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Multiple Self-Assembly Functional Structures Based
on Versatile Binding Sites of -Lactoglobulin

Netta Hendler, Bogdan Belgorodsky, Elad D. Mentovich, Shachar Richter,*

Ludmila Fadeev,* and Michael Gozin*

In recent years, research in the field of protein-based fibrils gained a great
attention due to use of these materials as building blocks for construction

of functional synthetic biofilms. Yet, efficient and general methodology for
preparation of orderly-doped fibrils with desired properties, made of protein-
dopant/ligand complexes, still remains a significant challenge. In this manu-
script, it is demonstrated that the fB-lactoglobulin (3-Lg) protein can form
stable and well-defined complexes with linear retinoic acid, discotic protopor-
phyrine IX and spherical carboxyfullerene ligands (dopants). Upon heating
these B-Lg complexes under acidic conditions, formation of orderly-doped
fibrils, which partially preserved ligand-specific stoichiometries and modes of
binding (of the parent protein-dopant complexes), is observed. These results
present a new synthetic methodology, which complements other reported
approaches for preparation of the protein-based doped fibrils, by surface
functionalization and by post-assembly modulation techniques. A combina-
tion of ordered self-assembly nano-structures, with chemical versatility of the
orderly-doped protein-based fibrils, represents a new method for construc-
tion of novel multifunctional materials in a bottom-up fashion. Preparation
of composite -Lg-complex fibrils by the co-assembly process, using -Lg
building blocks that already incorporate various organic ligands inside, is

of intermolecular f-sheets, along the fibril
axis, with the fB-strands aligned perpendicu-
larly to the fibril axis. These fibrils could be
formed by proteins or peptides, with a wide
variety of sizes and amino acid sequences.
Formation of amyloid fibrils are frequently
associated with several severe diseases,
such as Parkinson’s disease, Alzheimer’s
disease, diabetes, atherosclerosis and rheu-
matoid arthritis. In contrast, amyloid-like
fibrils have important biological functions
and are present in a variety of organisms,
including Escherichia coli, silkworms,
fungi and mammals.B!

Amyloid-like fibrils were found to
be stable in various environments, well
beyond a typical range of chemical condi-
tions tolerated by polypeptide-based struc-
tures,! which makes these fibrils very
attractive platform for the development
of novel bio-nanomaterials. For example,
it was shown that by using self-assembly
approach, free-standing films, based on

unprecedented.

1. Introduction

Certain proteins and polypeptides can readily self-assemble them-
selves into macromolecular fibrillar structures, through hydrogen-
bonding interactions.!! The resulting amyloid-like fibrils typically
exhibit tubular structures, with sizes of few nanometers in diam-
eter and lengths of a several thousand nanometers.”l Amyloid-
like fibrils are described as cross-f-sheet structures composed
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amyloid fibrils, could be prepared. These

films were found to be highly rigid and

exhibited a well-ordered assembly. The

Young’s modulus measured for these
films was of up to 5-7 GPa and, which is among the highest
reported for protein-containing materials. The combination
of accurate self-assembly, variability of amino acids sequence
and possibility for further functionalization, the films based on
amyloid-like fibrils represent an excellent example for building
nanostructure in the bottom-up fashion. Recently, Ellis-Behnke
et al. demonstrated that a network comprised of self-assembled
polypeptide-based fibrils supports a sufficient axon regenera-
tion to return functional vision to hamsters, in which an optic
tract had been severed.! Others researchers explored the use of
amyloid-like fibrils for tissue engineering.[®!

One of the new potential applications for biopolymer
fibrils is their use in electronic applications. The utilization
of self-assembled fibrils was successfully demonstrated in
organic photovoltaic devices and organic light-emitting diodes
(OLEDs)."l It was found that inclusion of such fibrils into
these devices influenced the electronic and transport proper-
ties of the light emitting materials. More specifically, the elec-
troluminescent PPF-coated insulin fibrils showed an order of
magnitude increase in external quantum efficiency of the blue
light, relative to the neat polymer. The improved performance
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originates from enhanced electron injection and balanced
charge-carrier mobility in the bio-organic device.

The performance and the efficiency of the organic electronic
devices are intimately related to a molecular architecture of the
self-assembled fibril-based building blocks. Three common
approaches for construction of these building blocks are known
in the field. The first is “co-assembly” bottom-up approach,
which utilizes modification of polypeptide monomers, capable
of the self-assembly, with electro-optically functional moieties.
The second is “post-assembly” top-down approach, which utilizes
surface-modification (in a covalent or non-covalent manner) of
already-assembled polypeptide fibrils with the functional moie-
ties. The third is an additional top-down approach, which makes
use of polypeptide fibrils as tubular or linear template materials,
for construction of electro-optically functional nano-materials.

Following the nanomaterial's formation, fibril template could
be removed or kept, as an insulation moiety or a platform, for
the further modification. Among presented approaches, the
top-down techniques are the most frequently used for the fabri-
cation of various electronic and optical devices.

It should be mentioned that the above-described bottom-up
approach is limited by a variety of materials suitable for function-
alization. Many of these materials are hydrophobic and their poor
solubility in aqueous solutions could interfere with fibrils forma-
tion process, as well as with their subsequent dispersion. Another
significant challenge in modified fibrils “co-assembly” is possible
interference of functionalizing moieties with fibril assembly
process itself, resulting in formation of amorphous aggregates.

In general, the “post-assembly” non-covalent top-down func-
tionalization approach is chemically more mild and compatible
with biomaterials. It is considered as advantageous over alter-
natives and therefore is more popular. Frequently, it is very dif-
ficult to rationally design a compound to be a specific ligand
(modifying moiety) for a certain molecular host or surface, even
if a high-fidelity structure of this host or surface are known. A
non-covalent ligand binding is typically reversible, presenting a
problem in homogeneity and stability of the resulted macromo-
lecular assemblies. Functionalization chemistry that could be
well-tolerated by a monomer, but not by the already-assembled
fibril, may lead to a collapse of the fibril structure.

Yet, the main unresolved issue of the “post-assembly” approach
remains to be a lack of capability to pinpoint the exact locations
of modifying moieties, as well as very limited ability to predict
assembly into desired macromolecular structures. Although the
latter problem could be easier solved by the “co-assembly” tech-
niques, it is still presents one of the most formidable challenges
for materials engineering and rational design.

A plausible solution to this challenge may also come, for our
opinion, from finding a proper “vehicle”, which would carry the
modifying moieties and would allow straightforward forma-
tion of non-covalently-bound well-organized macro-molecular
assemblies with predictable architectures. To the best of our
knowledge, formation an ordered macro-structure, composed of
monomeric units that contain complex of a protein and organic
ligands, is unprecedented and represents a new paradigm for
next-generation “co-assembly” methodology. For these purposes,
proteins that have several different well-defined binding sites,
in addition to a capability (functional motifs, such as B-strands)
to form macromolecular assemblies, could be used as suitable
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building blocks, thus reducing the challenge of finding and
evaluating protein candidates and corresponding ligands. In this
work, we explored a use of bovine S-Lactoglobulin (fB-Lg) com-
plexes, as building blocks for construction of functional fibrils.

B-Lg is a major whey protein, capable of binding a wide range
of hydrophobic and amphiphilic ligands, including retinoids,
fatty acids, aromatic molecules and porphyrins.l®l B-Lg belongs
to family of proteins called lipocalins. Lipocalins are a large and
diverse group of small, mostly extracellular proteins that are
found in animals, plants, and bacteria.’! The members of the
lipocalin family fulfill a variety of different functions, many of
which are associated with transport of various hydrophobic lig-
ands, including retinoids, animal camouflage pigments, olfac-
tion-related molecules, and pheromones.*1%

The three-dimensional structures of the lipocalins are typi-
cally comprise of anti-parallel eight-stranded f-barrels arranged
to form a hydrophobic calyx-shaped cavity into which a variety
of hydrophobic ligands can be bound, allowing these proteins
to function as transport proteins for various sparingly water-
soluble molecules.**1%

At least two different binding sites have been proposed in
the B-Lg dimer (a typical form of this protein). The location of
the internal binding site inside-the f-barrel (calyx) is com-
monly accepted. This site can bind ligands such as retinol and
piperine.®>'! In contrast, the exact locations of external sites
of B-Lg dimer are less explored. Recently the first crystallo-
graphic evidence for vitamin D3, bound outside the calyx, was
reported.2Tt was also suggested that fatty acids and other ligands
could be bound outside the calyx, between a groove of the f-barrel
and the o-helix.®13] Moreover, it was previously shown that the
B-sheets-rich -Lg protein could be used for creation of fibrils
(Scheme 1).' Taking in account these reports and assuming
that various ligands could be bound to the specific binding sites
of B-Lg dimer, without potentially interfering to a formation of
fibrous macrostructure, the selected complexes of this protein
were selected as target building blocks in our research.

Therefore, in the present study, we used complexes of f-Lg
dimer with variously-shaped natural and synthetic ligands, for
construction of fibrous materials exhibiting predictable fibrilar
arrangement with homogenic incorporation of functional ligands,
based on position of the bound ligands in the -Lg dimer. First
part of our work was focused on mapping the external binding
sites of B-Lg and determination of plausible positions at which
various ligands are bound. These ligands included all-trans-
retinoic acid (RA), protoporphyrine IX (PP), and eee-isomer of tris-
malonic acid [Cyol-fullerene (carboxyfullerene, CF). The second
part of this study was dedicated to preparation, characterization
and functional evaluation of fibrils, formed by -Lg complexes.

2. Results and Discussion

2.1. Formation and Characterization of the -Lg Protein
Complexes

2.1.1. Formation and Characterization of the -Lg-RA Complex

Our study was commenced with a series of experiments
in which we attempted to map various B-Lg’s binding sites
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Scheme 1. Schematic representation of the ligand-doped “co-assembly” of fibrils comprised

of B-Lg complexes.

and characterizing produced protein complexes by dynamic
light scattering (DLS), size-exclusion chromatography (SEC)
and UV-vis spectroscopy. RA was selected as a representative
amphyphilic linear-type of ligand for binding to calyx and sim-
ilar in shape binding sites.

The starting materials for this set of experiments were char-
acterized DLS was measured for a f-Lg dimer solution in the
phosphate buffer (50 mM, pH 7.2); the protein exhibited a
hydrodynamic radius (Ry) of 2.4 nm (Figure 1a), in agreement
with other investigators’ results and X-ray crystallography data
reported for this protein.' This Ry, value of the -Lg dimer cor-
responded to an SEC retention time (RT) of 15.9 min on the
TOSOH SuperSW2000 column (Figure 1b). The UV-vis spec-
trum of the dimer is shown in Figure 1c.

Upon dissolving RA in a phosphate buffer solution (50 mM,
pH 7.2), we found that this compound formed aggregates with
a prevalent Ry, of 600 nm (Figure 1d). To the best of our knowl-
edge, no reports are available regarding the size of RA aggregates
in aqueous solution. A dimethyl sulfoxide (DMSO) solution of
non-aggregated RA had a characteristic peak at A,,,,, = 354 nm
(Figure le), whereas the UV-vis spectrum of RA aggregates in
buffered solution exhibited a peak at A,,,, = 375 nm (Figure 1f).

The B-Lg-RA complex was prepared by incubating f-Lg
dimer solution (0.075 mM) with RA ligand (final concentration
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0.75 mM) in phosphate buffer (50 mM, pH
7.2). After 12 hours of incubation, the com-
plexation products were analyzed by DLS
(Figure 1g) and then separated by gel filtra-
tion chromatography (G-25 support) from
non-complexed and unstable RA aggregates
(Figure 1h). Two distinct populations of
stable compounds were observed by SEC. The
main product eluted with an RT of 15.8 min
(closely matching the RT of the fB-Lg dimer)
and had a UV-vis spectrum (Figure 1i) with
features of both B-Lg and RA chromophores
(Amax = 280 and 355 nm, respectively), clearly
indicating that in this complex, the RA ligand
is located in a non-aqueous (DMSO-like)
environment, most probably inside the 3-Lg’s
calyx.[15]

The fB-Lg-RA complex that eluted at RT
of 15.8 min was isolated by SEC and further
analyzed for protein and ligand content. The
quantitation of B-Lg protein was performed
by Bio-Rad protein assay (BPA), whereas RA
content was measured by UV-vis spectroscopy
at A = 355 nm after selective extraction of
this ligand with butanol-hexanes mixture.['®!
These analyses showed a -Lg monomer-to-
ligand ratio of 2:2, which is in agreement
with previously reported results for the f-
Lg-RA complex.[5217]

The SEC peak that eluted at an RT of
10.3 min corresponded to a population of
products observed by DLS with R}, values in
a range of 20-300 nm. The UV-vis spectrum
(Amax = 377 nm) of these compounds was
assigned to RA aggregates (Figure 1j). How-
ever, the size of these aggregates was significantly smaller than
RA aggregates in the starting aqueous solution of RA. After
separation by SEC, the aggregates were analyzed using the
BPA. The assay clearly showed the presence of a small amount
of protein (below 3% of content) in these aggregates.

2.1.2. Formation and Characterization of the 3-Lg-PP Complex

In the second series of experiments, f-Lg dimer (0.075 mM)
was incubated with PP (0.75 mM), under the same conditions
that were described for complexation of RA. The PP compound
was selected for these experiments as a representative discotic
type of ligand. Upon dissolving PP in a phosphate buffer solu-
tion (50 mM, pH 7.2), we found that this ligand formed a
population of PP aggregates with a narrow size range, with
an average Ry, value of 600 nm (Figure 2a). A UV-vis spectrum
of PP in DMSO showed characteristic low intensity peaks at
Amax = 628, 574, 540, 505 nm and a high intensity peak at
406 nm (Figure 2b). In contrast, PP aggregated in a phosphate
buffer solution and the UV-vis spectrum of these aggregates
exhibited a broad peak at A,,,, = 374 nm (Figure 2c). Our DLS
and UV-vis spectroscopy results are in very good agreement
with findings reported for aqueous solutions of PP by Scolaro
et al.l8l
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Figure 1. Characterization of f-Lg protein, RA ligand and f-Lg-RA complex. (a) DLS analysis of a 50 uM solution of B-Lg dimer in sodium phosphate
buffer; (b) SEC of the B-Lg dimer. (c) UV-vis spectrum of -Lg dimer eluted from SEC with RT of 15.9 min; (d) DLS measurements for RA aggregates
in sodium phosphate buffer; (€) UV-vis spectrum of RA in DMSO. (f) UV-vis spectrum of aggregated RA in phosphate buffer; (g) DLS analysis of -Lg
incubated with RA (protein-to-ligand ratio of 1:10); (h) SEC analysis of products of B-Lg incubation with RA; a well-defined protein complex is eluted
at RT of 15.8 min and stable RA aggregates eluted at RT of 10.3 min; (i) UV-vis spectrum of a well-defined -Lg-RA complex eluted at RT of 15.8 min;
(j) UV-vis spectrum of stable RA aggregates eluted at RT of 10.3 min.
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Figure 2. Characterization of PP ligand and f3-Lg-PP complex. (a) DLS analysis of PP aggregates in phosphate buffer; (b) UV-vis spectrum of PP in DMSO;
(c) UV-vis spectrum of aggregated PP in phosphate buffer; (d) DLS analysis of B-Lg incubated with PP (protein-to-ligand ratio of 1:10); (e) SEC analysis
of products of B-Lg incubation with PP; a well-defined protein complex is eluted at RT of 15.9 min and stable PP aggregates eluted at RT of 10.5 min;
(f) UV-vis spectrum of a well-defined B-Lg-PP complex eluted at RT of 15.8 min; (g) UV-vis spectrum of stable PP aggregates eluted at RT of 10.5 min.
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Although PP ligand is not known to form complexes with
lipocalins in biological systems, complex formation between
PP and fB-Lg at low UM concentrations was reported by sev-
eral investigators.'l At native concentrations (90-200 of UM)
of B-Lg, we found that complexation with PP produced two
populations of species with distinctive sizes. The DLS analysis
of the complexation products (after G-25 column gel filtration)
showed that the first population of species exhibited a size cor-
responding to -Lg dimer, while the second population had a
significantly broader range of sizes with an average Ry, value of
300 nm (Figure 2d).

In addition, the SEC chromatogram of -Lg and PP incuba-
tion products showed two peaks with RTs of 15.9 and 10.5 min
(Figure 2e). The latter chromatographic peak had UV-vis spec-
trum with features corresponding to PP aggregates (Figure 2g),
closely matching spectrum reported by Inamura for PP ligand
dissolved in poly(n-vinyl-pyrrolidone) aqueous solution.l?%l
According to these investigators, the poly(n-vinyl-pyrrolidone)
polymer broke down PP aggregates, by creating hydrophobic
interactions with PP molecules. In our case, incubation of PP
aggregates with f-Lg protein also reduced these aggregates size,
as it did for aggregates of RA. BPA assay showed the presence
of a small amount of protein (below 5% of content) which is
serving as dissolving and stabilizing agent for these aggregates.

The UV-vis spectrum of the 3-Lg-PP complex, eluted at RT
of 15.9 min (A, = 379 nm, Figure 2f), clearly indicated that
the PP ligand is not located in a hydrophobic environment
and therefore could not be bound inside B-Lg’s calyx. The pro-
tein content in the B-Lg-PP complex was determined by BPA,
whereas the ligand content was determined by a procedure
which included SDS-based protein denaturation, followed by
solution acidification (adjustment to 0.8 M HCI concentration)
and UV-vis spectroscopy quantitation of a protonated PP.12!
Unexpectedly, and in contrast to previous reports, we found
that protein monomer-to-ligand ratio in the B-Lg-PP complex
was 2:1, indicating that only a single PP ligand was bound by
the B-Lg dimer. Based on these observations, we believe that PP
ligand is bound in a cleft created by the two monomeric f-Lg
units.

2.1.3. Formation and Characterization of the B-Lg-CF Complex

For the present investigation, CF was chosen as a representa-
tive spherical type of ligand. In our previous work, we described
complex formation between CF ligands and f-Lg dimer (ref-
erence 19 and Supporting Information section). There, we
reported that large CF clusters (formed in aqueous solutions)
completely disintegrate upon addition of -Lg dimer, producing
a well defined B-Lg-CF complex with a protein monomer-to-
ligand ratio of 2:5.

2.2. Docking Studies

To better understand our experimental results and gain struc-
tural insight into the ligand-B-Lg dimer interactions, we car-
ried out a series of docking studies, in which PatchDock
algorithm was used for mapping of the most probable binding
sites of RA, PP and CF ligands onto the B-Lg dimer.??l The
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docking calculations were performed without using any a
priori data that might indicate the ligand binding sites. The
coordinates of the X-ray structures of the bovine f-Lg dimer
were obtained from the Protein Data Bank (PDB entry 1BSY),
from which crystallographic water molecules were removed.?*!
In this structure, the EF loop is opened (Tanford transition),
allowing ligands entrance to the calyx binding site.?3?4 The
coordinates of the RA and PP ligands were obtained from f3-Lg
complexed with RA and ferrochelatase with protoporphyrin IX
(PDB ID 1GX9 and 2HRE, respectively),'>®2’ whereas coordi-
nates of the CF ligand were obtained by geometry optimiza-
tion and DFT energy minimization calculations (Gaussian 03
software).

2.2.1. Docking Studies of B-Lg-RA Complexes

The first series of docking calculations was performed with the
RA ligand. The best docking results for this essentially linear
ligand were obtained when RA was accommodated inside the
cavity formed by B-Lg’s calyxes (Figure 3a). Two calyxes are
available per f-Lg dimer and both were found to be occupied
by two sequentially added RA ligands, in agreement with the
experimentally determined B-Lg monomer-to-ligand ratio of
2:2. In contrast, the outer surface of the protein provided no
specific binding environment for RA. The docking calculations
suggested that binding of the RA molecule may occur in two
possible fashions: the RA ring may be positioned at the open
entrance of the cavity or may be buried deep inside the calyx.'!
However, only the latter arrangement is in agreement with
the X-ray crystallography results for the B-Lg-RA complex.[1#
In this arrangement, our calculations showed that within van
der Waals contact distance (less than 4.0 A),'!] the conjugated
hydrocarbon chain and ring of the RA ligand are surrounded by
11 hydrophobic residues (Pro38, Leu39, Val41l, Leu46, Leu54,
1le56, Leu58, Ile71, Val92, Leul03, and Met107) that cover the
inner surface of the calyx’s cavity (Figure 3b). Additionally, the
aromatic residue Phe105 was oriented to allow a 7—m interaction
with the double bond of the ring of the RA molecule. Hydrogen
bonds could be formed between the carboxylic moiety of the RA
ligand and two positively charged residues (Lys60 and Lys69),
both located at the entrance of the calyx. Overall, our docking
studies clearly indicate that RA ligand is bound to -Lg pre-
dominantly by hydrophobic interactions, adequately explaining
results obtained by UV-vis spectroscopy for the S-Lg-RA
complex.

2.2.2. Docking Studies of the B-Lg-PP Complex

The best docking results for the planar PP ligand were obtained
when PP was accommodated in a deep cleft located at the inter-
face between two monomeric units of B-Lg (Figure 3c). The
entry to this cleft is defined by two o-helixes, each belonging
to a one monomer. The PP ligand is too large to enter the calyx
cavity and too hydrophobic to be bound on the outer surface of
the protein. The cavity size of the -Lg dimer cleft allows con-
venient binding of a single PP ligand per dimer (Figure 3d),
matching the experimentally found monomer-to-ligand ratio
of 2:1. For this mode of binding, our calculations showed that
within van der Waals contact, the discotic and amphiphilic PP

Adv. Funct. Mater. 2012, 22, 3765-3776
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Figure 3. (a) The overall view of the high-score docking result for f3-
Lg-RA complex with monomer-to-ligand ratio of 2:2, in which the B-Lg
is presented as a ribbon model (gray) and the RA ligands as space-
filling models (green); (b) Hydrophobic (orange) and charged (purple)
residues forming the calyx binding site of B-Lg are presented as space-
filling models with the RA ligand (green); (c) The overall view of the high-
score docking result for the B-Lg-PP complex with monomer-to-ligand
ratio of 2:1, in which the f-Lg is presented as a ribbon (gray) and the
PP ligands as space-filling models (red); (d) Hydrophobic (orange) and
charged (purple) residues forming cleft binding site of B-Lg are presented
as space-filling models with PP ligand (red); (e) The overall view of the
high-score docking result for -Lg-PP complex with monomer-to-ligand
ratio of 2:5, in which the f-Lg is presented as ribbon model (gray) and
the PP ligands as space-filling model (blue); (f) Hydrophobic (orange)
and charged (purple) residues forming calyx binding site of 3-Lg are pre-
sented as space-filling models with CF ligand (blue); (g) Hydrophobic
(orange) and charged (purple) residues forming cleft binding site of ff-Lg
are presented as space-filling models bound to two CF ligands (blue);
(h) Hydrophobic (orange) and charged (purple) residues form additional
CF binding site (near the cleft) presented as space-filling models with CF
ligand (blue).

ligand is surrounded by hydrophobic and hydrophilic residues
of B-Lg dimer. We found that each monomer of f8-Lg interacted
with PP through the same set of amino acids. Per monomer,
five hydrophobic (Leul33, Leul40, Leul43, Pro144 and Met145)
and seven polar (Asp130, Glul31l, Glul34, Asp137, Lys138,
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His146 and Argl48) residues created an appropriate surface
for PP ligand binding. Specifically, positively charged His146
and Arg148 residues were positioned in a proximity to the car-
boxylic acid functional groups of PP, while negatively charged
Asp137 was located near the center of a porphyrine moiety.

2.2.3. Docking Studies of B-Lg-CF Complexes

The third series of docking calculations was performed with
the CF ligand, expanding our previously reported work with
this ligand, in which CF was bound to a fB-Lg structure with
a closed calyx (in the present calculations the calyx is opened).
Based on the experimentally observed f-Lg monomer-to-ligand
ratio of 2:5,2% we performed our docking calculation in a step-
wise manner, sequentially adding a total of five CF ligands to a
B-Lg dimer (Figure 3e). The docking results positioned the first
and the second CF ligands at the cleft site, while the third and
the fourth CFs showed preferential binding at the entrance of
the B-Lg calyxes. Finally, the fifth CF ligand bound between two
B-Lg monomers, but outside the cleft. The cleft surface, suitable
for symmetric binding of two CF ligands, was formed by seven
hydrophobic (Leu133, Phel36, Ala139, Leul40, Ala142, Leul43
and Met145) and three positively charged (Lys138, Lys141
and Arg148) residues per each f-Lg monomer (Figure 3g). As
expected, CF was too large to enter the inner cavity of the calyx.
However, the shape of this ligand and topology of carboxylic
functional groups promoted a very good ligand interaction with
positively charged residues (Lys60 and Lys69) positioned at the
calyx’s entrance (Figure 3f). CF bound near the calyx entrance
was positioned near eight hydrophobic residues (Leu39, Val41,
Leu58, Ile71, 1le84, Ala86, Leu87 and Met107. The fifth CF
ligand was bound near the cleft site (Figure 3h); there were
an insufficient number of hydrophobic and positively charged
residues to provide strong interaction with the ligand at this
site. We found that only two hydrophobic (Val128 and Thr154)
and one positively charged (His146) residues were in a close
proximity to the fifth CF. The other six residues forming this
site (Ser27, Asp28, Glul114, Pro144, Asn152 and Pro153) do not
seem to contribute to the ligand binding. Overall, our docking
studies clearly indicate that hydrophobic CF ligands are bound
to B-Lg dimer at three possible sites with degree of affinity cor-
responding to a number of hydrophobic residues at the site.

2.3. Fibrils Formation Based on 3-Lg Complexes

Following the preparation of f-Lg complexes with differently-
shaped ligands and mapping these ligands locations, we pro-
ceeded with the construction of the corresponding fibrils. The
fibril co-assembly formation was achieved by heating sodium
phosphate buffer solutions of S-Lg complexes to 80 °C for
24-48 h. (Scheme 1). Then, the resulted fibrils were examined
by HRSEM, florescence microscopy (in cases of PP and RA lig-
ands) and HRTEM (in case of CF ligand).

B-Lg was selected as a building block for fibrils construc-
tion due to this protein features, related to latter protein’s pro-
posed biological function. A hint regarding the function of -Lg
was obtained by comparison of its amino acid sequence with
serum retinol-binding protein. The comparison between these
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proteins revealed a great deal of similarity and indeed, B-Lgs
from several species have been found to bind retinol. The role
of serum retinol-binding protein is to transport vitamin A and
D3 in a circulation, suggesting that the homologous f-Lg may
function in a similar fashion, by binding and transporting
retinoids, as was shown by Mao, Chen and coworkers.”) More
specifically, B-Lg may facilitate the absorption of vitamin A
from milk, thus protecting its ligands from degradation under
strong acidic environment of a stomach.*’l Not surprisingly, it
was reported that f-Lg has an enhanced structural stability and
exhibits resistance to completely losing its secondary structure,
even under strongly acidic conditions.'!13]

Such partially B-Lg folded form has been characterized by
several investigators as a molten globule state.?8! The concept
of a thermodynamically stable state on the folding pathway
has been useful in explaining the process of protein denatura-
tion induced by various means such as pH adjustment and
heat treatment.?”! B-Lg has been proposed to exist in a molten
globule state by Roefs and de Cruif.?% Das et al. results indi-
cated that f-Lg refolding process upon cooling this protein
solution from 70 to 25 °C proceeds via structures having char-
acteristics of a molten globule state.

With respect to changes in the f-Lg’s tertiary structure
and retinoids-binding properties, as a function of pH, it was
reported that f-Lg exhibited very similar characteristics at pH
2.0 and pH 7.0. It has been concluded that the existence of the
central cavity of the B-Lg calyx is pH independent, allowing
access of various hydrophobic ligands to this cavity at broad
range of pHs.?”) From these data and our own observations
of fibrils formation (from above described fB-Lg complexes),
we would like to propose that the “co-assembly” construction in
case of this protein was mostly possible due to 3-Lg-ligand com-
plexes relative stability at fibril-formation conditions (80 °C and
pH 2, Scheme 1).

We next examined the “co-assembly” formation process of
fibrils, in terms of incorporated ligand quantities and compared
the results to the “post-assembly” methodology, used for the
preparation of the same type of materials. At the end of each
process, prepared by each methodology doped fibrils (including
doped fibrils prepared by a reference “zussamen” process, see
Supporting Information) were separated from non-fibrilled
materials and fibrillation by-products by dialysis (using mem-
brane with 100 kDa cut off) and lyophilized. Amount of ligands,
in each type of doped fibrils, was determined spectroscopically
(UV-vis, versus appropriate reference standard) after hydrolysis/
extraction procedure (see Supporting Information). Specifically,
we found that in case of the CF and PP, the content of these
ligands in corresponding doped fibrils, prepared by the “co-
assembly” methodology were 19% and 3.7%, respectively; and
corresponded to the amounts of these ligands in the 3-Lg-CF
and (-Lg-PP complexes. In contrast, the content of these lig-
ands in doped fibrils, prepared by the “post-assembly” method-
ology was 37% and 33%, respectively, indicating completely dif-
ferent loading of the latter fibrils.

2.4. Fibrils Characterization

In order to explore the structural and optical properties of our
fibrils, High-resolution Scanning and Transmission Electron
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Microscopy (HRSEM and HRTEM), fluorescence spectros-
copy and microscopy measurements were performed. Figure 4
shows obtained HRSEM images. It can be clearly seen that for
all samples, the fibrils formed by B-Lg complexes and fibrils
composed of non-complexed protein had practically the same
structure and closely resembled previously reported images of
non-covalently-assembled fibers.’!l More specifically, in the
cases of B-Lg-CF and -Lg-PP complexes, the obtained bun-
dles of fibrils exhibited length of several tens of micrometers
and had a typical diameter of ~ 1 um. In contrast, the 5-Lg-RA
complex-based bundles had a similar length, but exhibited

Figure 4. HRSEM characterization. Scale bar: 10 um (a) HRSEM of
B-Lg-RA fibrils; (b) HRSEM of B-Lg-PP fibrils; (c) HRSEM of B-Lg-CF
fibrils.
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a thicker diameter of several micrometers. Similar types of
bundles were reported by Inganis and coworkers in the case
of post-assembly construction of insulin and thiophene-
containing oligomers.?!! Our HRSEM measurements revealed
that the “co-assembly” process does not alter the fibril forma-
tion, thus allowing us to construct various types of fibrils using
this method.

In the case of B-Lg complexes containing fluorescent ligands,
such as PP and RA, fluorescence spectroscopy and microscopy
measurements were performed in order to evaluate the presence
of these ligands in the corresponding fibrils. Figures 5b and 5c
show the fluorescence spectra of dispersions of the -Lg-PP and
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Figure 5. Fluorescence spectroscopy: (a) f-Lg in native form at
pH 7 (black), B-Lg in fibril form at pH 2 (grey); (b) B-Lg-RA in native form
at pH 7 (black), B-Lg-RA in fibril form at pH 2 (grey); (c) B-Lg-PP in native
form at pH 7 (black), B-Lg-PP in fibril form at pH 2 (grey).
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Figure 6. Fluorescence microscopy. (a) & (b) B-Lg-RA in fibril form at
pH 2, (A = 360 nm); (c) B-Lg-PP in fibril form at pH 2, bright field;
(d) B-Lg-PP in fibril form at pH 2 (A, = 360 nm).

B-Lg-RA complexes, taken at pH 7 (before fibril formation) and
pH 2 (fibril state). While negligible similar emission was found
in the case of the pure f-Lg (Figure 5a) in both pHs’ strong emis-
sion has been measured in the case of PP and RA complexes.
Figure 5b shows the emission spectra of the RA complexes. It
can be seen that fibril complex shows similar emission peak to
that of the non-fibrilous one. However, in the case of the PP, a
red-shift of the higher-energy peak has been observed in case of
the fibril state, as observed previously.??

Typical fluorescence emission at 620, 670 nm (assigned for
PP fluorophore) and 440 nm (assigned for RA fluorophore)
obtained from the fibrils, clearly indicating the presence of the
fluorescent ligands inside the fibrils’ structures. In addition,
these observations are supported by the corresponding fluores-
cence microscopy images, showing strong emission from the
fibrils (Figure 6). In the fluorescence images, the diffused light
emission that appears in the background stems from the emis-
sion of individual fibrils or small aggregates of fibrils. In addi-
tion, a small number of strongly emitting dot-shaped objects
are present, which might be due to small clusters formed in the
case of RA complexes structures.

While the TEM is used to verify that the CF ligands were
incorporated inside the fibril, the fluorescent microscopy results
clearly showed that we indeed created a fibrilous structure, as
previously reported.

Figure 7 shows the HRTEM images obtained at different
magnifications of the 3-Lg-CF complex-based fibrils. One should
note that for the other types of fibrils, HRTEM measurements
are not very useful since in most cases the ligands are not exhib-
iting preferred crystallographic orientations. High magnification
images taken at Scherzer defocus, demonstrate the crystallinity
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Figure 7. TEM of B-Lg-CF fibrils. Scale bars: (a) 0.5 um; (b) 100 nm;
(c) 20 nm; (d) 2 nm.

of the CF ligand in the B-Lg-CF complex-based fibrils, by the
presence of lattice fringes. It is also observed that the latter fibril
(with a typical diameter of above 2 nm) has CF ligands, ordered
along the main axis of the fibril and positioned in a way that
each ligand slightly overlaps the neighboring ligand.

3. Conclusions

In summary, in this work we prepared and structurally charac-
terized a series of B-Lg protein complexes, with variously shaped
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ligands having different electronic and photo-physical properties.
We have demonstrated that the resulted non-covalent complexes
of B-Lg can function as building blocks for the construction of
highly-doped fibrillar structures. These structures exhibited a
minimal perturbation in their architecture, as compared to the
fibrils formed by apo-fB-Lg (non-complexed protein).

It was demonstrated that f-Lg could serve as a versatile host
for a number of various ligands, allowing the generation of a
series of different B-Lg-based fibrils, with specific material prop-
erties. B-Lg was selected for our study as a key component having
intriguing properties. It is believed that in biological systems, the
calyx motif of B-Lg can survive (for some time) harsh conditions
of the digestive system, protecting its vitamin “payload”.

Our new “co-assembly” process takes advantage of these
special biochemical properties of the 3-Lg, which become very
handy for the construction of highly-doped fibrils, under low
pH and elevated temperature conditions. We assume that under
these conditions the protein transforms into its molten globule
state. Subsequently, the unfolded non-calyx residues (“tenta-
cles”) participate in the fibrillar self-assembly process, while the
calyx is still capable of retaining its ligand/dopant “payload”.

The comparison of material obtained by our “co-assembly”
method to the doped fibrils generated by the “post-assembly”
methodology clearly indicates that our bottom-up process leads
to new type of ordered materials. Specifically, a closer look at
the ligand ratios in the doped fibrils of B-Lg, prepared by the
co-assembly method, show that in our case these ratios are in
a good correlation with ligand-to-protein ratios found by us in
well-defined p-Lg-ligand complexes. Thus, we believe that our
co-assembly methodology allows ordered ligands’ incorporation
into fibrils.

The future goals of this research will include the preparation
of B-Lg complexes-based fibrils, carrying two or more different
ligands/dopants that could be utilized for the construction of
highly-resolved color-separated nano-taggants, diagnostic mate-
rials and optoelectronics components.

4. Experimental Section

Materials: The mixture of B-Lg A and B genetic variants, RA, and
PP were obtained from Sigma-Aldrich and used as supplied. CF was
synthesized according to previously reported methods.B3l All other
reagents were of analytical grade. HPLC-grade water and organic
solvents were used for all procedures and analyses.

Preparation of B-Lg Complexes with Various Ligands: Stock solutions of
B-Lg dimer (100 uM) in sodium phosphate buffer (50 mM, pH 7.2), PP
(100 mM) in acidic aqueous acetone (65% acetone in 0.8 M HCI), CF
(100 mM), and RA (100 mM) in DMSO were used for preparation of
p-Lg complexes and competitive binding studies. Typical complexation
mixtures contained 75 uM f-Lg and 750 uM ligand in sodium phosphate
buffer (50 mM, pH 7.2; with 0.8% of organic solvent). These mixtures
were incubated at 37 °C for 2 h with stirring and then at 10 °C overnight.
The complexation products were separated from non-complexed ligands
on a Sephadex G-25 gel-permeation column (PD-10, Pharmacia Biotech)
using sodium phosphate buffer (50 mM, pH 7.2) as an eluent.

Quantification of Protein and Ligand in B-Lg Complexes: The amount
of B-Lg protein in samples was quantified by Bradford protein assay
(BPA, BioRad). The amount of CF ligand in samples was determined
spectrophotometrically (at A, = 485 nm, € = 4,800 M~'cm™).126l The
amount of PP ligand in samples was determined spectrophotometrically
after acidification with concentrated HCl (to a total concentration
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of 0.8 M HCl), by measurement of protonated PP (at A, = 406 nm,
€ = 242,000 M~'em™).211 The amount of RA ligand in samples was
determined spectrophotometrically (at A, = 350 nm, & =
45,000 M~'em™), directly or after quantitative extraction with a mixture
of butanol and hexanes (1:1 v/v).[634

Size-exclusion Chromatography: All size-exclusion chromatography
(SEC) analyses were performed on an Agilent 1100 chromatograph
equipped with diode-array detector. The analyses of f-Lg dimer, its
complexes with RA, PP, and CF ligands and corresponding aggregates
were performed on a 4.6 mm x 30 cm TSK-gel Super SW2000 column
(Tosoh Bioscience) using a sodium phosphate buffer (150 mM sodium
phosphate, pH 7.2 with addition of 150 mM of sodium chloride) as an
isocratic eluent at 0.2 mL/min flow rate.

Dynamic Light ~Scattering: Particle size measurements were
performed at 25 °C using ALV-NIBS/HPPS particle size analyzer (ALV-
Laser Vertriebsgesellschaft). The particle size was calculated by the
auto-correlation function of the ALV sizer software. Typically, analyzed
solutions contained 50 UM concentrations of f-Lg dimer, PP, RA, or CF
ligand in sodium phosphate buffer (50 mM, pH 7.2). Prior to dynamic
light scattering (DLS) measurements, all mixtures of B-Lg complexes
and corresponding aggregates were brought to the total protein
concentration of 50 uM.

Docking Studies: The structure of B-Lg dimer used for docking
calculations was obtained by alignment of the p-Lg apo-protein
structure with opened EF loop (PDB ID 1BSY) onto the PDB ID 1BEB
structure.?33% The coordinates of RA and PP were obtained from the
crystallographic structures of B-Lg complexed with RA and ferrochelatase
with protoporphyrin IX (PDB ID 1GX9 and 2HRE, respectively).[**2]
Geometry structure optimization for the CF ligand was calculated by
Gaussian 03 software using the DFT method with B3LYP force field. The
docking calculations were performed by PatchDock algorithm without
using any a priori data that might indicate the putative ligands binding
sites.?2 The docking results were visualized with Swiss PDB Viewer
(SIB) and Chimera (UCSF) software.[*8!

Preparation of Fibrils Based on [3-Lg-ligand Complexes, Using Co-assembly
Methodology: To a solution of f-Lg dimer complex (2 mg/mL, T mL)
in a sodium phosphate buffer (50 mM, pH 7.2) aqueous HCl (1.0M)
was added dropwise to the final pH of 2.0 (approximately 10 mM final
concentration). Than the resulted solution was filtered through cellulose
filter (0.45 um, Minisart, Sartorius) and then heated to 80 °C and kept at
this temperature for 24-48 h in order to induce fibril formation.

High Resolution Scanning Electron Microscopy: All samples were prepared
by drop casting of the fibril solution on a 10 X 10 mm piece of a highly
doped silicon wafer (Silicon Quest). The surface was scanned by JSM-6700
Field Emission Scanning Electron Microscope operated at 5-10 kV.

Fluorescence Microscopy: The fibril samples were incubated overnight
in room temperature, the emission spectra and time lapse data were
taken with an Olympus upright microscope (BX51WI) fitted with an
EMCCD camera (Andor Ixon-885) and a x40 water immersion objective
(Olympus, LUMPLFL NA 0.8).

This setup allows the visualization of fibril on top of non-transparent
electrodes. Fluorescent excitation was provided via 120 W mercury lamp
(EXFO x-cite 120PC) coupled to dichroic mirror with a filter to match the
dye spectrum (Chroma T495LP). Camera control utilized Andor propriety
SOLIS software.

High Resolution Transmission Electron Microscopy: All specimens were
prepared by drop casting the fibril solution on top of an uncoated 2000
mesh copper grids (SPi) and examined by high-resolution transmission
electron microscopy (HRTEM), operated at 200 kV (Philips F20). The
structure evolution of the samples was recorded by an electron sensitive
video camera (Gatan 622 SC) at 25 frames per second and examined
frame by frame using Premiere software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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