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esogen forms isodesmic
assemblies promoted by peptides and induces
aggregation of a range of proteins†

Arizza Chiara S. Ibanez, Elaine Marji ‡ and Yan-Yeung Luk*

Disodium cromoglycate (50DSCG) belongs to a class of nonamphiphilic molecules that form nematic

chromonic liquid crystals in aqueous solutions. As the concentration increases, it is believed that the

molecules first form isodesmic assemblies in water, which further align to form liquid crystal phases.

However, the reports on isodesmic assemblies of 50DSCG have been scarce. Herein, we show that the

presence of peptides can promote the isodesmic assembly of 50DSCG over a broad range of

concentrations before reaching the liquid crystal phase. The presence of peptides can lower the 50DSCG
concentration in the aqueous solution to �1.5 wt% (from 11–12 wt%, forming a nematic liquid crystal

phase) for isodesmic assembly formation. This result indicates a demixing between 50DSCG and peptides

in aqueous solution. We further explored this demixing mechanism to precipitate a wide range of

proteins, namely, lectin A, esterase, lipase, bovine serum albumin, trypsin, and a pilin protein from

bacterium Pseudomonas aeruginosa. We found that 50DSCG caused the aggregation of all these proteins

except trypsin. These results, along with past findings, suggest that 50DSCG isodesmic assemblies have

the potential to assist in protein purification and crystallization.
Introduction

Liquid crystals (LCs) have been explored for biological studies
and applications.1–11 Among the different types of liquid crys-
tals, lyotropic chromonic liquid crystals are different from
conventional surfactant-based lyotropic liquid crystals as the
former consist of nonamphiphilic molecules assembled in
water and the assemblies further align to form LC phases.1,12–25

Due to the nonamphiphilic nature of the mesogen, the
assembly of the molecules does not proceed with the assembly
process of surfactants (conventional lyotropic liquid crystals).
Instead, it is believed to proceed with an isodesmic assembly
process,13–15,25–27 which is similar to a dynamic noncovalent
polymerization without a critical aggregation concentration or
a nucleation process.

Because the chromonic mesogen disodium cromoglycate
(50DSCG) does not have a well-separated oily and water-soluble
region within its structure, this molecule is benign to protein
folding and appears to be highly compatible for biological
applications and studies.10,11 The nematic phase of this mole-
cule in water has been used for studying surface-oriented
movement of bacteria for potential biosensing applications,2–7
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specic antibody–antigen binding,10 and protein crystalliza-
tion.11 Far below the LC phase concentration, at �0.14 wt%,
50DSCG has been demonstrated to promote the crystallization
of lysozyme.11 More surprisingly, this liquid crystal appears to
promote the binding between antigens and antibodies,10 while
other conventional surfactant-based liquid crystals do not
support antigen–antibody binding, presumably due to their
ability to denature proteins.

Many novel assembly properties have been observed for this
chromonic liquid crystal.15,17,18,20 However, it is surprising that
the observation and studies for the isodesmic assembly for this
class of liquid crystals are scarce,13,14,22,24 suggesting that the
concentration range for isodesmic assembly may be narrow.

In this study, we describe the effect of peptides in promoting
50DSCG to form isodesmic assemblies over a wide range of
concentrations, i.e., from 1.5 wt% to �11–12 wt%, at which the
LC phase is observed. We further studied the effect of non-ionic
polymers on promoting the isodesmic assembly of 50DSCG and
used 50DSCG to aggregate a range of proteins, including surface
appendage pili protein from Pseudomonas aeruginosa.
Experimental
Chemicals

Disodium cromoglycate (50DSCG) (98% purity) was obtained
from TCI Chemicals (Philadelphia, PA). Tryptone, yeast extract,
sodium chloride, Tris base, urea, lauryldimethylamine N-oxide
and poly(ethylene) glycol (PEG8000) were purchased from
This journal is © The Royal Society of Chemistry 2018
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Fisher Scientic (Fair Lawn, NJ) and were used to make Luria
Bertani media and buffers. All aqueous solutions were dissolved
in deionized water with resistivity greater than 18.2 MU cm or
deuterium oxide (D2O, 99.9%, Cambridge Isotope Laboratories,
Inc., Andover, MA). Casamino acids (Amresco, Solon, OH),
peptone (Bio Basic, Amherst, NY) and casitone (BD Biosciences,
MD) were also used. L-amino acids (L-glutamic acid, L-alanine, L-
arginine), polyvinylpyrrolidone (PVP, MW � 40 000), poly-
vinylalcohol (PVA, MW� 9000–10 000), poly-acrylamide (PAAm,
MW � 9000–10 000), poly(ethylene) glycol (PEG4000), and
proteins (lectin A, esterase, lipase, bovine serum albumin and
trypsin) were purchased from Sigma Aldrich (St. Louis, MO).
Pseudomonas aeruginosa strain PA1244N3 (pPAC46) was ob-
tained from Dr Castric and Dr Horzempa.28,29

Isodesmic assembly of disodium cromoglycate (50DSCG)

Deionized water was used to prepare all solutions. 50DSCG was
prepared in Luria Bertani (LB) media (1 wt% tryptone, 1 wt%
sodium chloride, 0.5 wt% yeast extract) or mixed with additives
including peptides (peptone, casitone, and casamino acids),
amino acids (L-glutamic acid, L-alanine, and L-arginine), and
urea, and non-ionic polymers, namely, polyvinylpyrrolidone
(PVP, MW � 40 000), polyvinylalcohol (PVA, MW � 9000–
10 000), and poly-acrylamide (PAAm, MW � 9000–10 000). The
optical density at 600 nm (OD600) of each solution was
measured in triplicate using a Biotek ELx800 Microplate
Reader.

1H NMR spectroscopy measurements

Stock solutions of 50DSCG were prepared and dissolved in either
deionized water or LB media (1 wt% tryptone, 1 wt% sodium
chloride, 0.5 wt% yeast extract). The stock solutions were
diluted with the same solvent (deionized water or LB media) to
prepare 1 mL-solutions with the nal concentrations of 1.5 and
2.5 wt% 50DSCG. The 1 mL-solutions were lyophilized overnight
to remove H2O. The resulting powder was dissolved in 1mL D2O
to maintain the same 50DSCG concentration of 50DSCG. 1H
NMR spectroscopy measurements were performed on a 400
MHz Bruker spectrometer.

Pilin expression

Pseudomonas aeruginosa mutant strain PA1244N3 carrying
pPAC46 plasmid containing the pilA gene (encoding for pilin
protein)28,29 were grown overnight on 1.5 wt% agar and treated
with tetracycline (50 mg mL�1) and carbenicillin (200 mg mL�1)
at 37 �C. A single colony from the plate was inoculated overnight
in LB media (1 wt% tryptone, 1 wt% sodium chloride, 0.5 wt%
yeast extract), and then treated with the same concentrations of
tetracycline and carbenicillin at 37 �C with shaking at 250 rpm.
The overnight culture was grown in 200 mL LB media treated
with the same concentrations of tetracycline and carbenicillin
and then, pilin expression was induced by adding isopropyl b-D-
1-thiogalactopyranoside (ITPG) to a nal concentration of
1 mM. The culture was grown overnight at 37 �C with shaking at
250 rpm. Pilin protein was sheared off the bacterial cells by
spinning the culture at 4000 rcf for 30 min at 4 �C. The cells
This journal is © The Royal Society of Chemistry 2018
were discarded, and the supernatant containing pilin was
collected and lyophilized overnight. The resulting powder was
dissolved in 25 mM Tris buffer (pH ¼ 7.5), injected in a pre-
hydrated 10 k MWCO Slide-A-Lyzer dialysis cassette, and dia-
lyzed in the same Tris buffer at 25 �C for 2 h twice. The last
dialysis was performed overnight at 4 �C. The dialyzed protein
solution was then lyophilized overnight. Purity of the protein
was checked by SDS PAGE analysis with a 15% separating gel
and 4% stacking gel.
Truncated pilin expression and purication

The pPAC46 plasmid containing the pilA gene was extracted
from PA1244N3 (pPAC46) using the PureLink™ Quick Plasmid
Miniprep Kit from Invitrogen. Polymerase chain reaction (PCR)
was performed to clone the truncated pilA gene, removing the
DNA base pairs encoding the rst 37 amino acid residues of the
pilin protein from the N-terminus. The PCR product from the
full-length pilin plasmid was obtained using the following
primers: forward: 50-CAGGTGACCCGTGCCGTGAGTG-30 and
reverse: 50TTAGGATTTCGGGCAATTAGCCGGAG-30. The trun-
cated pilA gene was ligated in the pET SUMO vector to produce
a SUMO–pilin construct. The sequence of the puried plasmid
was checked by sequencing to ensure no errors. The SUMO–
pilin plasmid was transformed in Escherichia coli BL21 cells by
heat-shock method. The transformed BL21 cells were plated on
a LB agar (3 wt%) plate treated with kanamycin (50 mg mL�1),
and then incubated overnight at 37 �C. A single colony was
picked and inoculated overnight in 20 mL LB media with
kanamycin (50 mg mL�1). The BL21 overnight culture was grown
in 1 L LB media with the same concentration of kanamycin.
Truncated pilin expression was induced by adding IPTG to
a nal concentration of 0.5 mM when the culture reached an
OD600 of �0.6. The culture was grown overnight at 18 �C with
shaking at 250 rpm. Bacteria cells were harvested by centrifu-
gation for 30 minutes at 4000 rcf at 4 �C. Extraction and puri-
cation of the protein was performed by resuspending the
bacterial cells in lysis buffer (25 mM Tris, 100 mM NaCl, 20 mM
imidazole, 10% glycerol, 0.1% lauryldimethylamine N-oxide, pH
¼ 7.5) and sonicated with 20 s pulses for 15 min. The sonicated
cells were centrifuged for 30 min at 20 000 rcf at 4 �C. The
supernatant (containing SUMO–pilin) was subjected to a Ni-
NTA (nickel nitrilotriacetic acid) agarose affinity column and
eluted with elution buffer (25 mM Tris, 100 mM NaCl, 250 mM
imidazole, pH ¼ 7.5). Fractions containing protein were
collected and concentrated to �2 mL using a Millipore
centrifugal lter concentrator 10 k MWCO. The concentrated
protein was buffer exchanged with SUMO buffer (50 mM Tris,
50 mM NaCl, pH ¼ 8.0), concentrated to �2 mL. The SUMO tag
was cleaved by adding 0.5 mM EDTA, 1 mM DTT and SUMO
protease (200 : 1 protease : protein) and incubated at 30 �C for
3 h. The SUMO buffer was then exchanged with storage buffer
(25 mM Tris, 100 mMNaCl, pH¼ 7.5) to remove DTT and EDTA.
Fractions containing protein were collected and concentrated.
The cleaved truncated pilin was eluted through the Ni-NTA
column, and the process was completed with a nal buffer
exchange with the storage buffer. Fractions containing the
RSC Adv., 2018, 8, 29598–29606 | 29599
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Fig. 2 Optical density (OD600) measurements versus the concentra-
tions of 50DSCG in deionized water and in LB medium. Arrows indicate
the concentrations at which the liquid crystal (LC) phase forms.
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protein were collected and concentrated, and the nal protein
concentration was checked by UV-Vis absorption spectroscopy
at 280 nm (A280). Purity of the protein was analyzed by SDS PAGE
using a 15% separating gel and 4% stacking gel.

Hanging drops precipitation of proteins

Proteins (lectin A, esterase, lipase, bovine serum albumin,
trypsin, and whole and truncated pilin proteins from P. aeru-
ginosa) were prepared in 25 mM Tris (pH ¼ 7.5) at varying
concentrations. Reservoir solutions were prepared individually
with different concentrations of NaCl or 50DSCG in the same
buffer (25 mM Tris, pH ¼ 7.5). Both protein and reservoir
solutions were passed through a 0.2 mm syringe lter to remove
any impurities. Hanging drops were prepared by mixing equal
volumes (2.5 mL each) of the ltered protein and reservoir
solutions and suspending them as inverted drops on a coverslip
over a well with 350 mL reservoir solution. Aggregation in the
drops was observed within 5–15 days of incubation at ambient
temperature.

Results and discussion

Additives such as ions and water-soluble organic molecules can
have an impact on the transition concentration of 50DSCG from
isotropic solutions to nematic liquid crystal phases.13,17,23,30–32

The isodesmic assembly formation is predicted to be a step
towards the formation of the LC phase as these isodesmic
assemblies align in solution.13,14,27 However, the extensive
studies and characterization of these isodesmic assemblies are
lacking. Some studies showed the assembly of 50DSCG mole-
cules form small noncovalent oligomers, which is consistent
with the formation of isodesmic assemblies.18,33 Herein, we
discovered a simple system containing chemical additives that
promoted the formation of large and readily detectable iso-
desmic assembly of 50DSCG (Fig. 1).

Components of Luria Bertani media promote the isodesmic
assembly of 50DSCG

To explore potential biological applications using 50DSCG
phases, we rst conducted a study on the effect of Luria Bertani
(LB) media for culturing bacteria (1 wt% tryptone, 1 wt%
sodium chloride, 0.5 wt% yeast extract) on the assembly and
Fig. 1 Schematic of the formation of an isodesmic assembly of
50DSCG, induced by chemical additives.

29600 | RSC Adv., 2018, 8, 29598–29606
phase property of 50DSCG. Initial studies show that LB media
caused 50DSCG to form nematic phases at a lower concentration
than in deionized water (8 wt% rather than 11 wt%) (Fig. S1,
ESI†), suggesting that the components of LB media induced the
assembly of 50DSCG in aqueous solution. Further study of the
isotropic solutions of 50DSCG in LB media led to the discovery
that isodesmic assemblies of 50DSCG can be readily measured
by the light scattering of the solution via the absorbance at
600 nm (OD600). Measuring OD600 is commonly used for
measuring bacteria densities via light scattering of the bacterial
cells. Isodesmic assemblies, if existing, comprise different
oligomers and polymers in equilibrium.13–15,25,27 Light scattering
of the solution provides a readily accessible method to detect
the presence of these isodesmic assemblies in solution.

Measurement of the optical density OD600 revealed the
formation of assemblies of 50DSCG. The OD600 of 50DSCG in
deionized water did not change signicantly until the concen-
tration reached the transition to form the liquid crystal phase
(11–12 wt%). However, in LB media, the OD600 readings
increase rapidly at a concentration starting at around 1.5 wt% of
50DSCG, and then reaching a plateau at around �3.5 wt%
(Fig. 2). These low concentrations are of a large contrast to the
nematic concentrations of 50DSCG in water (11–14 wt%).
Between the saturation of the OD600 at around 3.5 wt% and the
appearance of liquid crystals at around 8 wt%, we believe that
this concentration range is saturated with isodesmic assemblies
of increasing sizes and not with increasing number of
assemblies.

To conrm that the rise in the OD600 readings is due to the
assembly of 50DSCG in LB media rather than the aggregation of
LB components, we studied the proton NMR spectra of the
50DSCG in D2O and in LB media (Fig. 3). Proton (1H) NMR has
been used to study 50DSCG assembly in solution.33 The self-
assembly of 50DSCG results in the slow diffusion of the mole-
cules and causes the proton peaks to broaden in the 1H NMR
spectra. Furthermore, an upeld shi is usually observed due to
the protons being shielded, resulting from intramolecular
assembly.15,18,33 These results enable a direct correlation
between assembly characteristics and the identity of molecules
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 1H NMR spectra of 1.5 wt% 50DSCG without (A) and with (B) LB
components, 2.5 wt% 50DSCG without (C) and with (D) LB compo-
nents, and (E) LB components in D2O. The protons of 50DSCG and
peak assignments are labelled in red.

Fig. 4 NOESY spectra of 2 wt% 50DSCG with (A) and without (B) LB
components in D2O.With LB, cross peaks 1, 2, and 5 are intermolecular
NOEs, and 3 and 4 are a mixture of inter- and intramolecular NOEs.
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that assemble in isotropic solutions. We prepared samples of
1.5 wt% 50DSCG and 2.5 wt% 50DSCG with and without LB
components in D2O (see Experimental section) as well as with
only LB components in D2O. The presence of LB components
(1 wt% tryptone, 1 wt% sodium chloride, 0.5 wt% yeast extract)
caused the proton signals of 50DSCG to broaden and shi
upeld. When LB components were present in 1.5 wt% 50DSCG,
the isopropyl linkage protons He and Hf at 4.38 and 4.49 ppm
were shied upeld to 4.30 and 4.47 ppm, respectively. The
aromatic protons Hd, Ha, Hc and Hb at 6.52, 6.90, 6.99 and
7.57 ppm shied upeld to 6.49, 6.85, 6.92 and 7.52 ppm,
respectively. At this concentration (1.5 wt% of 50DSCG), no
signicant broadening of the peaks was observed due to the
presence of LB components, but a new splitting ne structure of
He was observed, suggesting a change in the molecular
conformation. In contrast, for 2.5 wt% 50DSCG with LB
components, we observed signicant broadening and upeld
shis in the peaks as compared to that without LB components.
The isopropyl linkage protons He and Hf shied upeld from
4.33 and 4.47 ppm to 4.24 and 4.45 ppm, respectively, while the
aromatic protons Hd, Ha, Hc and Hb at 6.50, 6.87, 6.94 and 7.54
shied upeld to 6.43, 6.80, 6.85 and 7.47 ppm, respectively.
These results are consistent with the molecular aggregation of
50DSCG33 and indicate that presence of LB components has
caused assembly of 50DSCG at concentrations as low as 1.5 wt%.
There was no noticeable peak broadening of the LB components
with or without the presence of 50DSCG.

The observed peak broadening and shis are consistent
with the formation of slow tumbling assemblies of 50DSCG in
the solution. The past study by Robinson et al. showed that the
proton NMR signals of 50DSCG broaden and shi upeld
rapidly from concentrations of 1 wt% to about 6 wt%.33 Beyond
6 wt%, the peak broadening starts to plateau; however, the
peaks continue to shi upeld. They suggested that the rapid
peak broadening was caused by the formation of 50DSCG
oligomers that are not micelles, and that the slow tumbling at
concentrations above 6 wt% was due to large micelle-like
aggregates. Our results using light scattering revealed that in
pure water, no signicant optical density reading was observed
until the concentration of 50DSCG reached 12 wt%. We believe
This journal is © The Royal Society of Chemistry 2018
that the light scattering measurement is sensitive to large
molecular assemblies, whereas NMR is sensitive to small
molecular assemblies that lead to reduced molecular
dynamics. Interestingly, we observed that the presence of LB
components caused the optical density reading to increase
when the concentration of 50DSCG was as low as 1.5 wt%
(Fig. 2). This result suggests that the presence of certain
components in the LB media promotes readily detectable and
large isodesmic assemblies, whereas without the presence of
additives, 50DSCG may only progressively form small oligo-
mers. Collectively, these results indicated that LB components
have a signicant impact on promoting 50DSCG to form large
aggregates in water, and these aggregates did not form the
liquid crystal phase until about 8 wt%. We note that the ne
structure (splitting pattern) of the 1H NMR signal of the
methylene unit of the isopropyl linkage (He) is more collapsed
with the presence of LB components (Fig. 3B) than without LB
(Fig. 3A). When the concentration of 50DSCG is increased in
water without LB components, we also observed a similar
collapse of the ne structure (Fig. S2, ESI†). These results
suggest that there is a change in the average conformation of
the molecule when the molecules are in the assembly as
compared to when they are individually solvated in solution.
However, the presence of LB components only lowers the
concentration of assembly formation without causing
a signicant difference to the assembly structure formed in
water without LB components.

To explore the assembly structure of 50DSCG, we studied the
nuclear overhauser effect (NOE) of the sample with and without
LB components. On examining the NOESY spectra of 50DSCG
(2 wt%) with LB components, we did not observe any NOE
signals between the LB components and the 50DSCG molecules
(Fig. S3, ESI†). This result suggests that there is no direct
molecular interaction (within 5 Å) between 50DSCG and LB
components.

On comparing the NOESY spectra of 2 wt% 50DSCG with and
without LB components, we observed additional NOE cross
peaks for 50DSCG when LB components were present (Fig. 4A, B
and S4, ESI†) between the isopropyl linkage protons (He and Hf)
and the aromatic protons (Hd, Ha, Hc, and Hb), which were not
present in the sample without LB components. Furthermore,
although an NOE cross peak between He and Ha is observed for
Without LB, cross peaks 3 and 4 are intramolecular NOEs.

RSC Adv., 2018, 8, 29598–29606 | 29601
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both samples, this NOE cross peak has the same phase (with
respect to the diagonal) for the sample with LB components and
the NOE cross peak has an opposite phase (with respect to the
diagonal) for the sample without LB. NOE cross peaks having an
opposite phase (with respect to the diagonal) are indicative of
a fast dynamic of the conformational changes. Collectively,
these results indicate that without LB components, the NOE
cross peaks that have the opposite phase arise due to the
intramolecular interaction between protons He and Ha within
a 50DSCG molecule. With LB components, cross peak 1 of
protons Hf and Hd, cross peak 2 of protons He and Hd, and cross
peak 5 of He and Hb are intermolecular NOE transfers between
stacked 50DSCG molecules, whereas cross peak 3 of protons Hf

and Ha/Hc and cross peak 4 of protons He and Ha/Hc result from
a mixture of intermolecular and intramolecular NOE signals.

To conrm the nature of isodesmic assembly, we studied
NOESY as a function of temperature. We rst established that
the assemblies “melted” at a relatively low temperature (�31–33
�C). We then plotted the NOE cross peak intensities of the
protons of 50DSCG (Fig. 5A–E) as a function of temperature
between ambient conditions (21 �C) and complete melting of
the assembly. In general, we observed that as the temperature
was decreased from 33 �C (when there was no intermolecular
NOE observed), the intermolecular NOEs emerged and their
intensities increased. Because cross peak 2 represents solely the
NOE between the stacked molecules, this signal is an indication
of the assembly progression. Plotting the intensity of cross peak
2 versus temperature (Fig. 5F) reveals a concave curve rather
than a convex curve. We note that plots of intensity versus
temperature for all the observed NOE signals from 50DSCG
exhibited a concave shape (Fig. S5, ESI†). This concave relation
Fig. 5 NOESY spectra of 2 wt% 50DSCG with LB components at
different temperatures: 21 �C (A), 27 �C (B), 29 �C (C), 31 �C (D), and
33 �C (E). Plot of intensity of NOE cross peak 2 vs. temperature (F).

29602 | RSC Adv., 2018, 8, 29598–29606
supports that the disassembly process is gradual rather than
cooperative, and is consistent with an isodesmic assembly or
disassembly process.

Peptides promote the isodesmic assembly of 50DSCG

LB media consists of 1 wt% tryptone, 1 wt% sodium chloride,
and 0.5 wt% yeast extract. The tryptone and yeast extracts are
mixtures of mainly peptides. We examined each of these three
components individually to determine which component
promoted the isodesmic assembly of 50DSCG. At 7 wt% in water,
50DSCG alone does not give a signicant OD600 reading. Adding
each LB component at this 50DSCG concentration can poten-
tially induce the formation of 50DSCG isodesmic assemblies,
leading to measurable optical densities (absorbance at 600 nm).
We found that mixing 7 wt% 50DSCG with tryptone or yeast
extract caused an increase in OD600 readings, but at higher
concentrations than those in LB media. LB media contains
1 wt% of tryptone and 0.5 wt% of yeast extract. For tryptone
alone, we observed an increase in OD600 only when the tryptone
concentration reached 3 wt%. For yeast extract alone, we
observed an increase in OD600 only when the concentration
reached 2 wt% (Fig. S6, ESI†). Sodium chloride did not cause an
increase in the OD600 readings. These results led us to believe
that peptides caused a demixing with 50DSCG, which further
promoted 50DSCG to form isodesmic assembly, while other ions
only play a secondary role in assisting the demixing between
peptides and 50DSCG.

We also tested peptone and casitone, which are similar
peptide mixtures to tryptone used for culturing bacteria. Adding
these peptide mixtures at similar concentrations as tryptone in
LB media (�1 wt%) to a range of 50DSCG concentrations
revealed that these peptides also promoted the isodesmic
assembly of 50DSCG (Fig. 6). We observed a similar light scat-
tering trend between the LB components (Fig. 2) and other
peptides when they were added to a range of 50DSCG concen-
trations. The addition of tryptone caused the OD600 readings to
increase at 2 wt% 50DSCG and remained at a similar OD600

(�0.2) for the rest of the high concentrations we studied. For
peptone and casitone, the OD600 readings started to increase at
2 wt% of 50DSCG until reaching a plateau at around 6 wt% of
Fig. 6 Optical density (OD600) measurements of the solutions con-
taining 1 wt% peptide mixtures (peptone, casitone, and tryptone)
mixed with different concentrations of 50DSCG. The arrow indicates
50DSCG concentration at which the liquid crystal (LC) droplets appear.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Optical density (OD600) measurements of solutions containing
3 wt% 50DSCG mixed with different concentrations of peptides: casi-
tone, peptone, and tryptone.

Fig. 8 Optical density (OD600) measurements of solutions containing
7 wt% 50DSCG mixed with different concentrations of non-ionic
polymers: polyvinylalcohol (PVA, Mw � 9000–10 000), poly-vinyl-
pyrrolidone (PVP, Mw � 40 000), and poly-acrylamide (PAAm, Mw �
9000–10 000). Arrows indicate the polymer concentrationmixedwith
7 wt% 50DSCG at which the liquid crystal (LC) droplets appear.
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50DSCG. Overall, these results show that among the LB media
components, peptides are the primary cause for promoting
assemblies of 50DSCG in water that are detectable by light
scattering.

While 1 wt% of these peptide mixtures promoted the
aggregation signal of 50DSCG differently, we explored the effect
of different concentrations of peptide mixtures on a xed
amount of 50DSCG (Fig. 7). We observed that the addition of
increasing concentrations of peptides (peptone, tryptone, or
casitone) to 3 wt% 50DSCG caused the formation of isodesmic
assemblies detectable by OD600 measurements. The amount of
peptide needed ranges between 2 wt% and 4 wt% (peptone at
�2 wt%, casitone at �3 wt%, and tryptone at �4 wt%). These
results suggest that effect of peptides on 50DSCG is quite
general.

Collectively, we believe that these results indicate a demixing
process between the peptides and 50DSCG molecules in solu-
tion. As the assemblies of 50DSCG stay in solution rather than
forming precipitates, we believe that water molecules are
sequestered and bound to the assemblies for the solvation of
the assemblies in water. Thus, the presence of peptides
(�1 wt%) causes the transition of 50DSCG (individual) /

50DSCG (isodesmic assembly) in aqueous solution. To further
conrm that peptides are the primary components that enabled
the assembly of 50DSCG, we tested the components, including
individual amino acids, salts, and urea, and found that none of
these small molecules promoted the isodesmic assembly of
50DSCG in solution (Fig. S7, ESI†).
Table 1 Correlation between the effect of polymers on 50DSCG
assembly and the types of liquid crystal droplets promoted by the
polymers

Isodesmic
assemblya Droplet shapeb

Assembly orientation
in dropletsc,d

PVP Yese Sphericalc Perpendicularf

PVA Yese Sphericald Perpendicularf

PAAm No Ellipsoidald Parallelf

a By optical density measurement. b Shape of the water-based liquid
crystal droplets in a polymer aqueous solution. c See ref. 23. d See ref.
13. e Mixed with liquid crystal droplets. f To the surface of the droplets.
Non-ionic polymers do not promote 50DSCG to form isolated
isodesmic assemblies

We have previously shown that certain non-ionic water-soluble
polymers, such as polyvinylpyrrolidone (PVP), polyvinylalcohol
(PVA), and poly-acrylamide (PAAm), when mixed with 50DSCG,
can cause a water-in-water emulsion, for which 50DSCG
assemblies align to form water-based LC droplets in aqueous
solution.15,17 Herein, we studied the effect of the three non-
ionic polymers (PVP, PVA and PAAm) on the isodesmic
assembly formation of 50DSCG. The non-ionic polymers were
mixed with isotropic solutions of 50DSCG (7 wt%) and the
This journal is © The Royal Society of Chemistry 2018
optical density (OD600) was measured as a function of the
polymer concentration (Fig. 8). At 7 wt% 50DSCG, we recorded
the OD600 of the 50DSCG/polymer mixtures when the PVP
concentration reached 8 wt% and PVA concentration reached
4 wt%. LC droplet phases were also observed at around these
concentrations, indicating that the promotion of isodesmic
assemblies is likely accompanied with the formation of LC
phases and that there is a narrow range of concentrations over
which only isodesmic assembly forms. Interestingly, over
a broad range of concentrations studied (0–12 wt%), PAAm did
not cause any signicant increase in OD600 readings when
mixed with 7 wt% of 50DSCG (Fig. 8). Moreover, we also tested
the effect of non-ionic polymers on 3 wt% 50DSCG, and no
measurable isodesmic assembly was detected (Fig. S8, ESI†).
We note that the liquid crystal phases mixed with isotropic
solution was observed at 4 wt% and 5 wt% of PVA and PVP,
respectively, which contributed to the large errors of the
scattering at higher concentrations.

Furthermore, we note that there is a correlation between
the ability of a polymer to promote isodesmic assembly and
the type of liquid crystal droplet that forms. Polymers PVP and
PVA promoted isodesmic assemblies of 50DSCG (along with
liquid crystal droplets) at relatively low concentrations,
whereas PAAm did not promote isodesmic assembly. PVP and
PVA cause spherical liquid crystal droplets with 50DSCG
RSC Adv., 2018, 8, 29598–29606 | 29603
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assemblies that align perpendicular to the droplet surfaces,
whereas PAAm causes ellipsoidal droplets with the assemblies
aligned parallel to the droplet surfaces (Table 1).
Fig. 9 Pilin aggregates induced by different precipitants in hanging
droplets. The droplets (5 mL) contained (A) 0.15 wt% 50DSCG and 50mg
mL�1 pilin, (B) 0.375 wt% 50DSCG and 5 mg mL�1 pilin, (C) 0.625 wt%
50DSCG and 25 mg mL�1 pilin, (D) 0.5 wt% NaCl and 10 mg mL�1 pilin,
and (E) 1.5 wt% PEG8000 and 5 mg mL�1 pilin. The reservoir solution
contained 350 mL of (A) 0.30 wt% 50DSCG, (B) 0.75 wt% 50DSCG, (C)
1.25 wt% 50DSCG, (D) 1 wt% NaCl, and (E) 3 wt% PEG8000. Hanging
drops kept at ambient temperature were observed over 5–15 days. All
solutions were prepared using 25 mM Tris buffer, pH¼ 7.5. Scale bar¼
380 mm.
Protein aggregation induced by 50DSCG

We examined the effect of the presence of proteins on the
assembly behaviour of 50DSCG. The proteins have lower solu-
bility than peptides and readily cause foaming when concen-
tration increases. At the usual operable concentrations of
proteins (0.5 to 5 mg mL�1, or 0.05 to 0.5 wt%), we did not
observe any promotion of isodesmic assemblies that was
detectable by scattering. However, the formation of isodesmic
assemblies of 50DSCG in the presence of peptides does suggest
a demixing process between the two components. In a previous
study,11 we have shown that 50DSCG at a low concentration
(�0.14 wt% or �2.74 mM) caused the crystallization of lyso-
zyme. Furthermore, 50DSCG appears to be non-disruptive to
protein folding by being able to facilitate the specic recogni-
tion and binding between proteins and their antibodies.10

Based on these observations, we explore the use of 50DSCG to
precipitate or crystallize a range of different proteins in
solution.

Chemical agents that can precipitate or aggregate proteins
are critical for protein crystallization;34–42 yet, there is no theo-
retical or empirical set of rules to guide the choice of precipi-
tants in crystallizing a specic protein. For this reason,
chemical screening kits have been developed to screen for large
sets of reagents and conditions for protein crystallization.34–38

Surprisingly, poly(ethylene glycol) (PEG) is oen one of the
major components for these kits and research.34–37 PEG does not
denature proteins and presumably excludes proteins in the
solution.39–41 Other non-denaturing chemicals such as cyclo-
dextrins have also been used as nucleants for seeding protein
aggregates and crystals.42 For this consideration, we note that
50DSCG also does not denature protein folding.10 Furthermore,
it appears that using PEG as a precipitant for protein crystalli-
zation requires a higher concentration range (�5–45 wt%)35–39

compared to 50DSCG shown in this study (see below). Herein,
we examined the effect of 50DSCG on the aggregation or crys-
tallization of a range of proteins, including lectin A, esterase,
lipase, bovine serum albumin, trypsin and a pilin monomer
from Pseudomonas aeruginosa as well as the truncated version of
the pilin protein monomer.

Pilin is a general class of proteins comprising an a-helix and
a b-sheet domain. These proteins are collected and assembled
inside the bacteria and extended (and retracted) as appendages
on the surface of the bacteria. The appendage consists of
circular assemblies of 4–5 pilin monomers that linearly stack on
top of each assembly. These appendages can extend and retract
in response to chemical signals or environmental stimuli and
are responsible for a wide range of the biological function of
bacteria including swarming motility, twitching motility,
recognizing sugar moieties (asialo-GM1) on mammalian cells,
and the hydrophobic surface of abiotic surfaces.43–52 Vaccine
development has also been explored for this class of
proteins.47–49
29604 | RSC Adv., 2018, 8, 29598–29606
Because of the importance of this class of proteins, vaccine
development has been explored for these proteins, and several
crystal structures of pilin exist,49–52 most of which are of the
truncated versions of pilin.49,51,52 Moreover, the crystal struc-
tures of ligand-bound pilin complexes are yet to be conrmed.
Castric and Horzempa, along with earlier groups, expressed the
whole pilin protein28,29 and precipitated it with poly(ethylene
glycol) (PEG8000).29,53 Unfortunately, PEG8000 cannot be easily
removed aer pilin is precipitated from the culture media. It is
believed that PEG8000 molecules wrap around each pilin
protein. Consequently, the presence of PEG8000 hinders most
structure–function characterization of pilin. We thus expressed
and puried a truncated version of the pilin from P. aeruginosa
by removing the rst 37 amino acids from the N0-terminus (see
Experimental section) for two reasons. First, expressing trun-
cated pilin uses conventional nickel affinity chromatography
(Ni-NTA column) for purication, eliminating the need of
PEG8000 in the purication process. Second, the truncated
pilin still retains its putative ligand-binding site on the protein
upon removal of the hydrophobic N-terminal a-helix, but
presents a more compact structure for crystallization
studies.49,51,52

Using hanging droplet setups and over the course of 5–15
days, we observed that the presence of 50DSCG causes all
proteins, except trypsin, to form aggregates (Fig. S8, ESI†). In
parallel, we also studied the effect of using sodium chloride in
place of 50DSCG at different concentrations. We found that
sodium chloride is less capable of aggregating proteins; trun-
cated pilin, trypsin and BSA did not form aggregates under the
conditions we studied. A general feature of using 50DSCG to
aggregate or precipitate proteins is that only relatively low
concentrations of 50DSCG are required. Particularly, various
concentrations of less than 1 wt% of 50DSCG induced aggrega-
tion of the pilin protein (Fig. 9 and Table S1†). These pilin
aggregates differ from other protein aggregates in two charac-
teristics (Fig. S9, ESI†). First, there are branches extending from
the center of the aggregation; second, there is a dark circular
region surrounding the aggregate. We observe the same aggre-
gate morphology for pilin when varying concentrations of
50DSCG or sodium chloride were used (Fig. 9D). We believe that
the dark region represents a concentrated solution of pilin
protein.
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Truncated pilin aggregates induced by different precipitants in
hanging droplet. The droplets (5 mL) contained 0.375 wt% 50DSCG &
5mgmL�1 truncated pilin, without polarizer (A), and under cross polars
(B); 0.625 wt% 50DSCG & 1 mg mL�1 truncated pilin, without polarizer
(C), and under cross polars (D); 1.25 wt% 50DSCG & 5 mg mL�1 trun-
cated pilin, without polarizer (E), and under cross polars (F); 0.15 wt%
50DSCG & 0.375 wt% NaCl & 2.5 mg mL�1 truncated pilin without
polarizer (G) and under cross polars (H) and 25 wt% PEG4000 & 1 mg
mL�1 truncated pilin without polarizer (I). The reservoir solution con-
tained 350 mL of (A and B) 0.75 wt% 50DSCG, (C and D) 1.25 wt%
50DSCG, (E and F) 2.5 wt% 50DSCG and (G and H) 0.3 wt% 50DSCG &
0.75 wt% NaCl, and (I) 50 wt% PEG4000. Hanging drops kept at
ambient temperature were observed over 5–15 days. All solutions
were prepared using 25 mM Tris buffer, pH ¼ 7.5. Scale bar ¼ 76 mm.
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For the truncated pilin, we observed birefringent crystalline
aggregates induced by 50DSCG (Fig. 10). Notably, the crystalline
aggregates are smaller when a higher 50DSCG concentration is
used as a precipitant (Fig. 10C and D vs. Fig. 10E and F). No
aggregates were observed when sodium chloride was used to
aggregate the truncated pilin. However, when sodium chloride
was added with 50DSCG, the aggregates had smaller domains of
birefringence and appeared to be more compact and poly-
crystalline (Fig. 10G and H). In contrast, although PEG also
induced the formation of aggregates for pilin and truncated
pilin, the aggregate morphology is considerably different than
those induced by 50DSCG. The aggregates induced by PEG are
thread-like and spread out with aqueous solution in between
the threads (Fig. 9E and 10I). These results, together with those
from past studies,10,11 suggest that 50DSCG is a potent agent for
inducing protein aggregation, and when combining with other
chemicals, has the potential to induce protein crystallization.
Conclusions

We have demonstrated that measuring the light scattering
(OD600) of a solution is highly effective for detecting the iso-
desmic assemblies of chromonic mesogens. We found that the
presence of peptides can promote the formation of isodesmic
assemblies at low concentrations of 50DSCG (as low as
1.5 wt%). The isodesmic assembly of 50DSCG in solution is
corroborated by the chemical shi changes and peak broad-
ening of proton NMR signals of 50DSCG. Water-soluble non-
ionic polymers, PVP, PVA and PAAm, demix with 50DSCG and
promote 50DSCG to form LC droplet phases but do not
promote isolated isodesmic assemblies. With this general
demixing observation between 50DSCG and other water-
soluble molecules, we demonstrated that 50DSCG also
caused the aggregation of a wide range of proteins and has the
potential to be a potent protein precipitant for enabling
protein crystallization.
This journal is © The Royal Society of Chemistry 2018
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