5% glycerol and 0.02% bromophenol blue before

loading to the gel. The samples were run on a step gradient

of polyacrylamide gel (10 and 15%) for about 1.5 h at 100 V

and stained using Coomassie brilliant blue. For determina-

tion of the molecular mass of Hp, the tested samples were

prepared under the non-reducing conditions using the SDS

gel. Alternatively, the SDS gel was prepared in a 0.04 m

phosphate buffer (pH 7.0) containing 4% polyacrylamide,

and the samples were run for about 6 h at 30V. The molecu-

lar mass standard for SDS–PAGE, containing three pre-

stained proteins (260, 160 and 110 kDa), was purchased

from Invitrogen (Carlsbad, CA, USA).

Immunoblot analysis

Western blot analysis was performed using a method

similar to that described previously [40]. In brief, the

electrotransferred and blocked nitrocellulose was incu-

bated with anti-Hp mAb W1, followed by washes and

incubation with horseradish peroxidase-conjugated goat

anti-mouse IgG (Chemicon, Temecula, CA). The mem-

brane was developed using 3,3¢-diaminobenzidine contain-

ing 0.01% H2O2. Dot blots were performed by applying

the samples (reduced or non-reduced) onto a nitrocellu-

lose membrane using anti-Hp mAb W1 as the primary

antibody.

Cloning and sequencing analysis of deer Hp

The entire procedure was similar to that described previ-

ously [9,10]. Briefly, total RNA was extracted from deer

whole blood using an RNeasy Mini Kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions.

The gene for deer Hp from total RNA was reverse-

transcribed and PCR-amplified using proofreading DNA

polymerase (Invitrogen), forward primer 5¢-TTCCTGC

AGTGGAAACCGGCAGTGAGGCCA-3¢ and reverse

primer 5¢-CGGAAAACCATCGCTAACAACTAAGCTT

GGG-3¢. The PCR cycling profile was as follows: denatur-

ation at 94 �C for 5 min, then 35 cycles of denaturation at

94 �C for 30 s, annealing at 55 �C for 30 s and extension at

72 �C for 90 s, then final extension at 72 �C for 10 min. The

PCR product was analyzed by electrophoresis through a

1% agarose gel, and purified using a gel extraction kit (BD

Biosciences, Palo Alto, CA). The purified PCR product was

cloned into a pGEM-T Easy vector (Promega, Madison,

WI, USA), and then the ligated plasmid was transformed

into Escherichia coli JM109 (Qiagen). Finally, the sequence

of deer Hp was confirmed by DNA sequencing.

Sequence alignment and phylogenetic analysis

The cDNA and amino acid sequence alignment, sequence

pair distances and phylogenetic tree construction were

performed using dnastar software (Lasergene, Madison,

WI, USA).

Denaturation and renaturation of deer and

human Hp 2-2

Purified deer Hp (0.1 mgÆmL)1) or human Hp 2-2

(2 mgÆmL)1) were mixed with NaCl ⁄Pi containing 6 m

urea and 143 mm b-ME and incubated at room tempera-

ture for 30 min. The reaction mixture was first dialyzed in

200 mL NaCl ⁄Pi at 4 �C for 6 h, and this was repeated

three times (total 24 h) to allow renaturation. The mixture

was finally dialyzed against 2 L NaCl ⁄Pi overnight. The

concentrated Hp samples with or without reduction were

incubated with hemoglobin for use on a typing gel as that

for plasma phenotyping, and then stained by Coomassie

brilliant blue.
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Rational Design for Crystallization of �-Lactoglobulin and Vitamin
D3 Complex: Revealing a Secondary Binding Site†
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ABSTRACT: �-Lactoglobulin (LG) is a major milk whey protein containing primarily a calyx for vitamin D3 binding, although
the existence of another site beyond the calyx is controversial. Using fluorescence spectral analyses in the previous study, we showed
the binding stoichiometry for vitamin D3 to LG to be 2:1 and a stoichiometry of 1:1 when the calyx was “disrupted” by manipulating
the pH and temperature, suggesting that a secondary vitamin D binding site existed. To help localize this secondary site using X-ray
crystallography in the present study, we used bioinformatic programs (Insight II, Q-SiteFinder, and GEMDOCK) to identify the
potential location of this site. We then optimized the occupancy and enhanced the electron density of vitamin D3 in the complex by
altering the pH and initial ratios of vitamin D3/LG in the cocrystal preparation. We conclude that GEMDOCK can aid in searching
for an extra density map around potential vitamin D binding sites. Both pH (8) and initial ratio of vitamin D3/LG (3:1) are crucial
to optimize the occupancy and enhance the electron density of vitamin D3 in the complex for rational-designed crystallization. The
strategy in practice may be useful for future identification of a ligand-binding site in a given protein.

1. Introduction

Bovine �-lactoglobulin (LG) is a major protein in milk
comprising about 10-15%.1 Because of its thermally unstable
and molten-globule nature, LG has been studied extensively for
its physical and biochemical properties.2-7 Some essential
functions of LG including hypocholesterolemic effect,8 retinol
transport,9,10 and antioxidant activity11-14 have been reported.
According to the crystal structure, LG comprises predominantly
a �-sheet configuration containing nine antiparallel �-strands
from A to I (Figure 1a).15-17 Topographically, �-strands A-D
form one surface of the barrel (calyx), whereas �-strands E-H
form the other. The only R-helical structure with three turns is
located at the COOH-terminus, which follows the �-strand H
beyond the calyx.18 A remarkable feature of the calyx is its
ability to bind hydrophobic molecules such as retinol, fatty acids,
and vitamin D3 (Figure 1b).19-22

The location of vitamin D binding sites has been controver-
sial, yet most evidence points toward the calyx. It has been
postulated that another site exists,23-25 but it could not be
verified by the crystal structure using the vitamin D2-LG
complex.10 In a previous study, we first conducted a ligand
binding assay using the fluorescence changes by retinol, palmitic

† Part of the special issue (Vol 8, issue 12) on the 12th International
Conference on the Crystallization of Biological Macromolecules, Cancun,
Mexico, May 6-9, 2008.

* To whom correspondence should be addressed. (S.J.T.M.) E-mail:
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§ National Synchrotron Radiation Research Center.
# Institute of Bioinformatics and Structural Biology, National Tsing Hua
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| Department of Physics, National Tsing Hua University.
∇ National Cheng Kung University.
⊥ Asian University.

Figure 1. Primary structure of LG and chemical structure of its
binding ligands. (a) LG comprises 162 amino acids with nine
antiparallel �-sheet strands (A-I) and one R-helix (in gray). There
are two disulfide bonds located between �-strand D and carboxyl-
terminus (Cys-66 and Cys-160) and between �-strands G and H
(Cys-106 and Cys-119), while a free buried thiol group is at Cys-
121. (b) Chemical structure of ligands which bind to LG, such as
vitamin D3, retinol, and palmitic acid.
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acid, and vitamin D3 to address the existence of another site
for vitamin D binding. This data demonstrated that the maximal
binding stoichiometry of vitamin D3 with LG was 2:1, whereas
that of retinol or palmitic acid was 1:1 (Table 1),26 suggesting
that there was another binding site for the vitamin D3 molecule.
Second, we manipulated the binding capability by switching
off the gate of calyx at low pH (2-6)15 to further substantiate
the “two site hypothesis”. As expected, the binding capability
of retinol and palmitic acid diminished under this condition,
but it retained the vitamin D binding with a vitamin D3 to LG
stoichiometry of 1:1 (Table 1).26 We also used a strategy to
denature the conformation of the calyx by heat treatment7 and
conducted the binding assay after the calyx was thermally
“disrupted”. Under this condition, the binding stoichiometry of
vitamin D3 to heated LG (100 °C for 16 min) was found to be
1:1 (Table 1).26 These previous binding experiments26 suggest
that there is a secondary site for vitamin D3 binding distinct
from the calyx.

In the present study, we located the secondary vitamin D3

binding site of LG, which has been a controversy among many
researchers, using bioinformatic analysis to narrow the region
of potential binding sites for crystallographic verification. We
first utilized well-known programs (ActiveSite_Search Insight
II and Q-SiteFinder) to predict the ligand-binding site in search
of a possible location for vitamin D binding with the geometric
or energetic criteria. The Insight II27 is based on the size of
surface cavities of a given protein without a specified ligand; it
searches the location and extent of the pocket according to the
geometric criteria. The Q-SiteFinder,28 however, defines a
binding pocket only by energy calculations using a methyl probe
for van der Waals interactions with a given protein. We next
used a more accurate docking program, GEMDOCK, which was
developed in our laboratories,29 to dock a specific ligand with
a given protein based on a nonbiased search for their interac-

tions. GEMDOCK is specifically designed for a flexible ligand
that may best fit into possible binding sites. Under this condition
the docked ligand conformations are generated. All three
programs require an established 3D structure of a given protein.
We show that Insight II and Q-SiteFinder predicted three and
six major potential regions, respectively, available for any
nondefined ligand binding on LG. Docking using GEMDOCK
predicted six possible sites for vitamin D3 binding. Following
the analyses of Insight II, Q-SiteFinder, and GEMDOCK cross-
docking, we identified that there were two potential secondary
sites for vitamin D binding located near the C-terminal R-helical
region. This led us to study the crystal structure of LG-vitamin
D3 complex to further identify the secondary vitamin D binding
site, if any.

Furthermore, we cocrystallized the LG-vitamin D3 complex
which was prepared at pH 7 with a vitamin D3/LG ratio of 2
according to the previous crystallographic study.20 A search for
an extra electron density for vitamin D3 around potential
secondary binding sites was based on the predicted data obtained
from bioinformatic analysis. We found a weak extra electron
density that was located near the C-terminal R-helical region.
With respect to cocrystallization, the maximum occupancy of
the ligand should provide a better opportunity in growing high-
quality crystals of the ligand-protein complex. In general, the
affinity, solubility, and concentrations of added hydrophobic
ligands would influence the ligand occupancy at equilibrium.
For 90% occupancy, the amount of added ligands must be
greater than the amount of protein so that the free ligands at
equilibrium are not depleted.30 In this work, we reported a
rationally designed approach for preparing the complex of LG
and vitamin D3 at various pH and vitamin D3/LG ratios to
optimize the occupancy of vitamin D3 and improve the electron
density of the secondary binding site. Finally, we identified an
exosite for vitamin D binding to be located near the R-helix
and �-strand I of LG using a crystal prepared at pH 8 with a
vitamin D3/LG ratio of 3:1. The biological significance of the
revealed exosite for vitamin D binding in milk LG was also
discussed.

2. Experimental Section

2.1. Materials. LG was purified from fresh raw milk using 40%
saturated ammonium-sulfate, followed by a G-150 column chroma-
tography of the supernatant as described previously.4 Vitamin D3

(cholecalciferol) was purchased from Sigma (St. Louis, MO).
2.2. Predicting Possible Binding Site by ActiveSite_Search

Insight II and Q-SiteFinder. To identify the possible binding sites,
the ActiveSite_Search Insight II27 and Q-SiteFinder28 software were

Table 1. Relative Ligand Binding Ability of LG at the Various pH and Preheated Temperatures Extracted from Our Published Paper26

relative binding (%)

titration experiment effect of pH effect of heating
(preheated for 16 min)

[ligand]/
[native LG] vitamin D3 retinol

palmitic
acid pH

vitamin
D3 retinol

palmitic
acid

temperature
(°C)

vitamin
D3 retinol

palmitic
acid

0.125 7.1 13.2 15.1 2.0 29.1 2.2 2.0 50 93.4 92.1 92.6
0.25 14.1 26.0 30.0 3.0 29.0 0 0 60 91.1 90.2 90.4
0.375 21.2 38.8 44.9 4.0 29.3 0 0 70 83.0 67.0 72.3
0.5 28.1 50.6 59.0 5.0 29.3 0 0 80 49.2 10.2 14.4
0.625 35.3 62.0 71.5 6.0 46.7 8.5 38.0 90 41.9 7.5 6.8
0.75 42.3 72.7 80.4 7.0 58.1 27.0 49.4 100 40.7 6.7 5.8
0.875 49.3 81.3 86.9 8.0 100 87.7 100
1.0 56.2 88.0 91.9 9.0 78.2 100 82.6
1.25 70.6 91.8 96.0 10.0 77.7 97.6 54.3
1.5 82.9 95.0 98.5
1.75 92.0 96.7 99.2
2.0 96.0 98.0 99.7

Table 2. Possible Sites Predicted by Insight II, Q-SiteFinder, and
GEMDOCK

GEMDOCK

programs
Insight

II Q-SiteFinder

vitamin D3

docking for
whole protein

vitamin D3

docking for
other parts of

protein besides
sites 1 and 2

ranking fitness (ratio)
Site 1 (calyx)

1 1 -87.2 (50%)

Site 2 2 2 -88.4 (20%)
Site 3 3 8 -85.4 (6%) -83.9 (40%)
Site 4 3 -82.4 (6%) -81.2 (20%)
Site 5 5 -75.4 (3%) -80.1 (3%)
Site 6 4 -83.4 (3%) -87.0 (3%)
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used, and the prediction was performed according to the standard
protocol. For ActiveSite_Search Insight II, we used the size within 50

Å as a cutoff site for the smallest cavity (in grid points). For
Q-SiteFinder, the parameters for identified protein residues involved

Figure 2. Prediction of potential binding pockets of LG using Insight II, Q-SiteFinder, and GEMDOCK. (a) Binding pockets of LG predicted by
Insight II (color in blue) and Q-SiteFinder (in black). There are three and six major binding sites predicted by Insight II or Q-SiteFinder, respectively,
for any nondefined ligand. (b) There are total six potential binding sites for retinol, palmitic acid, and vitamin D3 (red, black, and blue) in LG
following the GEMDOCK docking. LG structure in 3D used was based on LG-retinol complex (PDB code: 1GX8). Retinol and palmitic acid are
able to dock exactly into the calyx (site 1), but not to the other sites except for palmitic acid interacting with site 2. The probability of vitamin D3

fitting into the calyx is about 50% (see Table 1). It indicates that the calyx is a superior binding site for vitamin D. (c) Cross-docking of retinol,
palmitic acid, and vitamin D3 into the cavity of LG with sites 1 and 2 blocked. The docked orientation of the vitamin D3 in sites 3 and 4 are
distinctly different from retinol and palmitic acid. (d) Comparison of the docked orientation of vitamin D3 between sites 3 and 4. The docked
conformation of vitamin D3 binding in site 3 seems to be more stable than in site 4. (e) The electrostatic surface model of LG depicting the
positively charged (in blue), negatively charged (in red), and hydrophobic (white) side chains, in which the hydrophobic surface of site 4 seems to
be large relative to that of site 3.

Table 3. Percentage Probability of Different Ligands Docking into Possible Sites of LG

docking ligands into 1GX8

conditions docking search on whole protein docking search on other parts of protein

fitness (ratio) retinol palmitic acid vitamin D3 retinol palmitic acid vitamin D3

Site 1 (calyx) -86.3 (93%) -75.7 (43%) -87.2 (50%)
Site 2 -86.4 (6%) -77.6 (46%) -88.4 (20%)
Site 3 -85.4 (6%) -76.2 (3%) -69.7 (10%) -83.9 (40%)
Site 4 -82.4 (6%) -73.3 (10%) -69.4 (16%) -81.2 (20%)
Site 5 -76.1 (6%) -75.4 (3%) -72.9 (6%) -67.7 (10%) -80.1 (3%)
Site 6 -83.4 (3%) -77.2 (43%) -72.5 (13%) -87.0 (3%)
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in the van der Waals interactions with the methyl probe, 5.0 Å was
used. The coordinates of possible sites predicted by Insight II and
Q-SiteFinder were saved in PDB format and depicted using the Swiss-
Pdb Viewer program.31

2.3. Docking Analysis between Ligands and LG by
GEMDOCK. We extrapolated the 3D structure of retinol (PDB ID
1GX8, LG-retinol complex), palmitic acid (1GXA, LG-palmitic acid
complex), and vitamin D3 (modified from 25(OH)-vitamin D3; 1MZ9,
cartilage oligomeric matrix protein-vitamin D3) from the Protein Data
Bank (PDB). Energy minimization of these three compounds was
performed using a SYBYL program package. An established 3D
structure of LG (1GX8) was used as the target for cross-docking. Since
GEMDOCK is able to search the whole protein for exploring the
binding site of a given ligand, we presumed those atoms near the
charged surface and hydrophobic areas of LG were the potential binding
sites for vitamin D3. The predicted area(s) was then compared with
the established binding pocket (calyx) for palmitic acid and retinol.
Following the removal of all structured water molecules in LG
molecule, GEMDOCK search was then conducted according to the
procedures previously described.29 Using an empirical energy function

which consists of the electrostatic, steric, and hydrogen bonding
potentials for docking, GEMDOCK29 seemed to be more accurate than
some conventional approaches, such as GOLD and FlexX, based on a
diverse data set of 100 protein-ligand complexes proposed by Jones
et al.32 The accuracy of GEMDOCK was demonstrated when screening
the ligand database for antagonist and agonist ligands of the estrogen
receptor (ER).33

In this work, we used an empirical scoring function to estimate
interaction energies between LG and ligands. The parameters used in
the flexible docking included the initial step size (σ ) 0.8 and ψ )
0.2), family competition length (L ) 2), population size (N ) 1000),
and recombination probability (pc ) 0.3). For each docked ligand,
optimization was stopped when either the convergence was below a
certain threshold value or the iterations exceeded the maximal preset
value of 80. Therefore, GEMDOCK produced 3600 solutions in one
generation and terminated when it exhausted to 324 000 solutions for
each docked ligand.

2.4. Crystallization. Purified LG was concentrated to 20 mg/mL
in 20 mM acetate (pH 4), cacodylate (pH 6), HEPES (pH 7), or Tris
buffer (pH 8). Vitamin D3 stock solution prepared as 50 mM in 100%
ethanol was added to LG solution to give a molar ratio of 3:1, 2:1, or
1:1 with a final ethanol concentration less than 7% and incubation for
three hours at 37 °C. Crystallization of the LG-vitamin D3 complex
was achieved using the hanging-drop vapor-diffusion method at 18 °C
with 2 µL hanging drops containing equal amounts of LG-vitamin D3

complex and a reservoir solution (0.1 M HEPES containing 1.4 M
trisodium citrate dehydrate, pH 7.5).

2.5. Crystallographic Data Collection and Processing. The
crystals were mounted on a Cryoloop (0.1-0.2 mm), dipped briefly in
20% glycerol as a cryoprotectant solution, and frozen in liquid nitrogen.
X-ray diffraction data at 2.1-2.2 Å resolution were collected at 110 K
using synchrotron radiation on the Taiwan contracted beamlines
BL12B2 at SPring-8 (Harima, Japan) and BL13B at NSRRC (Hsinchu,
Taiwan). The data were indexed and processed using a HKL2000
program.34

3. Results and Discussion

Although a secondary vitamin D binding site of LG has been
proposed from some physicochemical experiments,23-25,35,36 its
existence and location have remained elusive and controversial.
Several studies have clearly demonstrated that the binding
stoichiometry between retinol or palmitic acid and LG is 1 where
the central calyx of LG is responsible for retinol and palmitic
acid binding,21-23 but whether the binding of vitamin D to LG
is 1 or 2 remains uncertain. Wang et al. proposed that LG
possesses two potential binding sites for vitamin D: one is in
the calyx formed by a �-barrel and the other is near an external
hydrophobic pocket between the R-helix and the �-barrel.24,25

In the previous study, we first showed that the relative binding
of vitamin D to LG was 56% of the maximal binding at a
vitamin D3/LG ratio of 1:1 and the binding stoichiometry of
vitamin D3 to LG was 2:1 relative to that 1:1 of retinol or
palmitic acid verified using extrinsic fluorescence emission,
fluorescence enhancement and quenching methods (Table 1).26

Our previous data tended to support the view that LG comprises
two vitamin D binding sites. Second, we monitored the vitamin
D3 binding of LG by utilizing a unique structural change
property of LG at various pH to further substantiate the “two
site hypothesis”. The EF loop of LG is known to act as a gate
over the calyx;15 at pH values lower than 6 the loop is in a
“closed” position. Of remarkable interest, LG still retained about
30% of the maximal binding for vitamin D3 at pH below the
transition (2-6) (Table 1).26 It suggested that there might be
another vitamin D binding site that is independent of pH. Our
previous study has shown that thermally denatured LG (heated
100 °C for 5 min) is unable to bind to retinol and palmitic acid
owing to the deterioration of the calyx.7 We tested the hypothesis
whether the “secondary binding site” for vitamin D (if any) still
existed after heating. Since LG is a molten globule with a

Figure 3. Typical example of LG-vitamin D3 crystals prepared with
various vitamin D3/LG ratios at pH 8. Crystals of LG-vitamin D3

complexes were grown using a hanging-drop vapor-diffusion method.
Complex crystals of rhombohedral shape prepared at vitamin D3/LG
ratios of 1, 2, or 3 appeared at day 11, 10, or 6 with 2.1, 2.2, or 2.1 Å
resolution diffraction were observed, respectively. The crystals grew
slowly to a dimension of 0.2-0.4 mm in 18 days. Each bar represents
0.2 mm.
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heating transition between 70 and 80 °C,5,7 we monitored the
vitamin D3 binding with LG preheated at different temperatures
including one that could denature the calyx structure. Interest-
ingly, it showed a dramatic and sharp decrease in retinol,
palmitic acid, and vitamin D3 binding near the LG transition
temperature. At the temperature above 80 °C, it almost
completely abolished the retinol and palmitic acid binding, while
still retaining 40% of the vitamin D3 binding even at 100 °C

heating for 16 min (Table 1).26 To confirm it further, we
monitored the binding of heated LG (100 °C for 16 min) with
various amounts of vitamin D3, and a stoichiometry of 1:1 was
observed between heat-denatured LG and vitamin D3 using the
same fluorescence quenching analysis.26 Taking the previous
pH and thermal experiments together (Table 1), we concluded
that a thermally stable site (defined as an exosite) beyond the
calyx exists for vitamin D3 binding. In the present study, we

Figure 4. Initial electron densities map around the exosite of LG-vitamin D3 complex prepared at indicated conditions. The |2Fobs - Fcalc| electron
density maps generated by the initial LG model with omitted vitamin D3 show that the electron density (in cyan) of vitamin D3 molecule (in red)
in the exosite is more visible when the complex was prepared at pH 8 with a vitamin D3/LG ratio of 3:1. The images were generated using the
program O.46

Figure 5. The electron density maps around the exosite of LG-vitamin D3 complex prepared at pH 8 with an initial vitamin D3/LG ratio of 3:1 in
stereoview. The |Fobs - Fcalc| (in blue) and |2Fobs - Fcalc| (in cyan) electron density maps generated by the initial LG model with vitamin D3 omitted
show that the electron density of the vitamin D3 molecule (in red) in the exosite is clearly visible.
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located the secondary vitamin D3 binding site of LG using
bioinformatic analysis to narrow the region of potential binding
sites, the search of extra electron density around the potential
binding sites of the cocrystal prepared on previous crystal-
lographic study,20 and a rationally designed crystallographic
approach for obtaining cocrystals with sufficient quality and
ligand occupancy.

3.1. Structural Analysis of the Binding Pockets of LG
Using Insight II and Q-SiteFinder. We attempted to identify
the regions of LG that might be available for the interaction
with any nondefined molecules using well-known programs
(Insight II27 and Q-SiteFinder28), which are based on the size
of the binding pocket and the binding energy between the methyl
group and the pocket of a given protein, respectively, for
prediction of a ligand binding site. The former and latter
predicted that there were 3 and 10 possible “binding sites” for
any ligand, respectively. Table 2 and Figure 2a show the ranking
and the location of six major predicted sites. Essentially both
programs predicted that site 1 is exactly located at the calyx
with the ranking superior to any others. This site is also known
for all the vitamin D, retinol, and palmitic acid binding. Location
of other predicted sites 2 (among C-terminal loop, �-strands C
and D), 3 (among the pocket C-terminal R-helix, �-strands F,
G, H, and A), 4 (at the side R-helix and �-strands I), 5 (near
loop H), and 6 (between CD and DE loops) is depicted in Figure
2a.

3.2. Docking Analysis of the Interaction between LG
and Retinol or Palmitic acid Using GEMDOCK. Because
both Insight II and Q-SiteFinder are not able to perform the
specific interaction between an assigned ligand and a given
binding site, we next used a more accurate docking program,
GEMDOCK,29 for molecular docking to search for a possible
number of vitamin D binding sites and to further assess the
interaction of a specific ligand with each site. GEMDOCK
appeared to be more accurate than comparative approaches, such
as GOLD and FlexX, on a diverse data set of 100 protein-ligand
complexes32 for docking and two cross-docking experimental
sets.29 The screening accuracies of GEMDOCK were also better
than GOLD, FlexX, and DOCK on screening the ligand database
for antagonist and agonist ligands of estrogen receptor (ER).33

GEMDOCK is a better docking tool for assessing the interaction
of a specific ligand with each site of LG. We generated 30
docked conformations of each retinol or palmitic acid with
whole LG. Based on the docking protocol,29 we considered that

a correct binding-mode was reproducible when the root-mean-
square deviation (rmsd) between the best energy-scored con-
formation and crystal coordinates was less than 2 Å.32 In order
to meet this criterion, we then evaluated the feasibility of
GEMDOCK by cross-docking retinol and palmitic acid into the
calyx or site 1 of LG (PDB code: 1GX8), known to be an
established site for the binding of retinol or palmitic acid. Our
data reveal that these two ligands could be docked exactly into
the calyx with a rmsd less than 2.0 Å. The average fitness of
docked energy of retinol and palmitic acid was -86.3 and -75.7
kcal/mol (Table 3), respectively. Following the analyses of all
the docking data, we found that none of the other sites 2-6
were fitted by either retinol or palmitic acid (<10% probability),
except for palmitic acid interacting with site 2 (46% of total
30-docked conformations) (Table 3). For example, none of the
docked conformations of retinol and palmitic acid could fit into
sites 3, 4, 5, and 6. This result is almost consistent with the
current knowledge that the calyx (site 1) is the major pocket
for interacting with these two ligands. It is thus feasible to use
a similar strategy for studying the interaction between vitamin
D3 and LG.

3.3. Docking Analysis of the Interaction between LG
and Vitamin D3 Using GEMDOCK. Each docked conforma-
tion of vitamin D3 (n ) 30) obtained from GEMDOCK was
then evaluated for a possible vitamin D binding ability. Table
2 shows that vitamin D3 could fit into the calyx with about 50%
of the probability. Interestingly, the docked energy of vitamin
D3 into the calyx site 1 was similar to that of retinol. The result
suggests that GEMDOCK is suitable in conducting interactions
between vitamin D3 and LG. It also pointed out site 2 (Figure
2b) as a possible second binding site for palmitic acid (46%)
and vitamin D3 (20%). However, since the binding stoichiometry
between palmitic acid and LG is 1 (Table 1) and the calyx is
the only available binding site for palmitic acid;21 we ruled out
site 2 as a particular site for palmitic acid binding. This site is
located among the C-terminal loop, �-strand C, and �-strand
D. Since �-strand D is thermally unstable,7 it is not consistent
to the proposed secondary vitamin D binding site that is
supposed to be thermally stable in nature (Table 1). Site 2 is
thus unlikely for vitamin D interaction.

In order to search for a potential secondary vitamin D3 binding
site location, we blocked sites 1 and 2 with the reason mentioned
above and then performed GEMDOCK, while using retinol and
palmitic acid as a “negative control”. Table 3 shows that, under
this condition, sites 3 and 4 possessed high probability for
vitamin D3 interaction (40 and 20%) relative to retinol and
palmitic acid. The other domains (sites 5 and 6) were considered
nonsignificant due to the low probability (<3%). Notably, the
docked orientation of the vitamin D3 in sites 3 and 4 was
distinctly different from that of other ligands (Figure 2c). Figure
2d tempted to suggest that the docked orientation of vitamin
D3 in site 3 is more stable (with a low rmsd) than that in site 4
due to its large pocket size that could stabilize ligand docking.
On the other hand, the hydrophobicity of site 4 is high relative
to site 3 based on the electrostatic potential surface model
between LG and docked vitamin D3 conformation (Figure 2e).
The prediction of site 4 being involved in vitamin D3 interaction
is consistent with ranking predicted by Q-SiteFinder which is
based on van der Waals interaction (Table 2). Taken together,
sites 3 and 4 are the potential candidates for the secondary
vitamin D binding site and thus led us to localize it via a high-
quality LG-vitamin D3 crystal. We searched for an extra density
around C-terminal R-helix (sites 3 and 4) of LG-vitamin D3

complex which was prepared at pH 7 with a vitamin D3/LG

Figure 6. Binding characteristics of vitamin D3 in the exosite of LG.
The surface model of vitamin D3 interacting LG with the hydrophobic
(green) or hydrophilic region (red) of LG is displayed. The data reveal
that the exosite of LG provides the hydrophobic force to bind vitamin
D3 stably. Notably, the 3-OH group (red) of vitamin D3 sticks out from
the pocket.
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ratio of 2 according to the previous crystallographic study.20

We found a weak extra electron density located near the
C-terminal R-helical region. Later, we used a rationally designed
crystallography experiment for improving electron density of
vitamin D3 of the secondary binding site. In the bioinformatic
prediction of the secondary vitamin D3 binding site, we excluded
false-positive site 2 on the previous biochemical findings. It was
confirmed that there is no extra density around site 2 in the
crystal structure of LG-vitamin D complex that was prepared
using the previous condition. For this reason, bioinformatic
prediction excluded site 2 as a potential candidate for the
secondary vitamin D binding site based on the previous
biochemical findings that is proper for this study.

3.4. Crystallization and Diffraction of LG-vitamin D3

Complex Prepared at Various pH and Vitamin D3/LG
Ratios. In any event, starting the cocrystallization experiment
with maximum ligand occupancy should provide a better
opportunity in growing high-quality ligand-protein crystals. The
affinity and concentrations of added ligands, as well as ligand
solubility, would influence the occupancy of ligands at equi-
librium. For 90% occupancy, the amount of added ligands must
be greater than the amount of protein so that free ligands at
equilibrium is not depleted to less than about 10 × Kd.30 In
practice, ratios of ligands to a given protein up to 10:1 or more
are commonly used, but large excesses should be avoided owing
to the possibility of ligand binding to nonspecific sites. In the
case of a weak binding affinity, the concentrations of ligands
(or ligand solubility) may have to be 10 mM or higher in order
to observe crystallographic occupancy.37,38 We suspect that the
lower occupancy of vitamin D2 might explain an early study in
which no electron density was found beyond the calyx using
the crystal structure of LG-vitamin D2 complex.10 To optimize
the binding and occupancy of vitamin D3 to LG, we prepared
this complex at various pH values ranging from 4 to 8 with a
vitamin D3/LG ratio ranging from 1 to 3. Cocrystallization was
conducted using the hanging-drop vapor-diffusion method in
the same reservoir solution. Although the complexes were
prepared at various pH, all were crystallized in the same bottom
reservoir at pH 7.5. It is difficult to assess the true effect of pH
on maximizing ligand occupancy, but one can prepare a
LG-vitamin D3 complex with the maximal ligand binding for
cocrystallization, and avoid precipitation of water-insoluble
vitamin D3 during preparation of the LG-vitamin D3 complex.
The LG-vitamin D3 complex crystals of rhombohedral shape
appeared in 6-11 days and continued to grow slowly to a
dimension of 0.2-0.4 mm in 18 days (Figure 3). In general,
crystal could form except for the condition when prepared at
pH 6 with a vitamin D3/LG ratio of 1. Crystals grew in larger
quantity when the complex was prepared at pH 8 with a vitamin
D3/LG ratio of 3 (data not shown). Although some precipitation
was observed while the ratio of vitamin D3/LG increased, this
was probably due to an excess of water-insoluble vitamin D3.
Analysis of the diffraction pattern indicated that the crystals
exhibited trigonal symmetry and systematic absences suggested
that the space group was P3221, with unit-cell parameters a )
b ) 53.78 Å and c ) 111.57 Å.

3.5. Initial Electron Density for Secondary Vitamin D3

Binding Site. The structures of the LG-vitamin D3 complexes
prepared in various conditions were determined by molecular
replacement39 as implemented in CNS V1.140 using the crystal
structure of bovine LG (PDB code 2BLG)15 as a search
model. The LG molecule was located in the asymmetric unit
after the rotation and translation function searches. The initial
electron density maps of complexes prepared at various

conditions were generated from the molecular-replacement
phase. One elongated extra electron density in the calyx was
clearly visible. We then searched the extra electron density
around the R-helix, which was predicted by bioinformatic
programs, to explore the existence and location of the exosite.
We found one extra electron density located near the R-helix
and �-strand I as “site 4” which was predicted by bioinfor-
matic programs (Figure 4). Interestingly, the electron densities
around the exosite of LG-vitamin D3 crystals prepared at
pH 8 were the best defined (Figure 4). Figure 4 reveals the
greater the vitamin D3/LG ratio prepared for crystallization
at pH 8 the more visible electron densities were around the
exosite. The result indicates that the occupancy of vitamin
D3 in complexes is an essential requirement for exploring
the location of a secondary vitamin D binding site. Stereo-
views of the |Fobs - Fcalc| and |2Fobs - Fcalc| electron density
maps of LG-vitamin D3 complex prepared at pH 8 with a
vitamin D3/LG ratio 3:1 were generated by the initial model
with omitted vitamin D3 (Figure 5). The electron densities
around vitamin D3 in the exosite were all more visible in
the |Fobs - Fcalc| and |2Fobs - Fcalc| electron density maps
(Figure 5). This result supported the notion that the secondary
vitamin D binding site exists and is located between R-helix
and �-strand I. The final refined structure determined using
the LG-vitamin D3 complex prepared at pH 8 with a vitamin
D3/LG ratio of 3:1 was given in detail and discussed
elsewhere.26 The surface model of the LG-vitamin D3

complex reveals that vitamin D3 almost perpendicularly
inserts into the calyx cavity, while the other vitamin D3 is
located near the carboxyl terminus of LG (residues 136-149
including part of the R-helix and �-strand I) (Figure 6). It
shows the exosite containing most hydrophobic residues fitted
parallel with one vitamin D3 molecule (Figure 6).

In the present study, with bioinformatic analysis we were able
to suggest two sites (sites 3 and 4) around the C-terminal R-helix
as potential binding sites on LG. Subsequently, we searched
for an extra density around the C-terminal R-helix (sites 3 and
4) in the electron density map of the cocrystal prepared in a
previous crystallographic study.20 A weak electron density
around site 4 (located between R-helix and �-strand I) of
LG-vitamin D3 complex was found. The rationally designed
crystallographic approach resulted in obtaining cocrystals with
sufficient quality and ligand occupancy so as to allow experi-
mental validation of the second vitamin D3 binding site on LG.
We believe that our strategy is useful for others in the search
for a ligand-binding site on a given protein.

3.6. Biological Significance. Recent studies indicate that
increased plasma vitamin D3 concentrations are associated
with decreased incidence of cancer41 and osteoporotic frac-
tures.42 Vitamin D is found in only a few foods, such as fish
oil, liver, milk, and eggs. As the level of vitamin D in bovine
milk has been reported to be low, dairy products are fortified
with vitamin D3 to a level of about 0.35 µM in many
sophisticated food industries.43 Therefore, the vitamin D-
fortified milk is a major source for vitamin D in the diet.
Because intact LG is acid resistant with a superpermeability
to cross the epithelium cells of the gastrointestinal tract via
a receptor mediated process,44 this unique property of LG is
worthy of consideration for transport of vitamin D in milk.
There are two advantages for the presence of an exosite for
vitamin D3 binding. First, the central calyx of LG is primarily
occupied by the fatty acids in milk.45 Second, many dairy
products are currently processed under excessive heat treat-
ment for the purpose of sterilization. The presence of a
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thermally stable exosite may provide another route for
transporting vitamin D.

4. Conclusion

We concluded that there is a heat-resistant exosite beyond
the calyx responsible for vitamin D3 binding in a previous
binding study. GEMDOCK is a helpful tool to localize and
search for an extra density map around a possible secondary
vitamin D binding site. Both pH and the initial ratio of
vitamin D3/LG are crucial to optimize the occupancy and
enhance the electron density of vitamin D3 in the complex
for rational-designed crystallization. This strategy may be
useful for future identification of a ligand-binding site in a
given protein.
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Bovine b-lactoglobulin (LG) is a major whey protein

that constitutes 10–15% of the total proteins in bovine

milk [1]. Since the 1960s, the thermally unstable and

molten globule nature of LG has stimulated extensive

research into its physical and biochemical properties

[2–10]. The crystal structure of LG, which is well estab-

lished [11,12], has been used mostly as a benchmark to

predict the secondary structure of a given protein with

a known amino acid sequence [13]. As shown in

Fig. 1A, the protein has predominantly a b-sheet
conformation containing nine antiparallel b-strands
from A to I. Topographically, b-strands A–D form one

surface of the barrel (calyx), and b-strands E–H form

the other [14–16]. The calyx has a remarkable ability to

bind hydrophobic molecules such as retinol, fatty acids,

and vitamin D [17–20]. According to a crystallographic

structure of the LG–vitamin D3 complex (Fig. 1B)

[9,10], the a-helical region with three turns linking with

b-strand I on the surface is involved in binding vita-

min D at the secondary exosite. The conformational

changes of LG upon heating are rapid and extensive

above the transition temperature (� 70 �C), at which

b-strand D of the calyx participates in the unfolding

during thermal denaturation [6]. As a result, thermal

treatment diminishes the calyx binding site for

palmitate or retinol, but does not affect the exosite for

vitamin D binding [6,9,10]. In our previous study, we

proposed that this exosite contains a unique inverse

Keywords

b-lactoglobulin; monoclonal antibody; site-

directed mutagenesis; vitamin D binding;

vitamin D transport and uptake

Correspondence

S. J. T. Mao, Department of Biological

Science and Technology, College of

Biological Science and Technology, National

Chiao Tung University, 75 Po-Ai Street,

Hsinchu 30050, Taiwan

Fax: +886 3 572 9288

Tel: +886 3 571 2121 (ext. 56948)

E-mail: mao1010@ms7.hinet.net

(Received 9 December 2008, revised 3

February 2009, accepted 6 February 2009)

doi:10.1111/j.1742-4658.2009.06953.x

b-lactoglobulin (LG) is a major bovine milk protein, containing a central

calyx and a second exosite beyond the calyx to bind vitamin D; however,

the biological function of LG in transporting vitamin D remains elusive.

Crystallographic findings from our previous study showed the exosite to be

located at the pocket between the a-helix and b-strand I. In the present

study, using site-directed mutagenesis, we demonstrate that residues

Leu143, Pro144 and Met145 in the c-turn loop play a crucial role in the

binding. Further evidence is provided by the ability of vitamin D3 to block

the binding of a specific mAb in the c-turn loop. Using the mouse

(n = 95) as an animal model, we initially demonstrated that LG is a major

fraction of milk proteins responsible for uptake of vitamin D. Most inter-

estingly, dosing mice with LG supplemented with vitamin D3 revealed that

native LG containing two binding sites gave a saturated concentration of

plasma 25-hydroxyvitamin D at a dose ratio of 2 : 1 (vitamin D3 ⁄LG),

whereas heated LG containing one exosite (lacking a central calyx) gave a

ratio of 1 : 1. We have demonstrated for the first time that LG has a func-

tional advantage in the transport of vitamin D, indicating that supplement-

ing milk with vitamin D effectively enhances its uptake.

Abbreviations

LG, b-lactoglobulin; rLG, recombinant b-lactoglobulin; SD, standard deviation.
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c-turn loop (residues 143–145 or Leu-Pro-Met), located

between the a-helix and b-strand I, that is essential in

forming a pocket to bind vitamin D [9].

In the present study, we expressed recombinant LG

(rLG) in Escherichia coli, and used site-directed muta-

genesis to produce a set of mutants to test the hypo-

thesis that this c-turn plays an essential role in the

interaction between LG and vitamin D. We further

tested this hypothesis using a mAb specific for this

c-turn region (selected from a battery containing

900 mAbs) as a probe, and then determined whether

vitamin D might interfere with the binding between

LG and the mAb. In addition, although the binding of

vitamin D to milk LG is well known [9,10,14,21,22],

whether it enhances the transport of vitamin D of milk

is still unproven.

We have demonstrated for the first time that LG is

a fraction responsible for the uptake of vitamin D3

from milk, using the mouse (n = 95) as an animal

model. Most interestingly, we showed that native LG

A 

B 

C 

D 

Fig. 1. Amino acid sequence of LG and

crystal structure of the LG–vitamin D3 com-

plex. (A) LG comprises 162 amino acids

with nine b-sheet strands (A–I). The a-helix

with three turns is located between resi-

dues 130 and 141 (yellow). (B) Space-filling

drawing of the LG–vitamin D3 complex at

2.4 Å resolution. Vitamin D3 (carbon yellow

and oxygen red) and LG are drawn on the

basis of our previously refined model [9,10],

with one vitamin D3 molecule penetrating

inside the calyx (left) and the other lying on

the surface pocket at the C-terminus (resi-

dues 136–149) (right). (C) Front view of vita-

min D3 binding to the exosite and chemical

structure of vitamin D3. (D) The 3D ribbon

model of the LG–vitamin D3 complex shows

that the exosite combines an a-helix (red)

and b-strand I (pink) with a c-turn loop

(green). (A) and (B) are reproduced from our

previous study [9], with permission of the

publisher.
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containing both the calyx and exosite had an efficacy

in vitamin D3 uptake almost twice that of heated LG

containing a single exosite. Our study therefore

provides new insights concerning the value of supple-

menting dairy products with vitamin D.

Results

Overall crystal structure of the LG–vitamin D3

complex

Our space-filling drawing of the LG–vitamin D3 com-

plex at 2.4 Å resolution reveals two domains in which

vitamin D3 is bound (Fig. 1B). One vitamin D3 mole-

cule inserts almost perpendicularly into the calyx

cavity with the 3-OH near the outside similar to that

of retinol binding; the other binds to the exosite near

the C-terminus of LG (residues 136–149), including a

c-turn loop (residues 143–145) by combining part of

the a-helix and b-strand I (Fig. 1C,D). [Correction

added on 18 March 2009 after first online publica-

tion: in the preceding sentence, ‘One vitamin D3

molecule inserts almost perpendicularly into the calyx

cavity with the 3-OH near the outside similar to that

of retinol binding;’ has been inserted.] Uniquely, the

a-helix in the exosite is totally amphipathic, as

pointed out previously [23], with one face totally

comprising charged amino acid residues, and another

face totally comprising hydrophobic residues

(Fig. 2A). The A-ring and the aliphatic tail of vita-

min D3 (following the C ⁄D-rings) interact with

b-strand I and the a-helix of LG, respectively

(Fig. 1D). The crystal structure of the LG–vitamin D3

complex shows clearly that the conformation of vita-

min D3 differs significantly between the two binding

sites (Fig. 1B). This fact explains why fatty acid and

retinol are unable to bind at the secondary exosite. In

the first phase of the present study, we tested the

hypothesis that a c-turn loop is essential to allow a

stable interaction between vitamin D and the exosite

(Fig. 1D) [9], using LG mutants produced from

E. coli.

A

B

Fig. 2. Amphipathic a-helix of LG and its

interaction with vitamin D3. (A) Unique

amphipathic a-helix of LG. (B) Final refined

model with the 2|Fobs ) Fcalc| electron

density showing that the bulk of the density

is sufficient to cover the vitamin D3 in the

exosite. The figures are reproduced from

our previous study [9], with permission of

the publisher.
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Expression, purification and western blot of rLG

and its mutants

Figure 3A shows that each rLG or mutant was abun-

dantly expressed, with the average expression levels

being approximately 30% of that of total lysate pro-

teins. As each mutant contains a 6· His-tag, the

molecular mass (� 19.7 kDa) was slightly greater than

that (18.4 kDa) of native LG. Each purified recombi-

nant protein showed � 95% homogeneity in reducing

SDS ⁄PAGE, and this was verified with a western blot

using a LG-specific mAb (4D11) [6] (Fig. 3B).

Vitamin D3 binding to LG and rLG

To determine whether rLG was capable of interacting

with vitamin D in a manner similar to that of native

LG, we monitored the quenching of Trp fluorescence

for the binding according to an established method

[6,9,10,21,22]. Figure 4A and Table 1 show that maxi-

mal vitamin D3 binding to native LG was achieved at

a ratio of 2 : 1, but that the binding to rLG remained

at a ratio of 1 : 1. The expressed rLG hence incom-

pletely mimics the native LG structure with a loss of

one vitamin D binding site or partial loss for both

sites. Because palmitate and retinol bind to only the

central calyx, not to the exosite [18], we used each of

these two ligands as a ‘marker’ to monitor whether

they still interact with rLG. The results revealed that

neither palmitate nor retinol interact with rLG, as

judged by the absence of Trp fluorescence changes

(Table 1), indicating that the correct conformation of

the central calyx was not present in rLG.

Figure 4A shows, however, that the exosite seems to

be unaltered in rLG, as the binding ratio for vita-

min D3 remained at 1 : 1. Because heat treatment

results in a loss of the central calyx but retention of

the exosite [6,9,10], we used heated LG (100 �C for

16 min) as a probe to compare its vitamin D3 binding

to rLG. The binding of heated LG attained a ratio of

1 : 1, similar to previous findings [9,10]. Interestingly,

the ratios of vitamin D3 binding to either heated LG

or rLG were almost indistinguishable, and heat had no

effect on rLG (Fig. 4A, left panel). The affinities of

heated LG, heated rLG and rLG for vitamin D3 were

also similar (Fig. 4A, right panel). The number of vita-

min D3-binding sites predicted with a Cogan plot and

the apparent dissociation constant calculated from the

slope (Fig. 4A, right panel) are listed in Table 1. The

binding affinity of native LG (containing two binding

sites) was about 5 nm (Kapp
d = 4.7 ± 0.37 nm), which

appears to be seven times that of rLG (containing

exosite only) (Kapp
d = 33.1 ± 3.62 nm).

Because the b-structure of LG is required to main-

tain the calyx [6,9], we expected its structure to be

altered in rLG. From analysis of the CD spectra, we

verified the change of the typical b-structure in rLG

according to a leftward shift of a symmetric dip at

215 nm characteristic of native LG (Fig. 5A). Heat

produced essentially no additional structural change in

rLG. There was a minor difference in the CD spectra

between heated LG and rLG, which might be due to

the presence of the His-tag in the rLG or to different

disulfide linkages, described below. Notably, addition

of vitamin D3 to all LG species did not alter the over-

all CD spectra (data not shown). To confirm the loss

of b-structure in expressed rLG, we used a b-structure-
dependent specific LG monoclonal antibody (4H11E8)

[8] to show that it recognized only native LG, not

rLG, on a native gel western blot (Fig. 5B).

Further characterization of rLG using MALDI-TOF

and carboxymethylation

Recombinant LG apparently cannot fold to its native

state in the E. coli expression system, which is a gen-

eral issue when utilizing a given recombinant protein

for the investigation of a structure–function relation-

ship. In our case, the loss of the binding nature of the

central calyx in rLG is probably due to the overall

change in the b-structure (Fig. 5). Although the exact

mechanism involved in such a change remains elusive,

we attempted to further investigate whether the disul-

A

B

Fig. 3. Expression and purification of recombinant LG and its

mutants from E. coli. (A) SDS ⁄ PAGE (in the presence of mercapto-

ethanol) of native LG isolated from milk, cell lysate (paired left), and

isolated rLG (paired right). (B) Western blot of cell lysate and iso-

lated rLG mutants using a LG-specific mAb (4D11). M represents a

molecular marker.
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fide linkages (n = 2 from a total of five Cys residues

with one free )SH group at position 121 in native LG)

are related. The use of limited trypsin-digested frag-

ments of native, heated and recombinant LG in

MALDI-TOF analysis revealed (Fig. 6A–D) that rLG

contained two complicated intramolecularly crosslinked

fragments, including Trp61–Lys69:Tyr102–Arg124 and

Tyr 102–Arg124:Leu149–Ile 162 for Cys66–Cys106,

Cys66–Cys119, or Cys66–Cys121, and Cys106–Cys160,

Cys119–Cys160, or Cys121–Cys160, respectively, that

differed from that of native LG, containing Trp61–

Lys69:Leu149–Ile162 for Cys66–Cys160. There was an

additional crosslinked fragment in heated LG shown by

Trp61–Lys69:Tyr102–Arg124 for Cys66–Cys106,

Cys66–Cys119, or Cys66–Cys121.

To elucidate the complicated crosslinked species of

rLG (for example, dimerization was seen in both

heated and recombinant LG), we irreversibly reduced

all linkages by carboxymethylation using iodoacetic

acid. Under these conditions, we found that native

LG, heated LG and rLG were able to form monomers

with almost the same homogeneity (Fig. 6E). Interest-

ingly, both carboxymethylated rLG and carboxyme-

thylated heated LG had similar binding ratios (1 : 1)

and affinities for vitamin D3 to those without carbo-

xymethylation, whereas carboxymethylated LG also

exhibited a 1 : 1 ratio. Further heating of modified

proteins did not affect the binding ratios (Table 1).

These results indicate that disulfide linkages are essen-

tial to maintain the necessary conformation of the cen-

tral calyx, but are probably not particularly critical for

exosite binding. The expressed rLG therefore provided

us with a tool in the subsequent mutant tests involving

monitoring of a single exosite interaction.

Vitamin D3 binding to rLG mutants of c-turn loop

residues 143–145

According to the crystal structure of the LG–vita-

min D3 complex [9], there is a direct interaction

Fig. 4. Fluorescence titration curves of

native and heated LG, nonheated and

heated rLG or rLG mutants with vitamin D3.

Left panel: titration curve of native LG,

heated LG, rLG and heated rLG (A) and

mutants (B–D) with vitamin D3. Right panel:

Cogan plot per titration curve. PT = total pro-

tein concentration, RT = total ligand concen-

tration, and a = fraction of unoccupied

ligand sites on the protein. The dashed line

in each right-hand panel represents the titra-

tion plot of rLG only, used for reference.

Each point represents the mean of triplicate

determinations. The average SD was less

than 5–8% of the mean.
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between vitamin D3 and the side chains of Leu143 and

Met145 in the c-turn loop, because the distance

between vitamin D3 and each side chain is < 3.8 Å

(Figs 1D and 2B). We replaced each of these two resi-

dues with a positively charged Lys, a negatively

charged Glu, or a hydrophobic Phe, by site-directed

mutagenesis. The effect on the binding to vitamin D3,

determined by fluorescence quenching, is shown in

Fig. 4B (left and right panels) and Table 2. A mark-

edly decreased binding affinity was seen when Leu143

was substituted with Lys or Glu (8.11-fold or 5.84-

fold). Interestingly, there was only a slight decrease

when it was replaced by a hydrophobic Phe (0.96-fold)

(Fig. 4B). A consistent pattern was likewise seen with

the M145K, M145E and M145F mutants upon bind-

ing vitamin D3 (Fig. 4C).

Because Pro is typically found in a c-turn, we tested

the importance of Pro144 using the P144A mutant.

Figure 4D and Table 2 show significantly decreased

binding of vitamin D3 (4.6-fold) by the P144A mutant.

Table 2 shows that the effects of these residues in the

loop region for vitamin D3 interaction rank overall as

Leu143 > Met145 > Pro144.

Interference of vitamin D3 to c-turn specific mAb

(1D8F8) binding with LG

To select a mAb that might recognize the c-turn
region, we screened a LG mAb battery (n = 900) [5],

using a set of mutants as a probe. We found one LG

mAb, 1D8F8, that was capable of reacting with the

M145K, M145E and M145F mutants, but not with the

L143K, L143E and P144A mutants, according to a

western blot analysis (Fig. 7A). MAb 1D8F8 is there-

fore specific for Leu143 and Pro144 located within the

c-turn loop. As Leu143 and Pro144 are located inside

Table 1. Apparent dissociation constants and ratios for binding of ligands to native LG and rLG.

Ligand Protein

Binding ratio calculated

from Cogan plot (ligand ⁄ LG)

K
app
d Apparent dissociation

constant (10)9
M)

Vitamin D3 Native LG 1.76 ± 0.12 4.7 ± 0.37

Heated LG 0.84 ± 0.05 45.7 ± 3.12

rLG 0.73 ± 0.03 33.1 ± 3.62

Heated rLG 0.72 ± 0.02 38.6 ± 3.56

Carboxymethylated LGa 0.84 ± 0.02 35.2 ± 2.92

Carboxymethylated heated LGa 0.84 ± 0.05 39.2 ± 3.08

Carboxymethylated rLGa 0.79 ± 0.03 32.8 ± 3.61

Carboxymethylated LG with heat treatmenta 0.83 ± 0.02 35.2 ± 3.03

Carboxymethylated heated LG with heat treatmenta 0.83 ± 0.03 40.0 ± 2.38

Carboxymethylated rLG with heat treatmenta 0.78 ± 0.03 33.1 ± 3.41

Retinol Native LG 0.91 ± 0.09 17.3 ± 1.62

Heated LG –b –

rLG – –

Heated rLG – –

Carboxymethylated LG – –

Carboxymethylated heated LG – –

Carboxymethylated rLG – –

Carboxymethylated LG with heat treatment – –

Carboxymethylated heated LG with heat treatment – –

Carboxymethylated rLG with heat treatment – –

Palmitate Native LG 0.80 ± 0.072 44.0 ± 4.56

Heated LG – –

rLG – –

Heated rLG – –

Carboxymethylated LG – –

Carboxymethylated heated LG – –

Carboxymethylated rLG – –

Carboxymethylated LG with heat treatment – –

Carboxymethylated heated LG with heat treatment – –

Carboxymethylated rLG with heat treatment – –

a The titration experiment was conducted as for other proteins, but is not shown in Fig. 4. b No fluorescence change or no binding in titration

experiments.
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the exosite (Fig. 1B,D), the presence of vitamin D3 in

the exosite is expected to interfere with the recognition

of mAb 1D8F8, as depicted in our space-filling model

(Fig. 7B). As Fig. 7C shows, the binding of vitamin D3

to the ‘exosite’ of native LG, heated LG or rLG atten-

uated the recognition of mAb 1D8F8, according to a

dot-blot assay, but, with the use of retinol and palmi-

tate as a control, neither ligand affected the binding of

1D8F8. This result provides additional evidence for

the involvement of the c-turn loop in the binding of

vitamin D.

Biological activity of LG in vitamin D3 uptake

in mice

To investigate whether LG binding to vitamin D can

facilitate its uptake in an animal, we used the mouse

as a model. We initially fed the animals (n = 30) with

milk and milk fractions (LG, whey protein, or casein)

all fortified with vitamin D3 (final concentration

100 lm) for 3 weeks, and then determined the plasma

intake of 25-hydroxyvitamin D (a metabolite of vita-

min D). Figure 8A shows that the final mean concen-

trations of 25-hydroxyvitamin D in mice (n = 5 in

each group) fed with raw milk, whey protein (without

casein) or LG each supplemented with vitamin D3

were significantly greater than those without LG

(containing no LG) (P < 0.001). Casein, which lacks

LG appears ineffective in the vitamin D uptake. The

levels of 25-hydroxyvitamin D in all tested groups were

elevated relative to the naive control without vita-

min D3 (P < 0.001).

Role of the exosite in uptake of vitamin D3 in

mice

To test the hypothesis that the exosite of LG plays a

role in the transport of vitamin D, we compared the

uptake of vitamin D3 between native LG (containing a

calyx and an exosite) and heated LG (containing only

an exosite) as a strategy to evaluate their variation in

uptake, if any [6,9]. Mice (n = 65) were separated into

three major groups: those fed vitamin D3 as a control

(group 1), those fed LG supplemented with vitamin D3

(group 2), and those fed heated LG supplemented with

vitamin D3 (group 3); mice fed with no vitamin D3

were included as a baseline. Each subgroup of mice

were then divided by increasing dosages of vitamin D3

according to vitamin D3 ⁄LG ratios (0.4, 1, 2, and 3),

while LG or heated LG was maintained at a constant

concentration (250 lm). Under these conditions, we

expected to see the effect of the dosage of vitamin D3

on its transport by the exosite. Figure 8B shows a typi-

cal dose response in all three major groups supple-

mented with vitamin D3. Among these, the elevation

of plasma 25-hydroxyvitamin D was prominent in

group 2 (native LG supplemented with vitamin D3).

There seemed to be no saturation of 25-hydroxyvita-

min D with vitamin D3 at greater dosages in groups 2

and 3. When the values of the control group (group 1

fed vitamin D3) were subtracted from those of groups

2 or 3, the levels of 25-hydroxyvitamin D appeared,

remarkably, to be saturable (Fig. 8C). The dose–

response curves fit exactly the binding ratios of vita-

min D3 versus LG; native LG containing two sites to

bind vitamin D3 hence produces maximal concentra-

tions of plasma 25-hydroxyvitamin D at a dosage ratio

of 2 : 1 (vitamin D3 ⁄LG), whereas heated LG, contain-

ing only the exosite, produces maximal concentrations

of plasma 25-hydroxyvitamin D at a dosage ratio of

1 : 1. The final increase in plasma 25-hydroxyvita-

min D with native LG was almost exactly twice that

of heated LG.

A 

B 

Fig. 5. CD and western blot analysis of rLG. (A) Native LG exhibits

primarily a typical b-sheet conformation with a symmetrical dip at

215 nm. (B) MAb (4H11E8) specific for the native b-structure [8].

Western blot was performed using a 15% native PAGE.
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Discussion

The major concern of this study is that the structure

of rLG produced in E. coli no longer mimics that of

native LG. We demonstrated, using MALDI-TOF

analysis, that this phenomenon is due primarily to

the mis-crosslinking of five Cys residues present in

rLG (Fig. 6). rLG is composed of various dimeric

and aggregated forms (Fig. 6E). Interestingly, how-

ever, following the irreversible reduction of all disul-

fide linkages by carboxymethylation, these forms

become a homogeneous species similar to carboxyme-

thylated LG. The same is seen with heated LG. We

then showed that all carboxymethylated proteins lost

a calyx, as they failed to interact with retinol and

palmitate, but they still retained the ability to bind

vitamin D3, with a binding affinity almost identical

A 

B C D 

E 

Fig. 6. MALDI-TOF MS analysis of trypsin-digested LG and carboxymethylation of LG. (A) Predicted trypsin cleavage sites (red bar, indicating

cleavage probability) of LG isoform A obtained using a peptide cutter program (http://au.expasy.org/tools/peptidecutter/). The expected

masses of peptide fragments (blue) and the disulfide linkages (orange bar) of native LG are depicted. LG isoform A with Asp64 and Val118

and isoform B with Gly64 and Ala118 in fragments 61–69 and 102–124 are shown in red. (B) MALDI-TOF spectrum of trypsin-digested

native LG. Two mass spectra showing ions with m ⁄z 2721.286 for isoform B and m ⁄z 2779.288 for isoform A are representative for the frag-

ment Trp61–Lys69:Leu149–Ile162 containing the disulfide linkage Cys66–Cys160. (C) Spectrum of trypsin-digested heated LG. Ions with

m ⁄z 3317.565 and m ⁄z 3796.354 represent the dimeric Leu149–Ile162 and Trp61–Lys69:Tyr102–Arg124. (D) Spectrum of trypsin-digested

rLG. Ions with m ⁄z 3805.000 and m ⁄z 4342.204 represent Trp61–Lys69:Tyr102–Arg124 and Tyr102–Arg124:Leu149–Ile162. (E) SDS ⁄ PAGE

in the absence of mercaptoethanol of native LG, heated LG and rLG with or without carboxymethylation. HLG, CM and HCM denote heated

LG, and carboxymethylated and heated carboxymethylated proteins, respectively. [Correction added on 18 March 2009 after first online

publication: in the preceding sentence, ‘with heat treatment’ has been removed.] The molecular marker (M) is shown.

Table 2. Apparent dissociation constants and ratios for binding of

vitamin D3 to rLG and its c-turn loop region mutants.

Binding ratio

calculated from

Cogan plot

(vitamin D3 ⁄ LG)

K
app
d Apparent

dissociation

constant

(10)9
M)

Fold

decrease

in binding

affinity

Wild-type 0.73 ± 0.03 33.1 ± 3.62a

L143K 0.50 ± 0.02 301.1 ± 13.16 8.11

L143E 0.50 ± 0.02 226.3 ± 9.83 5.84

L143F 0.70 ± 0.02 64.8 ± 3.91 0.96

P144A 0.50 ± 0.02 185.3 ± 8.18 4.6

M145K 0.53 ± 0.02 208.6 ± 9.19 5.31

M145E 0.56 ± 0.02 189.8 ± 8.47 4.74

M145F 0.71 ± 0.02 59.7 ± 3.87 0.81

a P < 0.001 as compared to mutants. Data represent means of

triplicate determinations.
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to that of reduced LG or nonreduced rLG (Table 1).

These data indicate that disulfide linkages of LG

probably do not greatly affect the secondary binding

to vitamin D. The reason for using heated LG in this

study was as a control to evaluate exosite binding

for rLG, because almost identical binding was found

A

B

C

Fig. 7. Identification and epitope mapping of a c-turn-specific mAb and the structure–function relationship between the c-turn loop and vita-

min D3. (A) Identification of a mAb (1D8F8) specific for a c-turn loop of LG, utilizing rLG mutants on a western blot. 1D8F8 recognizes native

LG, rLG and some rLG mutants, but not mutants L143K, L143E, and P144A, indicating that c-turn residues 143–144 are located within the

epitope. (B) A space-filling model depicting residues 143 and 144 (green). They are within the vitamin D-binding exosite shared with 1D8F8.

(C) Effect of vitamin D3 binding on the immunoreactivity of LG, determined using dot-blot followed by scanning densitometric analysis

(n = 3). R, P and D3 represent retinol, palmitate and vitamin D3, respectively.
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with rLG and heated rLG (Fig. 4A and Table 1).

Whether the exosite of rLG maintains the same con-

formation as that of native LG is currently unknown.

An ultimate solution is to obtain the crystal structure

of the rLG–vitamin D complex, including the mutants,

but at present we are unable to obtain a rLG–vita-

min D crystal, probably because of the heterogeneous

structures of rLG. We therefore subsequently used

A

B1

B

C

B2 B3

Fig. 8. Effect of LG on vitamin D3 uptake in mice. (A) Concentration of 25-hydroxyvitamin D in plasma of mice fed (n = 5 for each group)

with milk or its components supplemented with vitamin D3 (100 lM). (B) Effect of native LG (containing the calyx and exosite) and heated

LG (containing only the exosite) on uptake of vitamin D: each subgroup of mice (n = 5) was dosed with vitamin D3 in groups 2 and 3 (0,

100, 250, 500 and 750 lM), according to the ratios 0, 0.4, 1, 2, and 3, respectively, of vitamin D3 ⁄ LG; vitamin D3 alone (group 1) served as a

control group. The concentration of LG was kept constant (250 lM). (C) Final ‘adjusted’ uptake of vitamin D after subtracting the values for

the vitamin D3 control group (group 1) from those for the vitamin D3-fortified native LG (group 2) or the vitamin D3-fortified heated LG group

(group 3).
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the rLG mutants as a probe to investigate the impor-

tance of the c-turn loop in vitamin D binding.

Another concern is that two Trp residues – Trp19

and Trp61 – in LG were involved when binding is mon-

itored using fluorescence quenching. Several previous

studies suggested that the intrinsic fluorescence of LG

is due almost exclusively to Trp19 [24,25]. Trp19 is

located at the bottom of the calyx, whereas Trp61 is

more accessible to a solvent, and is thus able to make

only a minor contribution to fluorescence emission [26].

On the basis of our previous studies [6,9,10], at pH 2–6

or after thermal treatment to switch off the gate of the

calyx, we showed that vitamin D3 interacted with only

the exosite (with 35–40% of maximal binding ability),

but not retinol and palmitate. The change of fluores-

cence caused by the binding of the exosite is 35–40% of

that of the native LG containing two sites. The binding

signal for the exosite is hence also attributed to Trp19,

because Trp19 is located slightly away from the exosite.

In addition, the fluorescence binding assay was con-

ducted with a control (ethanol) and a blank (N-acetyl-

l-tryptophanamide), to exclude the effects of a solvent

and a ligand, respectively. Despite the small change in

the fluorescence, Trp quenching in response to proxi-

mate ligand binding has served as a probe to investigate

the dynamics of ligand and LG interactions [22].

Regardless of the undesired structural changes in

E. coli-expressed LG, we provide several observations

that might support the idea that the c-turn loop plays

a role in the interaction between the exosite and vita-

min D [9]. First, substituting each Leu143 and Met145

with charged amino acids resulted in substantially

decreased binding affinity of vitamin D3 (4.7-fold to

8.1-fold in Table 2), which is consistent with a previ-

ous crystallographic report [9] showing the side chains

of these two residues to be directly involved in vita-

min D binding. It should be noted that these Leu and

Met residues are projected into the interior of the pro-

tein, such that any mutation to charged residues would

be highly disruptive of the structure of this loop; a

change in vitamin D binding would therefore be

expected. In contrast, such substitution might not

greatly change the overall structure of the loop region,

as demonstrated by the site-specific mAb 1D8F8 being

able to recognize mutants M145K, M145E, and

M145F (Fig. 7A). The substitution of centered Pro144

by Ala also significantly attenuated the binding affinity

(4.6-fold in Table 2). Because Pro144 has no direct

contact with vitamin D3 [9], we suggest that it might

be essential to maintain the conformation of the loop

structure. All mutants other than L143F and M145F

impaired vitamin D binding. There is a strong inverse

correlation (r = )0.94) between the apparent dissocia-

tion constants and binding ratios for all mutants

(Table 2). The binding ratios calculated from the

Cogan plot are near 0.5 (Table 2), but the titration

curve (Fig. 4, left panel) revealed that maximal binding

was achieved at a ratio of 1 : 1. In general, the Cogan

plot might indicate only that an impaired binding ratio

might be caused by a markedly decreased binding affin-

ity due to a unique structural change in those mutants.

For example, the L143F and M145F mutants still

showed a ratio of 0.7. Hence, Phe residues maintain the

necessary hydrophobicity, although the overall confor-

mation in this region might undergo some change.

Second, the exosites of rLG, heated LG, carboxy-

methylated LG, carboxymethylated rLG and carboxy-

methylated heated LG recognize only vitamin D3, and

neither palmitate nor retinol. This interaction appears

to be ligand-specific and consistent with a previous

study, in that there is no second binding site for palmi-

tate and retinol [18]. Third, binding of vitamin D3 to

LG attenuated the recognition of a c-turn loop-specific

mAb (1D8F8) (Fig. 7).

With respect to the animal study, we found almost

equal uptake of plasma 25-hydroxyvitamin D for mice

dosed with equal concentrations of LG in vitamin D3-

fortified LG, whey protein (mainly LG and a-lacto-
albumin), and raw milk (Fig. 8A). LG is therefore

probably the only vehicle that transports vitamin D in

milk. Interestingly, the use of LG supplemented with

vitamin D3 at various doses revealed that native LG,

comprising two vitamin D-binding sites, produced

maximal uptake of plasma vitamin D at a dosage ratio

of 2 : 1 (vitamin D3 ⁄LG), whereas heated LG, possess-

ing only an exosite, produced maximal uptake of

plasma vitamin D at a dosage ratio of 1 : 1 (Fig. 8).

The final increase in plasma 25-hydroxyvitamin D

caused by native LG was almost exactly twice that

caused by heated LG. As a single mutation on the

c-turn loop (L143K) resulted in a maximal eight-fold

decrease in binding affinity for vitamin D3, it would be

of interest to investigate the effect of such a mutation

on the uptake of vitamin D in animals. This experi-

ment is, however, impracticable at present, because of

the limited quantity of rLG isolated in our expression

system.

Increased concentrations of vitamin D in plasma

have been demonstrated to be associated with a

decreased incidence of breast, ovarian, prostate and

colorectal cancers [27,28]. Because LG is a fraction

that is directly responsible for enhancing the uptake of

vitamin D in mice (Fig. 8), there might be two advan-

tages of the presence of an exosite in LG. The first is

that the central calyx of LG is thought to be partially

occupied by fatty acid in milk [29]; the available
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exosite might provide another route to transport vita-

min D. Second, at present, the processing of many

dairy products involves excessive heat for the purpose

of sterilization. The presence of a thermally stable

exosite might play a ‘bypass’ role in maintaining the

binding and transport of vitamin D3. Such a unique

property of LG is worth considering for supplementing

vitamin D in dairy products enriched with LG. It is

worth mentioning here that mice and humans lack an

LG gene [30]; the present finding indicates that vita-

min D supplementation in milk (the biochemical event)

is therefore essential for general public health. This is

well worth following up in species that do express LG.

In summary, this study indicates a potential role of

the c-turn (Leu-Pro-Met) in maintaining the structure

of a secondary vitamin D-binding site. The additional

mouse experiment provides new insights into the

transport role of LG and its supplementation with

vitamin D used in dairy products.

Experimental procedures

Purification of native LG

LG was purified from raw milk using the supernatant from

a saturated ammonium sulfate fraction (40%), followed by

chromatography on a G-150 column, as described previ-

ously [5].

Analysis of the crystal structure of the

LG–vitamin D3 complex

The crystal structure of LG in this context is deposited in

the Protein Data Bank, code 2GJ5 [9], and the diagram

was created with Rasmol [31] and o v7.0 [32].

Construction of plasmid pQE30–LG

Total RNA was isolated from bovine mammary gland tis-

sue; the cDNA was synthesized from RNA using M-MLV

reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The

cDNA fragments coding for LG [33] were amplified on

proofreading DNA polymerase (Invitrogen) and cloned into

the BamHI–HindIII sites of an E. coli expression vector,

pQE30 (Qiagen, Madison, WI, USA). The plasmids were

screened in JM109 and expressed in M15 (pREP4) (Qia-

gen), with the final sequence of pQE30–LG being confirmed

by DNA sequencing [34,35].

Site-directed mutagenesis

Site-directed mutants (n = 7) of LG (L143K, L143E,

L143F, M145K, M145E, M145F, and P144A) were gener-

ated using oligonucleotides containing the desired mutation

with the QuikChange PCR method (Stratagene, La Jolla,

CA, USA); the pQE30–LG expression vector served as a

template [36], and the nucleotide sequence was confirmed.

In addition, DNA nucleotide-sequencing analysis confirmed

each inserted cDNA mutant of rLG to be correct.

Expression and purification of rLG and its

mutants

E. coli [M15 (pREP4)] with pQE30–LG or its mutants were

cultured in LB medium (containing 100 lgÆmL)1 ampicillin

and 1 mm isopropyl thio-b-d-galactoside) at 37 �C for 6 h

on a rotary shaker. Cells were harvested at 8000 g for

20 min, resuspended in 40 mL of 20 mm Tris ⁄HCl

(pH 8.0), sonicated, and then centrifuged at 20 000 g for

20 min at 4 �C. The pellet containing inclusion bodies was

resuspended in 30 mL of 2 m urea containing 20 mm

Tris ⁄HCl, 0.5 m NaCl, and 2% Triton X-100 (pH 8.0), son-

icated as above, and then centrifuged at 20 000 g for

20 min at 4 �C. The inclusion bodies were then lysed, dis-

solved in a binding buffer containing 20 mm Tris ⁄HCl,

0.5 m NaCl, 5 mm imidazole, 6 m guanidine-HCl, and

1 mm 2-mercaptoethanol (pH 8.0), and passed through a

syringe filter (0.45 lm). A HiTrap chelating column (GE

Healthcare, Uppsala, Sweden) was washed with 0.1 m

NiSO4 and equilibrated with the binding buffer before the

cell lysate was loaded as previously described [35]. The col-

umn-bound fraction was then treated with a binding buffer

containing 6 m urea, and finished with the binding buffer

without urea. The recombinant protein was finally eluted

with a buffer containing 20 mm Tris ⁄HCl, 0.5 m NaCl, and

250 mm imidazole without 2-mercaptoethanol (pH 8.0).

Protein fractions were pooled, desalted on a P-2 column

(Bio-Rad laboratories, Hercules, CA, USA), and lyophi-

lized. The protein concentration was determined by the

Lowry method [37], using BSA as a standard.

Gel electrophoresis and immunoblot analysis

SDS ⁄PAGE or native PAGE with 15% polyacrylamide gel

was used to characterize rLG and its mutants, using a mod-

ified procedure similar to that described previously [7,38].

The samples for SDS ⁄PAGE or native PAGE were mixed

with a loading buffer (12 mm Tris ⁄HCl, 0.4% SDS, 5%

glycerol, and 0.02% bromphenol blue, pH 6.8) without

thermal treatment to ensure the retention of the native

structure of LG. For reducing PAGE, mercaptoethanol at

a final concentration of 143 mm in the samples was used.

Western blot analysis was performed as described previ-

ously [6]: the electrotransferred samples were incubated

with mAbs (4D11, 4H11E8, or 1D8F8) [5], and developed

using 3,3¢-di-aminobenzidine containing 0.01% H2O2 [6].

Dot-blot to assess the interaction between vitamin D3 and
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the exosite was performed using the samples of LG or LG–

vitamin D3 complex (ratio 1 : 10) spotted onto the mem-

brane; the final binding was probed with a c-loop-specific
mAb (1D8F8).

Vitamin D3 binding to LG, rLG and rLG mutants

The ligand-binding assay for LG was performed with

fluorescence emission as previously established

[6,9,10,21,22,24,25]. The binding of vitamin D3 to LG was

measured by fluorescence quenching of Trp19 of LG at

332 nm, using excitation at 287 nm. Fluorescence spectra

(Cary Eclipse fluorescence spectrophotometer; Varian Inc.,

Palo Alto, CA, USA) were recorded at 24 �C. For the titra-

tion experiment, 5 lm native LG, heated LG (preheated at

100 �C for 16 min), rLG or its mutants (in 10 mm phos-

phate buffer, pH 8.0) was instantly incubated with

increased concentrations of vitamin D3 (0.625–20 lm in

absolute ethanol). The final concentration of ethanol in the

reaction mixture was such that it was < 3% at the end-

point of the titration. With this concentration, neither

aggregation of LG nor a significant change in fluorescence

emission was produced [39,40]. As in previous studies

[6,9,10,21,22,25], the titration of LG protein with various

concentrations of ethanol (up to 3%) was evaluated and

employed as an initial intrinsic fluorescence of LG before

the addition of ligands. A solution of N-acetyl-l-tryptoph-

anamide (Sigma-Aldrich, St Louis, MO, USA), with an

absorbance at 287 nm that was equal to that of the tested

protein, was also used as a blank during the ligand titration,

according to the method previously established [21,22,25].

The decreased intensity of fluorescence of N-acetyl-l-tryp-

tophanamide solution during the titration was thus not due

to the interaction between ligand and tryptophanamide, but

resulted from the inner filter effect as a consequence of

ligand absorbance at 287 nm [41]. The change in fluores-

cence intensity at 332 nm depended on the amount of pro-

tein–ligand complex, allowing the calculation of a (the

fraction of unoccupied ligand-binding sites), using the equa-

tion a = (F ) Fsat) ⁄ (F0 ) Fsat) as previously described

[21,22,25]. The data were then transformed to a plot of the

Cogan equation, (PTa ¼ ð1=nÞ½RTa=ð1� aÞ� � Kapp
d =n), in

which PT is the total protein concentration, n is the number

of binding sites per molecule, RT is the total ligand concen-

tration, and Kapp
d is the apparent dissociation constant [42].

CD

For CD measurement, 0.5 mgÆmL)1 of native or heated LG

(100 �C for 16 min), rLG or its mutants (in 20 mm phos-

phate buffer, pH 7.0) was added to a cuvette of 1.0 mm

path length [9,38]. The CD spectra were recorded 20 times

on a Jasco-J715 spectropolarimeter (Jasco, Tokyo, Japan)

at 24 �C over the range from 200 to 250 nm at a scan speed

of 20 nmÆmin)1.

MALDI-TOF MS analysis of trypsin-digested LG

For trypsin treatment, 100 lg of LG, heated LG or rLG in

50 lL of NaCl ⁄Pi containing 0.02 m phosphate and 0.12 m

NaCl (pH 7.4) was incubated with 1 lL of trypsin

(0.5 mgÆmL)1) at 37 �C for 16 h. The reaction was termi-

nated by adding 1 mm phenylmethanesulfonyl fluoride. The

trypsinized samples were then concentrated using C18 Zip-

Tips and eluted with 50% acetonitrile ⁄ 0.1% trifluroacetic

acid following the manufacturer’s (Millipore, Billerica, MA,

USA) standard protocol. MALDI-TOF MS was performed

using a Microflex MALDI-TOF LRF20 mass spectrometer

(Bruker Daltonics, Billerica, MA, USA). The Zip-Tips-puri-

fied peptide digests were spotted with an a-cyano-4-hydroxy-
cinnamic acid matrix and run in reflectron positive-ion mode

at an accelerating voltage of 25 kV.

Carboxymethylation of LG

For carboxymethylation [6,8,38], 5 mg of LG, heated LG

or rLG was first dissolved in 2 mL of 0.1 m Tris ⁄HCl buf-

fer (pH 8.6), containing 6 m ultrapure urea and 0.02 m

dithiothreitol. Following flushing with nitrogen for 2 h,

20 mg of iodoacetic acid was added to the reaction mixture,

while the pH was maintained at 8.6 by the addition of

0.1 m NaOH, and incubation was performed for another

3 h. Finally, carboxymethylated LG, carboxymethylated

heated LG and carboxymethylated rLG were desalted on a

Bio-Gel P2 column, eluted with 0.05 m ammonium bicar-

bonate, and lyophilized.

Animal experiments

Female BALB ⁄ c mice (4 weeks old, n = 95, obtained from

the National Animal Center, National Science Council of

Taiwan) were kept in an animal room (12 h light cycle,

21 �C) and fed with a standard diet; housing and manage-

ment were according to guidelines established and

approved by the National Science Council of Taiwan. In

an initial test using milk fortified with vitamin D3 and

fortified milk components, mice (n = 30) with body mass

17.56 ± 1.28 g [mean ±standard deviation (SD)] were

randomly divided into six groups (n = 5). Vitamin D3

(100 lm) was emulsified with raw milk, whey protein (milk

without casein), casein (reconstituted to the milk volume),

LG (250 lm, approximately equivalent to the concentration

in milk) or distilled water in a feeding bottle (ad libitum),

and mice were fed with this for 3 weeks. Each mouse drank

� 3–3.5 mLÆday)1 on average. The mean body mass of

each group increased by 8% in general, and there was no

significant difference among the groups at the end of the

test. For the experimental dosing with vitamin D3, mice

(n = 65, with body mass 17.73 ± 1.17 g, mean ± SD)

were divided into three major groups: group 1 (vita-

min D3), group 2 (vitamin D3 plus native LG), and
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group 3 (vitamin D3 plus heated LG). The experiment was

designed to investigate the relationship between the vita-

min D-binding sites of LG and the uptake of vitamin D.

LG serving as a vehicle was kept at a constant concentra-

tion (250 lm) during the feeding period. Group 1 (n = 20)

without LG was dosed with only vitamin D3, as a control.

All groups were given varied dosages: 100, 250, 500 or

750 lm vitamin D3 according to vitamin D3 ⁄LG ratios of

0.4, 1, 2, or 3, respectively. Group 2 (n = 20) and group 3

(n = 20) were provided with native LG (containing two

binding sites) and heated LG (containing one binding site),

respectively. As well as these three groups, one naive group

given no vitamin D3 and LG was included (n = 5). Prepa-

ration of the vitamin D3 supplement and the protocol

(3 weeks) were as described above. Analysis of 25-hydroxy-

vitamin D in mouse plasma was conducted with a kit

(25-Hydroxy Vitamin D Direct EIA; IDS Diagnostics,

Fountain Hills, AZ, USA), according to the manufacturer’s

instructions.
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Home Search Structure 

2GJ5

Download Files

FASTA Sequence

Display Files

Display Molecule

Structural Reports 

External Links 

Structure Analysis 

Help 

To view sequence 
details of this structure 
click on the Sequence 
Details tab above the 
summary page. 

 
Help Structure Summary Sequence Details Biology & Chemistry Materials & Methods Geometry External Links 

The sequence display provides a graphical representation of the UniProt, PDB - ATOM and PDB - SEQRES sequences. 
Different 3rd party annotations can be graphically mapped on the sequence and displayed in the Jmol viewer. 

The structure 2GJ5 has in total 1 chains. Out of these 1 are sequence-unique.  

Currently viewing unique chains only. [show all chains] [show 3D in Jmol] 

Sequence:Structure Details [help] 2GJ5

 

 
Currently displayed: SEQRES sequence. [display external (UniProt/PIR) sequence] 

Preferences 

References 

CATH domain assignment reference 

Pearl F.M., Bennett C.F., Bray J.E., Harrison A.P., Martin N., Shepherd A., Sillitoe I., Thornton J., Orengo C.A. 
The CATH database: an extended protein family resource for structural and functional genomics. 
Nucleic Acids Res 2003 Jan 
PMID: 12520050  

DSSP secondary structure reference 

Kabsch W., Sander C. 
Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and geometrical features. 
Biopolymers 1983 Dec 
PMID: 6667333  

Chain A   (polymer 1) [help] [fasta]  [text/markup] 

Description Beta-lactoglobulin
Chain Type polypeptide(L) 
UniProt reference P02754 
Length 162 residues
CATH domain assignment 
[hide] [reference]  2gj5A00   : 161 residues   

DSSP secondary structure 
[hide] [reference] 

16% helical (5 helices; 27 residues) 
43% beta sheet (10 strands; 70 residues)

More annotations 

Select

Sequence Details

Jmol - 3D parameters
show Jmol  No fixed Jmol position  Yes

Jmol width  450 Jmol height  450

Page parameters
Sequence to view PDB SEQRES sequence Label residue ids by ATOM record only

Font size  14 Residues per row  60

 Submit  
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Home Search Structure 

2GJ5

Download Files

FASTA Sequence

Display Files

Display Molecule

Structural Reports 

External Links 

Structure Analysis 

Help 

To view the 3D structure 
click on one of the 
viewers under the image. 

 

Help Structure Summary Sequence Details Biology & Chemistry 

Materials & Methods 

Geometry External Links 

Biology and Chemistry 
Report 2GJ5

 
Structure Details

Structure Keywords

Keywords TRANSPORT PROTEIN 
Text beta-lactoglobulin, vitamin D3, 

TRANSPORT PROTEIN 

 

Polymeric Molecules

Chain A   
Description Beta-lactoglobulin 
Nonstandard Linkage no 
Nonstandard 
Monomers no 

Polymer Type polypeptide(L) 
Formula Weight 18301.3 
Source Method nat 
Entity Name Beta-LG, Allergen Bos d 5 

 

Ligands and Prosthetic Groups

ID Name Chemical 
Formula Weight Ligand 

Structure

VD3 

(1s 3z) 3 [(2e) 2 [(1r 3ar 7as) 7a 
Methyl 1 [(2r) 6 Methylheptan 2 
Yl] 2 3 3a 5 6 7 Hexahydro 1h 
Inden 4 Ylidene]ethylidene] 4 
Methylidene Cyclohexan 1 Ol 

C27 H44 O  384.64 View 

 

Protein Details

UniProt Information 

Chain SWS/UNP ID SWS/UNP Accession(s)
A LACB_BOVIN P02754  
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Keywords and Names

Chain
(s)

RCSB Name UNIPROT 
Name

UNIPROT Keywords

A Beta-
lactoglobulin

n/a 3D-structure ,  Allergen ,  Direct 
protein sequencing ,  Milk 
protein ,  Polymorphism ,  
Retinol-binding ,  Secreted ,  
Signal ,  Transport   

 

GO Terms

C: Cellular 
Location

F: Molecular 
Function

P: Biological 
Process

Chain A
GO 
ID

 OntologyGO Term Definition

5215 F Transporter 
Activity 

Enables the Directed Movement 
of Substances (such As 
Macromolecules Small 
Molecules Ions) Into Out of 
Within or Between Cells. 

5488 F Binding The Selective Often 
Stoichiometric Interaction of a 
Molecule with One or More 
Specific Sites On Another 
Molecule. 

5576 C Extracellular 
Region 

The Space External to the 
Outermost Structure of a Cell. 
For Cells Without External 
Protective or External 
Encapsulating Structures This 
Refers to Space Outside of the 
Plasma Membrane. This Term 
Covers the Host Cell 
Environment Outside an 
Intracellular Parasite. 

6810 P Transport The Directed Movement of 
Substances (such As 
Macromolecules Small 
Molecules Ions) Into Out of 
Within or Between Cells or 
Within a Multicellular 
Organism. 

19841 F Retinol 
Binding 

Interacting Selectively with 
Retinol Vitamin A1 2 6 6 
Trimethyl 1 (9' Hydroxy 3' 7' 
Dimethylnona 1' 3' 5' 7' 
Tetraenyl)cyclohex 1 Ene One 
of the Three Components That 
Makes Up Vitamin A. Retinol Is 
an Intermediate in the Vision 
Cycle and It Also Plays a Role 
in Growth and Differentiation. 

 

PFAM Functional Domains

Chain A

PFAM 
Accession

PF00061  

PFAM ID Lipocalin 
Residues 16-157 
Type Domain 
Description Lipocalin / Cytosolic Fatty Acid Binding Protein 
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Family 

 

Gene Details

Natural Source, Chain A 
Common Name Bovine
Scientific Name Bos taurus 

 

Genome Information 

Chromosome Locus Gene ID Gene Name Symbol
11 11q28 280838   lactoglobulin, beta LGB    

 

Publication Details

Literature Network iHOP: 280838   GeneRIF: 280838  ; 
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Home Search Structure 

2GJ5

Download Files

FASTA Sequence

Display Files

Display Molecule

Structural Reports 

External Links 

Structure Analysis 

Help 

To view sequence 
details of this structure 
click on the Sequence 
Details tab above the 
summary page. 

 
Help Structure Summary Sequence Details Biology & Chemistry 

Materials & Methods Geometry External Links 

X-RAY Materials and Methods 
Report 2GJ5

 

Crystallization

Crystallization Experiments

Method VAPOR DIFFUSION, HANGING DROP
pH 7.5
Temperature293.0

Details
0.1M HEPES, 1.4M tri-sodium citrate dehydrate, 
pH 7.5, VAPOR DIFFUSION, HANGING DROP, 
temperature 293K

 
Crystal Data

Unit Cell

Length a (Å) 53.78 Angle Alpha (°) 90.00
Length b (Å) 53.78 Angle Beta (°) 90.00
Length c (Å) 111.58 Angle Gamma (°) 120.00

 

Space Group

Space Group Name P 32 2 1 

 

Diffraction

Diffraction Detector

Detector CCD
Type ADSC QUANTUM 4
Details n/a
Collection Date 2005-11-21

 
Diffraction Radiation

Monochromator Si 111 channel
Diffraction Protocol SINGLE WAVELENGTH
Wavelength n/a
Wavelength List n/a
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Diffraction Source
Source SYNCHROTRON
Type SPRING-8 BEAMLINE BL12B2
Site SPRING-8
Beamline BL12B2

 

Data

Reflection Details

Observed 
Criterion Sigma 
(F)

0.0

Observed 
Criterion Sigma
(I)

0.0

Resolution(High) 2.10
Resolution(Low) 15.00
Number 
Reflections(All) 7671

Number 
Reflections
(Observed)

7671

Percent Possible
(Observed) n/a

R Merge I
(Observed) n/a

Net I Over 
Average Sigma
(I)

n/a

B(Isotropic) 
From Wilson Plot n/a

Redundancy n/a

 

High Resolution Shell Details

Resolution
(High) 2.10

Resolution(Low) 2.18
Percent Possible
(All) 85.9

R Merge I
(Observed) n/a

Mean I Over 
Sigma
(Observed)

n/a

R-Sym I
(Observed) n/a

Redundancy n/a
Number Unique 
Reflections(All) n/a

 

Refinement

Refinement Statistics

Structure Solution Method MOLECULAR REPLACEMENT
Resolution(High) 2.40
Resolution(Low) 15.00
Cut-off Sigma(I) n/a
Cut-off Sigma(F) 3.0
Number of Reflections(all) n/a
Number of Reflections
(Observed) 7191

Number of Reflections(R-
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Free) 551
Percent Reflections
(Observed) n/a

R-Factor(All) 0.25
R-Factor(Observed) 0.24
R-Work 0.24
R-Free 0.30
R-Free Selection Details Random

 

Temperature Factor Modeling

Isotropic Thermal Model n/a
Mean Isotropic B Value n/a
Anisotropic B[1][1] n/a
Anisotropic B[1][2] n/a
Anisotropic B[1][3] n/a
Anisotropic B[2][2] n/a
Anisotropic B[2][3] n/a
Anisotropic B[3][3] n/a

 

RMS Deviations

Parameter Type Deviation from Ideal
x_angle_deg 1.283
x_bond_d 0.0070

 
Number of Non-Hydrogen Atoms Used in 

Refinement
Protein Atoms 1272
Nucleic Acid Atoms 0
Heterogen Atoms 56
Solvent Atoms 38

 

Software and Computing

Computing

Data Collection n/a
Data Reduction n/a
Data Reduction (intensity 
integration) ADSC

Data Reduction (data 
scaling) HKL-2000

Structure Solution CNS
Structure Refinement CNS 1.1

 

Software

Classification Name Version
refinement CNS 1.1
model building CNS n/a
data reduction HKL-2000 n/a
data collection ADSC n/a
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Home Search Structure 

2GJ5

Download Files

FASTA Sequence

Display Files

Display Molecule

Structural Reports 

External Links 

Structure Analysis 

Geometry 

RCSB Graphics

RCSB Tables

MolProbity Ramachandran Plot

Help 

To view the 3D structure 
click on one of the 
viewers under the image. 

 

Help Structure Summary Sequence Details Biology & Chemistry Materials & 
Methods  

Geometry External Links 

Click on specific 'Bond Type' to get graphical distribution of values  
Click on 'Tot Num' to get table of values  
Click on 'Minimum' and 'Maximum' to get all values for that residue  

The color code is based on FDS (fold deviation score): defined as a multiple 
of the standard deviation for a specific reference value.  

Structure Variance Analysis Results 2GJ5

<0.5 1.0 2.0 3.0 4.0 5.0 >5.0

Bond Length 

Bond 
Type

Chain 
Id

Tot 
Num

Cal 
Ave

Cal 
StdDev

Std 
Val

Std 
StdDev Minimum Maximum

C-N A 152 1.33 0.003 1.329 0.014 1.32 1.34 

C-N(P) A 8 1.34 0.005 1.341 0.016 1.33 1.35 

C-O A 161 1.23 0.005 1.231 0.02 1.22 1.25 

CA-C A 157 1.53 0.007 1.525 0.021 1.50 1.54 

CA-C
(G) A 4 1.52 0.003 1.516 0.018 1.51 1.52 

CA-CB A 115 1.53 0.005 1.53 0.02 1.52 1.54 

CA-CB
(A) A 15 1.52 0.008 1.521 0.033 1.51 1.54 

CA-CB
(I,T,V) A 27 1.55 0.012 1.54 0.027 1.51 1.57 

N-CA A 149 1.46 0.006 1.458 0.019 1.44 1.47 

N-CA
(G) A 4 1.45 0.002 1.451 0.016 1.45 1.45 

N-CA
(P) A 8 1.47 0.002 1.466 0.015 1.47 1.47 

Save Bond Length Summary in: nmlkji CSV (Excel) Format  Save Report

 
<0.5 1.0 2.0 3.0 4.0 5.0 >5.0

Bond Angle 

Bond 
Angle

Chain 
Id

Tot 
Num

Cal 
Ave

Cal 
StdDev

Std 
Val

Std 
StdDev Minimum Maximum

C-N-CA A 148 121.70 1.058 121.7 1.8 119.23 124.74 

C-N-CA
(G) A 4 120.81 0.642 120.6 1.7 120.19 121.89 

C-N-CA
(P) A 8 123.30 3.025 122.6 5.0 119.56 130.07 

CA-C-N A 148 116.19 0.769 116.2 2.0 114.21 118.41 

CA-C-N
(G) A 4 115.99 1.421 116.4 2.1 113.76 117.69 
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CA-C-N
(P) A 8 116.24 1.228 116.9 1.5 114.56 117.81 

CA-C-O A 157 120.82 0.506 120.8 1.7 118.20 122.13 

CA-C-O
(G) A 4 120.81 1.005 120.8 2.1 119.94 122.41 

CB-CA-
C A 115 109.86 1.208 110.1 1.9 106.81 113.04 

CB-CA-
C(A) A 15 110.19 0.444 110.5 1.5 109.56 110.96 

CB-CA-
C(I,T,V) A 27 109.18 1.235 109.1 2.2 106.96 111.25 

N-CA-C A 149 110.93 2.817 111.2 2.8 103.05 117.98 

N-CA-C
(G) A 4 116.03 3.229 112.5 2.9 110.97 119.87 

N-CA-C
(P) A 8 112.85 3.565 111.8 2.5 107.85 117.88 

N-CA-
CB A 107 110.16 0.773 110.5 1.7 107.70 112.48 

N-CA-
CB(A) A 15 109.93 0.514 110.4 1.5 109.44 111.34 

N-CA-
CB
(I,T,V)

A 27 111.27 0.892 111.5 1.7 108.83 113.09 

N-CA-
CB(P) A 8 102.92 0.227 103.0 1.1 102.44 103.28 

O-C-N A 152 122.97 0.504 123.0 1.6 121.42 124.41 

O-C-N
(P) A 8 122.85 0.728 122.0 1.4 121.91 123.91 

Save Bond Angle Summary in: nmlkji CSV (Excel) Format  Save Report

 
<0.5 1.0 2.0 3.0 4.0 5.0 >5.0

Dihedral Angle 

Dihedral 
Angle

Chain 
Id

Tot 
Num

Cal 
Ave

Cal 
StdDev

Std 
Val

Std 
StdDev Minimum Maximum

Chi1 g(+) A 72 -65.07 12.954 -66.7 15.0 -101.30 -30.70 

Chi1 g(-) A 30 53.58 17.582 64.1 15.7 12.90 80.20 

Chi1 trans A 40 185.47 17.703 183.6 16.8 141.60 234.10 

Omega A 160 180.98 14.238 180 5.8 176.20 359.90 

Phi A 126 -99.34 49.483 -65.3 11.9 -175.10 108.70 

Phi helix A 27 -56.42 35.179 -65.3 11.9 -123.60 53.30 

Phi(P) A 7 -63.94 14.411 -65.4 11.2 -82.80 -44.10 

Psi A 129 84.70 90.080 -39.4 11.3 -178.90 177.40 

Psi helix A 27 -21.88 40.628 -39.4 11.3 -54.00 146.20 

Psi(G) A 4 -27.08 76.674 -39.4 11.3 -157.00 32.90 

Save Dihedral Angle Summary in: nmlkji CSV (Excel) Format  Save Report
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