
Molten Globule State of Tear Lipocalin: ANS Binding Restores
Tertiary Interactions

Oktay K. Gasymov, Adil R. Abduragimov, and Ben J. Glasgow*
Departments of Pathology and Ophthalmology, UCLA School of Medicine, Jules Stein Eye Institute,
100 Stein Plaza, Los Angeles CA 90095, USA

Abstract
Tear lipocalin (TL) may stabilize the lipid layer of tears through a molten globule state triggered by
low pH. EPR spectroscopy with site directed spin labeling, revealed the side chain mobility of
residues on the G-strand of TL in a molten globule state; the G-strand retains β-sheet structure. All
of the side chains of G strand residues become more loosely packed, especially residues 96–99. In
contrast, the highly mobile side chain of residue 95 on the F-G loop, becomes tightly packed. ANS
binding to TL in a molten globule state reestablishes tight packing around side chains that are oriented
both inside and outside of the barrel. Unlike RBP and BLG; TL has no disulfide bond between G
and H strands. It is likely that the central β-sheet in the molten globule state of lipocalins is stabilized
by its interactions with the main α-helix, rather than the interstrand disulfide bond.
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Introduction
Molten globule states of proteins, that have features in common with protein-folding
intermediates [1–3], are suggested to be involved in such functions as the insertion of proteins
into membranes [4], the release of bound ligands [1,5,6] and aggregation including amyloid
fibril formation [7].

Molten globule states of proteins are characterized by having native-like secondary structure
that lacks most of the specific tertiary interactions [1]. Three experimental criteria have been
suggested to confirm native-molten globule transitions in proteins. Compared to the native
state, a protein in the molten globule state should exhibit (1) small changes in far-UV CD
spectrum (intact secondary structure), (2) significant loss in near-UV CD spectrum (loss of
tertiary structure) and (3) enhancement of ANS fluorescence upon binding (exposure of
hydrophobic sites).

Despite the large body of data available on molten globule states of proteins, site-specific
information is limited. Nuclear magnetic resonance (NMR) spectroscopy and a molecular
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dynamic simulation have been employed to study molten globule states of some proteins [8–
11]. The partial loss of secondary structure as well as side chain packing is site specific. Molten
globule states of both RBP and equine BLG, which are members of lipocalin family, have
similar features. Residues in the second β-sheet, also known as central β-sheet, (strands F, G,
H and part of A) of the barrel retain native-like β-sheet structure in the molten globule state.
The F,G, and H strands of BLG form hydrogen bonds early in a folding process and it has been
hypothesized that the G and H strand strands act as folding initiation sites; residues on these
strands have been catergorized as more stable with greater unfolding midpoints in urea [10].
Molten globule states of these RBP and BLG also reveal that the major α-helices are packed
against the central β-sheets as in the native structures [9–11]. Both BLG and RBP also have
interstrand disulfide bonds that join the G and H strand, which hypothetically restrain unfolding
and facilitate retention of β structure in the lipocalins. Some lipocalins, including TL, the G
and H strands are not linked by a disulfide bridge. The molten globule state of TL provides an
opportunity to obtain information on the G strand in the absence of the potentially constraining
disulfide bond.

Tear lipocalin (TL), as a member of the lipocalin family of proteins, exhibits cup shaped ligand
binding fold within a continuously hydrogen-bonded β-barrel that is formed by eight
antiparallel β-strands [12]. There is a single disulfide bridge linking the C terminal end with
the CD loop. The solution structure of TL was resolved by site directed tryptophan fluorescence
and revealed a capacious cavity that confers promiscuity in ligand binding [13]. These findings
were verified by crystallography of TL [14].

Numerous putative functions, most of which are linked to the binding of various classes of
ligand, have been suggested for TL [15–23]. One postulate is that TL stabilizes and modulates
lipid in the tear film through a molten globule state triggered by low pH at the aqueous-lipid
interface [5]. TL undergoes a native to molten globule transition at pH 3.0 that has been
documented by changes in tertiary structure of the protein and ANS fluorescence enhancement
[5].

There is a lack of site-specific information regarding structural consequences of ANS binding
to proteins in molten globule states. Here, based on recent developments in understanding
nitroxide side chain motion in β-sheet proteins [24], site directed spin labeling (SDSL) has
been employed to extract site-specific information on dynamics of the G-strand of TL in a
molten globule state with and without bound ANS. The results reported here, based on changes
of dynamic modes of nitroxide side chain for G-strand residues, clearly reveal that in a molten
globule state, the G-strand of TL retains β-sheet structure. However, packing of side chains,
specifically for residues 95–96, are significantly altered. ANS binding to TL in a molten globule
state reestablish tight packing around side chains that are oriented both inside and outside of
the barrel.

Materials and methods
Materials

MTSL, (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanethiosulfonate, was
obtained from Toronto Research Chemicals, Inc, Toronto, Ontario. ANS (8-anilino-1-
naphthalenesulfonic acid) was purchased from Sigma. E. Coli, BL 21 (DE3) cells and pET 20b
were obtained from Novagene. Oligonucleotide primers were obtained from Universal DNA,
Inc. PCR II was obtained from Invitrogen, San Diego, CA. HiTrap columns were obtained
from Pharmacia Biotech Inc., Piscataway, New Jersey. Gas-permeable TPX capillaries were
obtained from Wilmad Glass Co. Inc., Buena, NJ.
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Site-Directed Mutagenesis and Plasmid Construction
The TL cDNA in PCR II previously synthesized [25], was used as a template to clone the TL
gene spanning bases 115–592 of the previously published sequence [20] into pET 20b with
flanking restriction sites for NdeI and BamHI as previously described [26]. For single Cys
mutants of TL, C101L was chosen as the template for additional mutant cDNAs because it
showed similar structural features and binding characteristics for spin labeled lipids [27]. Eight
additional mutant cDNAs were constructed, in which corresponding amino acid residues in
the G strand of TL were substituted sequentially to cysteine. Amino acid 95 corresponds to
aspartic acid, bases 397–399 of Redl [20].

Expression and Purification of Mutant Proteins
The mutant plasmids were transformed in E. Coli, BL 21 (DE3), cells were cultured, and protein
was expressed according to the manufacturer’s protocol (Novagene), and purified as previously
described [6,13].

Spin labeling of TL Mutants
Mutant and wild type TLs, 100 μM, were incubated in 5-molar excess of MTSL overnight at
4°C. Unreacted spin labels were removed with a HiTrap column.

EPR Measurements and Fitting of EPR spectra
Electron paramagnetic resonance spectra were recorded at X-band with a Varian E-109
spectrometer fitted with two-loop one-gap resonator [28]. For measurements, the samples of
about 5μl of spin-labeled protein in various conditions (generally 50–100 μM) were loaded
into Pyrex capillaries (0.84 o.d. × 0.64 i.d.; VitroCom Inc., Mountain Lakes, NJ). The
microwave power was 2mW incident, and the modulation amplitude was 1G. 10 mM sodium
phosphate and 30 mM sodium citrate buffers were used for pH 7.3 and pH 3.0, respectively.
All measurements were conducted at room temperature. To obtain ANS –protein complexes,
spin labeled mutant proteins were incubated with 3-molar excess of ANS.

EPR spectra were fit to the MOMD model of Freed and co-workers using the program NLSL
as previously described for CRBP [24,29]. The apparent mean correlation time was calculated
as τ= 1/6D, where D is the rotational diffusion coefficient.

Results and Discussion
All single Cys mutant and wild-type proteins used in this study have been characterized
previously [27]. For G-strand residues of TL, the effects of mutations on secondary structure
and binding characteristics are minimal.

The line shapes of EPR spectra reflect the dynamic modes of the nitroxide side chain that can
be modulated by protein backbone fluctuation, tertiary interaction, etc [24,30–32]. Each EPR
spectrum along the sequence provides site-specific dynamic information. It has been shown
that the peak-to-peak intensity and line width of the central line of the EPR spectra correlate
with dynamic and accessibility parameters. For β-sheet proteins, the sequence pattern of these
site specific parameters along the β-strand exhibits characteristic alternating periodicity [24,
27]. The nitroxide side chain in β-sheets that is located in a tertiary interaction with a side chain
of a neighboring strand gives rise to additional dynamic modes, ranging from weakly ordered
to immobilized. The dynamic modes of the nitroxide side chain, which interacts with nearest-
neighbor side chains oriented in parallel on the flanking strands, depend on the type of
neighboring residue, whether the neighbor is hydrogen bonded, and the twisting of the β strand
[24].
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EPR spectra of spin-labeled apo-Cys mutants in various conditions are shown in Figure 1.
These spectra are very similar to that of holo-forms that have been studied previously [27]. For
some sites, two dynamic modes, indicated as α and β in Figure 1, can be easily observed. For
β-sheets, the detection of two dynamic modes is indicative of nearest-neighbor interactions.
Secondary structural content of G-strand residues can be determined from the plots of the
spectral parameters, which correlate with side chain mobility and exposure, versus residue
number (Fig. 2). The residues 96–101 exhibit the alternating periodicity, which is characteristic
of β-sheets. This feature is very consistent with the solution model and crystal structure of TL
resolved by site-directed tryptophan fluorescence (SDTF) and x-ray crystallography,
respectively [13,14].

TL undergoes a native to molten globule transition at pH 3.0 [5]. Comparison of EPR spectra
of G-strand residues at pH 7.3 to that of pH 3.0 is very informative (Fig. 1). First, it is clear
from the alternating periodicity that β structure persists in this strand. This is consistent with
molecular dynamic simulations for RBP that show retention in β structure in the central sheet
but disruption in strands E and F through loss of hydrogen bonds [9]. Second, nitroxide side
chain mobilities of all residues, except 95, are increased at pH 3.0, albeit to different degrees.
Residues 95 and 98 show dramatic, but opposite changes. The nitroxide at position 98 becomes
extremely mobile, indicative of very loose packing around this residue. Unexpectedly, the
nitroxide at position 95, which is very mobile at pH 7.3, becomes more immobilized in the
molten globule transition. At pH 3.0, this nitroxide side chain shows two dynamic modes,
which arise from tertiary interactions. The spectral parameters for the G-strand (96–103) retain
alternate periodicity, although the entire plot for these residues is shifted to higher values
indicating more mobility and exposure (Fig. 2). Taken together the data indicate that the G-
strand retains its β-sheet structure in a molten globule state, but tertiary interactions involving
G-strand residues are decreased, consistent with the spectral line shape (Fig. 1). Residues 95
and 98 show the biggest changes in the spectral parameters (Figure 2.) in the transition from
pH 7.3 to pH 3.0.

Although ANS is one of the most widely used fluorescent probes, information regarding the
structural consequences of ANS binding to proteins, particularly in molten globule state, is
limited. Fluorescence enhancement upon binding to proteins can result from ion pairing
interactions, hydrophobic interactions, restricted mobility or any combination of these factors
[33–36]. EPR spectra of spin labeled G-strand mutants complexed with ANS in molten globule
state are shown in Figure 1. It is evident that ANS binding to the proteins in the molten globule
state restored tight packing for all nitroxide side chains. In some cases, the nitroxide side chains,
particularly at positions 95, 96, 101, 103, become more immobile at pH 3.0 than at pH 7.3
without bound ANS (Fig. 1). The entire plot of the spectral parameters for the mutant proteins
in the molten globule state complexed with ANS shifted to lower values compared to that
observed for pH 3.0. Hence the outcome of ANS binding in influencing the dynamics of the
protein is site specific but there is clearly a global character. ANS induces more tight packing
for residues with side chains oriented internally as well as externally.

For each site on the G-strand, tertiary interactions are derived from side chains of residues from
flanked β-strands F and H. Therefore, EPR spectra of G-strand residues also reflect the status
of the F and H strands. Hence, ANS binding to the protein in molten globule state restores
tertiary interaction throughout the strand residues rather than for one or two residues (exposed
or buried), that could be expected for a local binding site.

Residue I98 is located at the solvent-exposed site and most sensitive to the protein
conformational state (Fig. 1, 2). Therefore, EPR spectra of nitroxide side chain at position 98
were analyzed in more detail with respect to local structural and dynamic properties. It has
been shown that the rotamer state of side chains in β-sheets is determined by steric interactions
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with nearest neighbors [24]. The residue I98 has two nearest neighbors, hydrogen-bonded (HB)
I89 and non-hydrogen-bonded (NHB) L115, theCα-Cα distance of which are 5.0 Å and 4.6 Å,
respectively (Fig 3A). The nearest neighbor interaction between the residues is modulated by
extent of twisting. I98, compared to Y100, resides in a more twisted site of G-strand (Fig. 3 B,
C). The EPR spectra for residue I98 reveal more asymmetric nearest neighbor interactions
compared to the spectra for Y100 (Fig. 1). Indeed, the EPR spectra for the nitroxide side chain
at position 98 show two components, the mobility of which differ significantly from each other
( 3.0 ns and 10.0 ns) (Fig. 4). In the apo-protein, the interaction is more asymmetric. The
correlation time of the first component decreases from 3.0 ns to 0.8ns. The relative population
of this component is also decreased, from 24 % to 6%. The nitroxide at position 98 in the
molten globule state has significantly weaker nearest neighbor interactions compared to that
of holo-and apostate of the protein. The correlation time of the second component decreases
from 10.2 ns to 4.2 ns, while the relative population of the component decreases from 94% to
75% (Fig. 4). The interaction of the apo-protein with ANS in the molten globule state almost
completely restores both the population and the lifetime of the second component. It is
noteworthy that the EPR spectra of the nitroxide at position 98 is very similar to that reported
for E114 in another β-sheet protein CRBP [24]. The residues 98 of TL and 114 of CRBP are
located in β-strands, which have very similar twisting (Fig. 3C). The working model suggested
by others appears generally applicable for β-sheet proteins and a powerful tool for monitoring
conformational changes in various environments [24].

Conclusion
SDSL enabled the acquisition of site specific dynamic information about the central β sheet in
the native-molten globule transition of TL. β structure of the G strand persisted. However,
tertiary interactions were mitigated to a variable extent throughout the strand. Residue 98 in
the twisted region of the strand showed the greatest loss of tertiary interaction. Despite the
absence of a disulfide bridge joining the G-H strands in TL, the central β sheet was stabilized
probably by the interaction with the alpha helix as suggested for RBP and BLG [10,11].

The pH driven molten globule transition is a central theme in the proposed ligand release
mechanism for TL [6,37]. The behavior of specific sites on individual strands of TL in the
molten globule state has implications for understanding its mechanism of ligand release and
stabilization the lipid layer of the tear film.
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Abbreviations
ANS  

8-anilino-1-naphthalenesulfonic acid

BLG  
β-lactoglobulin

CRBP  
cellular retinol-binding protein

EPR  
electron paramagnetic resonance

MOMD  
microscopic order/macroscopic disorder
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RBP  
retinol-binding protein

SDSL  
side directed spin labeling

TL  
tear lipocalin
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Figure 1.
EPR spectra for spin labeled G-strand residues of apo-TL at various conditions. For direct
comparison of intensities, the spectra are normalized to represent the same number of spins.
Scan width is 100 G for all spectra. α and β represent the motionally restricted and mobile
components, respectively. The line width of the central resonance line, ΔH, is denoted by the
arrows
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Figure 2.
Plots of ΔH−1 (A) and relative intensity of central lines (B) in normalized EPR spectra of G-
strand residues at various conditions.

Gasymov et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2007 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Ribbon model of TL generated from PDB: 1XKI [14] using ViewerLite 5.0 (Accelrys Inc.).
(A) The position of the side chain for residue I98 (G-strand) relative to that of the flanking
residues I89 (F-strand) and L115 (H-strand). The side chains are shown by combination of
“ball and stick” and surface representations. Gray, blue and red balls represent carbon, nitrogen
and oxygen atoms, respectively. (B) Side view of G and flanking strands, F and H. Gray balls
are the positions of the α-carbons of respective residues. (C) A Ramachandran plot of residues
in G and its flanking F (I89), H (L115) strands (solid circles) (PDB: 1XKI). To compare the
extent of the β-strand twists, residue E114 (open triangle) of CRBP (PDB: 1CRB [38]) are also
added to the plot.
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Figure 4.
EPR spectra of spin labeled C98 mutant of TL at various conditions. Scan width is 100 G. (A)
holoC98 at pH 7.3 [27]; (B) apoC98 at pH 7.3; (C) apoC98 at pH 3.0; (D) apoC98 with ANS
(1/3 ratio). Left column: the thick traces are experimental spectra and thin traces are the least-
squares best fit to the MOMD model. The best-fit spectra are vertically shifted relative to the
experimental spectra for better view. Right column: the thick and thin traces are immobile and
mobile components, respectively, from 2-site MOMD model. The percentages represent
relative populations of each component.
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