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Self-assembly of a cholesteryl-modified nucleoside
into tubular structures from giant unilamellar
vesiclesT

Luisa Losensky,? Salvatore Chiantia,® Gudrun Holland,” Michael Laue,® Anca Petran,©
JUrgen Liebscher® and Anna Arbuzova™*?

We recently reported the formation of micro- and nanometer thick tubules in a binary system of
cholesteryl-modified aminouridine and a phosphatidylcholine in aqueous solution upon cooling from
70 °C to room temperature (Pescador et al., Chem. Commun, 2010, 46, 5358). To better understand
the first steps of the tubular self-assembly and the role of the phospholipid, we investigated now
morphological changes of phosphatidylcholine giant unilamellar vesicles upon incorporation of the
conjugate at room temperature. We observed formation of needle-like structures organized in rosettes
or bundles within hours to days depending on the mole fraction of the conjugate and preparation
technigue. Transmission electron microscopy revealed that the needle-like structures were 100-200 nm
thick tubules with the inner lumen diameters of 15-40 nm. The tube self-assembly occurred at room
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Introduction

Self-assembly of amphiphilic molecules into micelles, vesicles,
sheets, or tubular structures are governed by an interplay of
hydrophobic interactions, hydrogen bonding, stacking, struc-
ture (form, chirality) of the molecules, and interaction with the
solvent."” The pseudo one-dimensional needle-like and tubular
structures are of particular interest, as they are not only found
in nature, e.g. cholesterol (Chol) needle-like crystals in bile and
atherosclerotic plaques,®” but can be also used for different
applications, e.g. as templates for inorganic nanotubules and
wires, drug-delivery systems, single-molecule sensing, cleaning
of water,**® and for structuring of edible oils to margarine.™

Different mechanisms were suggested for the formation of
the tubular structures: rolling of membrane sheets, fusion of
vesicles, growth of helical structures in width or decreasing
pitch."** However, the mechanism of the tubular structure
assembly is still not well understood; especially as different
assembly mechanisms were found in binary systems depending
on the molar ratio of the components.**

Both cholesterol and nucleoside derivatives were reported to
self-assemble into needles, helices, tubular structures, or
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temperature, which is important for further development of biomedical applications.

vesicles.'®*'® Sharp needle-like crystals, micrometer-sized
helices, and tubules mostly made of cholesterol were found in
both patient samples and model bile mixtures.®'”** A native bile
salt component, sodium lithocholate, was found to form single
molecular layer tubes with diameters about 50 nm." Lith-
ocholic acid formed tubules in aqueous solution of pH 12 with a
continuous growth of the tubules as long as vesicles were
present.”* Chemically modified bile salts, e.g. a sodium cholate
derivative, self-assembled into tubules of about 450 nm diam-
eter and length up to 7 pm when heated above 40 °C.**** Uracil-
modified cholesterol was reported to form fibers/columnar
structures in organic solvents. However, only precipitation
was observed in aqueous solutions.* Other cholesteryl conju-
gates of nucleosides, e.g. acyclovir and zidovudine commonly
used as antiviral drugs, formed 100-200 nm size bilayer vesicles
in aqueous solutions when injected from THF.>*

We have reported on the micro- and nano-tubule formation from
2/-N-(2-(cholesteryl)-succinyl)-2’-deoxy-2’-aminouridine ~ (CholAU,
Fig. 1A) with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) upon
cooling of a 30 : 70 CholAU : DOPC (mol%) aqueous suspension
from 70 °C to room temperature.® CholAU combines self-
assembly properties of cholesterol (hydrophobicity, chirality)
and uridine (stacking, hydrogen bonding). To understand the
first steps of the tubular self-assembly and the role of the
phospholipid, we now investigated morphological changes of
phosphatidylcholine (PC) and CholAU binary system upon the
incorporation of CholAU into PC giant unilamellar vesicles
(GUVs) using several approaches: (i) from a complex with
methyl-B-cyclodextrin (mBCD-CholAU) to assure incorporation
of monomeric CholAU into the lipid membrane; (ii) from DMSO

This journal is © The Royal Society of Chemistry 2015
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Fig. 1

(@) Chemical structure of the conjugate 2'-N-(2-(cholesteryl)-succinyl)-2’-deoxy-2'-aminouridine (CholAU). (b—d) NBD fluorescence

images: DMoPC : NBD-DMPE 99.2 : 0.8 (molar ratio) GUVs at times O s and 30 min after exchange of 5 mM glucose with 2.5 mM mBCD-CholAU
solution (b) and (c), respectively. (d) GUVs 30 min after exchange of the solution to 5 mM mBCD. Scale bars correspond to 50 um.

solution of CholAU; and (iii) by preparation of GUVs starting
with a CholAU-PC mixture in organic solvent for a better control
of the incorporated amount.

GUVs are widely used models of cell membranes and consist of
unilamellar vesicles with typical dimensions in the pm-range.
Their size and curvature resemble those of actual cellular
plasma membranes and, moreover, are compatible with the
application of optical microscopy.”*” GUVs have been success-
fully used in the last years to investigate lipid-protein interac-
tions, membrane protein lateral organization,”® membrane
curvature and tubule formation,*?* lipid-lipid interaction, e.g.
PC-Chol interaction,®>* and specific domain partitioning of
lipid-modified conjugates.***’

The self-assembly of the tubular structures from GUVs con-
taining CholAU was investigated by fluorescence and electron
microscopy. The results provide information on the role of
phospholipid vesicles in the tubular self-assembly and in how
far the uridine moiety of CholAU changes the interaction with
lipid membranes in comparison with published results
obtained with cholesterol.

Experimental
Chemicals

1,2-Dimyristoleoyl-sn-glycero-3-phosphocholine (DMoPC) and
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-
1,3-benzoxadiazol-4-yl) (ammonium salt), (NBD-DMPE) were
purchased from Avanti Polar Lipids (Alabaster, AL). Methyl-B-
cyclodextrin (mBCD, 1.6-2.0 mol CH; per unit anhydroglucose)
and sucrose were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Chloroform and methanol were supplied from
Merck (Darmstadt, Germany). Glucose was obtained from Roth
(Karlsruhe, Deutschland) and 2’-N-(2-(cholesteryl)-succinyl)-2'-
desoxy-2'-aminouridine (CholAU) was synthesized as described
previously.>

Giant unilamellar vesicles

Giant unilamellar vesicles (GUVs), 30 nmol total lipid, were formed
from 99.2:0.8 DMoPC NBD-DMPE (molar ratio) by

This journal is © The Royal Society of Chemistry 2015

electroformation® in 5 mM sucrose solution using homemade
flow chambers with an observation volume of about 300 pL as
described previously.* For fluorescence microscopy, GUVs
remained attached to the indium tin oxide (ITO) coated slides
allowing efficient exchange of the solvent. For electron microscopy,
GUVs were grown on platinum wires in 300 mOsm sucrose solu-
tion in homemade chambers. Upon formation, they were collected
and carefully pipetted into a 300 mOsm glucose solution. For the
preparation of the DMoPC : CholAU : NBD-DMPE mixtures
in chloroform-methanol as solvent, the total lipid amount
was kept at 30 nmol, using 40, 20 and 10 mol% CholAU (molar
ratios: 59.2:40:0.8, 79.2:20:0.8 and 89.2:10:0.8 of
DMOoPC : CholAU : NBD-DMPE).

Preparation of mpBCD-CholAU complex

Methyl-B-cyclodextrin (mBCD) and CholAU were mixed
shortly before addition to DMoPC GUVs or overnight. For the
shortly mixed complex, 0.8 umol of CholAU were dissolved in
CHCIl3;-MeOH (5 : 1) in glass vials and dried using nitrogen
gas. The CholAU-film was dispersed in 100 pL of 25 mM
aqueous solution of mBCD, shortly sonicated and incubated
in a shaker for 30 min at room temperature. For the overnight
mixed complex, 0.8 umol of CholAU and 2.5 pmol of mBCD
were dissolved in 150 pL MeOH, vortexed at room tempera-
ture, dried using nitrogen stream and kept at high vacuum for
1 h. After dispersing in 150 pL ddH,O, the solution was
sonicated for 3 min and incubated in a shaker at 37 °C over-
night.* The solution in the GUV chambers was exchanged to a
2.5 mM solution of mBCD-CholAU (calculated molar ratio
3:1) by injecting 600 pL through the chamber. As a control
experiment the influence of mBCD on GUVs was tested. For this,
600 pL of 5 mM mBCD were injected into the chamber. The
assembly process of needle-like structures was qualitatively similar
independently of the duration of the mBCD-CholAU mixing step.

Addition of CholAU in DMSO

20 pL of 1 mg mL ™" CholAU solution in DMSO were mixed with
580 pL water, yielding a final CholAU concentration of 47 uM.
This solution was immediately injected into the flow chamber

RSC Adv., 2015, 5, 4502-4510 | 4503
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containing 100 pM DMoPC : NBD-DMPE GUVs (i.e. 30 nmol in
the 300 uL chambers, see above). Incorporation of all CholAU
into GUVs would correspond to ~30 mol% of CholAU of total
lipid.

Confocal microscopy

Olympus Fluoview FV-1000MPE, Inverted Laser Scanning
microscope, Olympus (Tokyo, Japan) was used with a 488 nm
Argon laser and 60x/1.2 Water UPlanSApo objective. Laser light
was directed to a sample and separated from emitted light with
a dichroic mirror (DM 405/488/559/635), NBD fluorescence was
recorded between 500 and 600 nm with 4 ps/pixel exposure.
Note, low level of irradiation is important, as strong irradiation
induces GUVs shape changes, lipid oxidation, and domain
formation.** Contrast of the fluorescence microscopy images
was linearly enhanced.

Mass spectrometry

BCD-CholAU complexes were prepared as previously
described** using acetonitrile instead of MeOH. The formation
of complexes was shown by ESI-FTICRMS (electrospray
ionization-Fourier transform ion cyclotron resonance mass
spectrometry). Samples were measured on an Ionspec QFT-7,
Varian Inc. (Lake Forest, CA), equipped with a 7 T super-
conducting magnet and a Micromass Z-Spray ESI-Source,
Waters Co. (Saint-Quentin, France). Solvent flow rate was
adjusted to 4 pL min~", spray voltage was set to 3.8 kV. All
other parameters were adjusted for an optimized detection of
[BCD-CholAU-H] ™~ and [BCD,-CholAU-2H]*~ complexes.*

Negative staining transmission electron microscopy (TEM)

To allow the transfer of the samples onto electron microscopy
grids, DMoPC : NBD-DMPE 99.2 : 0.8 (molar ratio) GUVs were
grown on platinum wires in 300 mOsm sucrose and transferred
into 300 mOsm glucose solution in plastic tubes. CholAU was
incubated with mBCD either 30 min or overnight as described
above. 50 uL of 100 uM GUVs were added to 250 uL of 300
mOsm glucose solution. Then 50 pL of the 2.5 mM mBCD-
CholAU solution were added. For negative staining TEM glucose
was removed by sedimentation and resuspension with distilled
water. A small volume (5 pL) of the suspension was adsorbed at
Pioloform coated, carbon stabilized and alcian blue treated
(Fluka, 1% in 1% acetic acid in water) copper grids. Excess
suspension was removed by gently blotting with a wetted filter
paper and the sample was stained with 0.25% aqueous uranyl
acetate. The samples were analyzed using a TEM 902 (Zeiss,
Oberkochen; Germany) operated at 80 kV. Micrographs were
recorded with a slow scan CCD - camera (Proscan, Scheuring,
Germany). Dimensions of 96 tubules from 4 samples were
measured using Image].
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Results and discussion

Formation of needle-like structures upon incubation of
DMoPC GUVs with mBCD-CholAU complex

DMoPC GUVs formed in 5 mM glucose by electroformation on
indium tin oxide (ITO) coated slides were 10-50 um (n = 68) in
diameter and had almost no membrane structures inside
(Fig. 1B). The glucose solution was exchanged with a 2.5 mM
aqueous solution of CholAU pre-incubated with methyl-3-
cyclodextrin (mBCD). Water-soluble cyclodextrins are capable
of complex formation with lipids, e.g. mBCD was used to
produce asymmetric liposomes,*>*® to extract Chol from
membranes** and to change Chol concentration in cells.** We
used mBCD to solubilize CholAU and deliver it to lipid bilayers
in an aqueous solution, which is important when working with
pre-formed lipid membranes, e.g. GUVs. Mass spectrometry
measurements revealed 1: 1 and 2 : 1 ([BCD-CholAU-H]| ™ and
[BCD,-CholAU-2H]*") complexes of the structurally and
functionally related unmethylated CD and CholAU.

Membrane tubules and smaller vesicles were detected in
most GUVs after incubation with mBCD-CholAU for 30 min
(Fig. 1C). These invaginations were probably formed due to the
incorporation of CholAU first into the outer membrane of the
vesicles. Vesicle shape deformations and budding/tubule
formation were reported upon a local change of the
membrane composition or environment.***"** For example,
tubular invaginations of 240 nm diameter were observed upon
aqueous phase separation (osmotic stress) in DOPC/ganglioside
GUVs.* Although cholesterol was reported to flip quickly and
spontaneously into the inner leaflet with a flip-flop halftime in
the order of 1 min for liquid disordered membranes,*** it is not
known yet how fast CholAU can cross the membrane. Note after
incubation of GUVs with mBCD alone, some GUVs revealed
green fluorescence inside of the vesicles and occasionally
budding/invaginations were also observed as shown in Fig. 1D.
The mBCD does not penetrate through the membrane of the
GUVs, but, occasionally, some GUVs might be temporarily
leaky, potentially resulting in mBCD influx into the GUVs and
extraction of the fluorescent dye. Then the GUV would reseal
and the mBCD-dye complexes stay in the lumen of the vesicle,
giving rise to the fluorescence inside some of the vesicles in
control measurements as seen in Fig. 1D.

Although, at concentrations of mpCD below 10 mM no
considerable extraction of phospholipids was reported, a vari-
able extent of cyclodextrin-phospholipid interactions was
observed in different studies.*® Hence, for a phospholipid with
short acyl chains and low lipid/mBCD ratio used, limited lipid
extraction could occur also at a concentration of mpBCD below 5
mM. Since DMoPC would be extracted only from the outer
leaflet, the trans-bilayer mass misbalance might cause negative
curvature, thus explaining the invagination of the bilayer that
was occasionally observed in control samples.

Three hours after addition of the complex, compact optically
dense fluorescent needle-like structures were observed as
shown in Fig. 2A. The needle-like structures were organized in
rosettes with a few vesicles in between on the glass surface,

This journal is © The Royal Society of Chemistry 2015
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Fig.2 Needle-like structures 3 hours (a) and one day (b and c) after addition of 2.5 MM mBCD-CholAU to DMoPC : NBD-DMPE 99.2 : 0.8 (molar
ratio) GUVs. (a, b and d) NBD fluorescence, (c) differential interference contrast (DIC) images, respectively. (d) Control: GUVs one day after
exchange of the solution to 5 mM mBCD. Scale bars correspond to 10 pm.

whereas above the glass surface still more vesicles were found
(not shown). We assume that upon incorporation of monomeric
CholAU into the PC membrane, metastable structures were
formed with a tendency for a phase separation leading further
to the formation of stable needle-like structures. Sometimes,
single needle-like structures covered with lipid bilayer struc-
tures were observed inside of the vesicles (see Fig. 5B). Needles
grew larger, causing deformation of the vesicle shape and then
the vesicle ruptured. Therefore, the number of GUVs decreased
in time (hours). Similar rupture of vesicles caused by lysozyme
crystals growth was reported previously.** One day after mBCD-
CholAU addition, predominantly needle-like structures with
some GUVs were observed (Fig. 2B and C). 6 days after mBCD-
CholAU addition, almost no GUVs were left whereas the needle-
like structures were mostly found on the glass surface organized
into rosettes or bundles as well as in the solution above (not
shown). In the control samples containing 5 mM mBCD no
needle-like structures were observed at any time (Fig. 2D, one
day after solution exchange).

Addition of CholAU to GUVs from DMSO solution also led to
assembly of needle-like structures

Alternatively, CholAU was solubilized in DMSO. This solvent
was reported to have no or little effect on the bilayer structure
and GUVs when added at low concentrations (0.16-0.5 v/v%).*
We also observed no significant effect of DMSO addition on
DMOoPC GUVs (Fig. 3A); mostly unilamellar vesicles with average
diameters of 10-40 pm (n = 78) were observed 1 hour after

addition of 20 uL. DMSO in 580 pL water to the flow chamber
(3.3 v/v%). When a solution of 47 uM CholAU in DMSO was
injected, multilamellar and aggregated vesicles were observed
after 30 min as shown in Fig. 3B. If all the CholAU molecules
were incorporated, this would correspond to about 30 mol% of
CholAU of total lipid.

Four days after addition of CholAU as a DMSO solution, pm-
long needle-like structures organized in bundles and aggregates
of shorter needles were observed (Fig. 3C and D). This supports
our observation that CholAU in the PC membrane was in a
metastable state, which matured slowly into the stable needle-
like structures.

Decreasing mole fraction of CholAU slows the rate of
assembly of the needle-like structures

We further investigated the morphological changes of lipid vesi-
cles induced by CholAU in GUVs prepared with ~40, 20, and 10
mol% CholAU by electroformation in the flow chambers. For a
59.2 : 40 : 0.8 DMoPC : CholAU : NBD-DMPE mixture, large GUVs
were not formed. Only smaller and multilamellar vesicles with
diameters of about 1-10 um, pearl necklaces (see insert in Fig. 4A),
and aggregates were observed as shown in Fig. 4A. Formation of
necklaces upon phase separation in DPPC : POPC : Chol vesicles
containing 40 mol% of Chol were reported.>

For a 79.2 : 20 : 0.8 DMoPC : CholAU : NBD-DMPE mixture,
large but non-round shaped GUVs were formed (Fig. 4B).
Smaller and partly multilamellar vesicles were also observed.
Non-round vesicle shape might indicate inhomogeneous

Fig.3

(a) DMoPC : NBD-DMPE GUVs 1 hour after addition of 20 uL DMSO and 580 plL water. (b) DMoPC : NBD-DMPE GUVs 30 min after addition

of 47 uM CholAU in 20 pL DMSO and 580 plL water. (c) and (d) The same sample as in (b) 4 days after addition of 47 uM CholAU in 20 pL DMSO and
580 plL water. NBD fluorescence images. Scale bars correspond to 50 um for (a—c) and 10 um for (d).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Morphology of the vesicles formed by electroformation depends on the mole fraction of CholAU in the mixture. NBD fluorescence
images of (a) 59.2:40: 0.8, (b) 79.2: 20 : 0.8 and (c) 89.2 : 10 : 0.8 (molar ratios) DMoPC : CholAU : NBD-DMPE samples, respectively. Scale
bars correspond to 50 um. Contrast was linearly enhanced. The insert in (a) shows a typical necklace structure observed, scale bar 10 pm.

distribution of DMoPC and CholAU in the lipid film on the ITO
coated glass from which GUVs were prepared. For a
89.2 : 10 : 0.8 DMoPC : CholAU : NBD-DMPE mixture, round
vesicles with diameters of about 10-40 um (n = 68) and aggre-
gates of several (3-10) vesicles as well as much smaller vesicles
were observed as shown in Fig. 4C. Similarly to these results, we
did not observe giant vesicles for 30 : 70 mol% CholAU : DOPC
mixture upon hydration at 50 °C.>

Fig. 5 Needle-like structures formed at different time depending on
the mole fraction of CholAU in the mixture. NBD fluorescence
images: (a) one day and (b, c) 6 days after preparation of (a) 59.2 : 40 : 0.8,
(b) 792:20:08 and () 892:10:08 (molar  ratios)
DMoPC : CholAU : NBD-DMPE samples, respectively. Scale bars are 50
and 10 um for the images in the right and left panels, respectively.

4506 | RSC Adv., 2015, 5, 4502-4510

One day after the preparation, pm-long needle-like struc-
tures were observed only in the 59.2:40:0.8 DMoPC:Cho-
IAU:NBD-DMPE sample (Fig. 5A). The clusters of needles were
found on the glass surface and in the solution above. For lower
mol% of CholAU, the rate of formation of the needle-like
structures was significantly slower: six days after preparation
the needle-like structures were observed in the 79.2:20:0.8
DMoPC : CholAU : NBD-DMPE sample, but not yet in the
89.2: 10 : 0.8 DMoPC : CholAU : NBD-DMPE sample as shown
in Fig. 5B and C. In the latter mixture a few needle-like struc-
tures were formed nine days after the preparation (not shown).
It should be noted that in the sample with 20 mol% of CholAU,
vesicle necklaces and needle-like structures covered by lipid
tethers were observed even six days after preparation, indicating
ongoing assembly (Fig. 5B, right). In line with this observation,
non-round shaped GUVs were present in the sample with 10
mol% of CholAU six days after preparation (Fig. 5C, right panel)
indicating an even earlier stage of the assembly process
comparable to the vesicle shape changes upon initial incorpo-
ration into the pre-formed GUVs membrane. As discussed
above, formation of the necklaces and non-round shaped vesi-
cles might be an indication of a phase separation, which
presumably occurs before the needle-like structures assemble.

We observed decreased assembly rate with decreased mol%
of CholAU: the slower assembly rate might come from a slower
de-mixing of CholAU and DMoPC in a membrane with less
CholAU. A slow aggregation of GUVs with 10 mol% of CholAU
might allow a local enrichment of CholAU in the lipid
membrane upon a phase separation. A faster formation of the
needle-like structures in the samples containing 30-40 mol%
(hours) than 10-20 mol% (days) indicates that a solubility
threshold of CholAU in DMoPC is probably around 40 mol%.

Most studies on the interaction of Chol with lipid vesicles
were performed using max. 30-40 mol% Chol.?*?%3*¢57-%% No
crystallization was reported upon loading of DOPC GUVs
with Chol up to 30-40 mol% from mPBCD-Chol complex.
Incorporation of up to 30 mol% cholesterol from 10-12 mM
Chol-mBCD** into DOPC vesicles led to 40% decrease of the
diffusion coefficient of a fluorescent lipid analogue indi-
cating an increase of lipid packaging and membrane order,
but no separation of optically dense structures from DOPC
GUVs was observed.***® The solubility limit of Chol in

This journal is © The Royal Society of Chemistry 2015
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phospholipids depends on the phospholipids used;
threshold of 66-67 mol% was reported for DOPC and DMPC
bilayers.®*** We suppose that incorporation of a higher
cholesterol concentration into phosphatidylcholine vesicles
would lead to segregation and following precipitation of
cholesterol in a form of flat and needle-like structures.

On one hand, the observation that needle-like structures
formed promptly when CholAU was delivered using mBCD
suggested that the accumulation of CholAU on one leaflet (i.e.
the outer leaflet in this case) might play an important role in the
assembly process. The underlying assumption here is that the
flip-flop of CholAU is much slower than that of cholesterol, the
latter having much smaller polar head and flip-flop halftime of
seconds to 1 minute.”** Accordingly, during the process of
tubule formation (30-180 minutes, Fig. 1 and 2), CholAU
probably did not have the time to flip and equilibrate through
the bilayer. On the other hand, if CholAU was present already
during GUV formation, we assumed that the molecule was more
evenly distributed between the leaflets (see the low membrane
curvature in Fig. 4B, <1 um™ ). In this case, the process of
needle formation was indeed ~100-fold slower.

Needle-like structures are tubules

We used electron microscopy to study the morphology of the
needle-like structures formed. Precipitates were observed on the
bottom of the tubes one day after addition of the 2.5 mM
mpCD-CholAU complex to DMoPC : NBD-DMPE 99.2: 0.8
(molar ratio) GUVs in 300 mOsm glucose solution. Fluorescence
microscopy revealed rosettes of the needle structures as shown
in Fig. 6A. For transmission electron microscopy (TEM), the
glucose was removed by sedimentation of the needles and
resuspension with water; otherwise presence of glucose might
impair the visibility of structures (e.g. due to formation of thick
and dense films due to the drying and staining process).
Aggregates of flat and needle-like structures and single needle-
like structures were observed in TEM (Fig. 6B and C). The
aggregates resembled rosettes seen in fluorescence microscopy,
however, the needles sticking out of the aggregate were signif-
icantly shorter. Presumably needles in rosettes were disturbed
by the solution exchange and drying procedure. This indicates
that weak interactions kept single structures organized into
rosettes; this organization was presumably governed by a

Fig. 6
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phospholipid layer (hydrophobic interaction), which would be
destroyed upon transfer to the grids and drying. Higher
magnification revealed that the needle-like structures represent
tubules that withstood drying (Fig. 6C). The tubules had an
average outer diameter of 100-200 nm and a length of 1-3 um
with some tubules being as long as 15 um (n = 96). The inner
lumen of the tubules partly filled with the contrast agent had on
average diameters of 15-50 nm. Box plots of the tubules
dimensions are shown in ESL{

Differential interference contrast (DIC) images revealed
optically dense needle-like structures (Fig. 2C). In TEM we
observed that the structures were tubules with dense walls of
50-100 nm thickness, which explained the high contrast in DIC.
The tubules withstood air drying as seen before for ~300 nm
diameter CholAU-DOPC tubules formed upon cooling from 70
°C.” The tubules were enriched in CholAU containing up to 90
mol% of CholAU and covered by a phospholipid membrane in a
fluid crystalline state.”® Here, again homogeneous distribution
of the NBD-DMPE fluorescence in the needle-like structures was
observed indicating that the structures were probably covered
by a phospholipid layer. Phosphatidylcholine plays multiple
roles in supporting the assembly of tubules. First, the phos-
pholipid is a solvent for CholAU preventing precipitation of the
pure conjugate in aqueous solutions. Similarly, solubility of
Chol in human bile depends on the PC structure and Chol-PC
ratio; precipitation of Chol with transformation through helices
and tubules to flat monohydrous crystals were observed for
Chol super-saturated bile.®*** Second, lipid bilayers serve as a
platform (two-dimensional phase) for the initial de-mixing of
CholAU. Taking a parallel to Chol again, separation of Chol into
clusters was reported for concentrations exceeding the satura-
tion threshold.®»**** Third, phospholipid vesicles changing
upon formation of the intermediate aggregates, provide the
necessary environment for tubular formation, which otherwise
often can be seen only in organic solvents. Formation of mul-
tilamellar structures might provide the necessary environment
for further self-assembly. We previously observed that CholAU-
DOPC tubules were formed only inside lipid vesicles aggre-
gates.” It was reported that nucleation of the cholesterol crystal
growth in bile was initiated upon formation of multilamellar
vesicles.” Fourth, the tubules are covered by a fluid layer of
lipids,*® which presumably stabilizes the tubules in the aqueous
solution providing a hydrophilic surface.

&

(@) NBD fluorescence image of the needle-like structures organized in rosettes 20 hours after addition of 2.5 mM of mpCD—-CholAU

complex to DMoPC : NBD-DMPE GUVs. Scale bar corresponds to 10 pm. (b) TEM image of a rosette-like structure with tubules. (c) TEM image of
a single tubule. Scale bars correspond to 1 ym and 500 nm for (b) and (c), respectively.

This journal is © The Royal Society of Chemistry 2015
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The self-assembled structures in the phospholipid-CholAU
binary system resemble microscopically the structures repor-
ted for cholesterol self-assembly from oversaturated bile solu-
tions. Comparing our findings to the reported for cholesterol
assembly we might get further insight into the properties of the
system, even though CholAU needle-like structures formed in
the presence of phospholipid bilayers, whereas cholesterol
assembly occurs from oversaturated mixed micelles. The
needle-like structures formed from cholesterol in bile solution
are thought to be anhydrous or a mixture of anhydrous and
monohydrous Chol crystals covered by one layer of phosphati-
dylcholine.***”® Needle-like structures are considered to be a
precursor for further cholesterol crystallization through helices
and tubules ending with flat crystals of monohydrous Chol.®””*
In contrast, we observed that both CholAU-PC tubules and flat
crystals were stable for several months. We do not have enough
evidence yet to report the state of CholAU in the structures,
whereas we have observed that phospholipids coating the
tubules were in a fluid liquid state.”® Finally, the assembly
happened at lower mole fraction of CholAU (<40 mol%) than
the Chol saturation threshold (67 mol%) suggesting the
important role for the uridine head group for the self-assembly
of CholAU.

One other parameter that can be compared is the time
needed for the needle structure assembly: cholesterol needles
were formed within weeks, while CholAU needles were formed
within hours to days. This is in line with the difference in the
rate of micrometer sized tubules formation: cholesterol micro-
tubules in bile salt were reported to form in about 3-6 days and
were unstable;® CholAU-DOPC microtubules formed within
minutes upon cooling from 70 °C to room temperature and
were stable for months.*

We surmise that the differences in CholAU and Chol self-
assembly might be due to the additional self-aggregating
properties of the uridine head group of CholAU (stacking and
hydrogen bonding) in comparison with just one hydrogen bond
that could be formed by the OH group of Chol.

Conclusions

We have previously reported the self-assembly of CholAU with a
phospholipid into nano- and microtubules containing about 80-90
mol% of CholAU starting from 30: 70 CholAU : DOPC (molar
ratio) multilamellar vesicles.* Incubation of the CholAU : DOPC
mixture at 70 °C, presumably supporting the solubilization of
CholAU in the DOPC membrane, and cooling to room temperature
was reported to be essential for the formation of the tubular
structures. Here we report that the nanotubules were formed even
at room temperature when using solubilized CholAU and DMoPC
giant unilamellar vesicles, indicating that the limiting factor is
indeed the degree of incorporation of the conjugate into the lipid
bilayer (the self-segregation and precipitation of CholAU).
Different methods of CholAU addition were tested: incubation of
pre-formed DMoPC : NBD-DMPC GUVs in flow chambers with 2.5
mM mpBCD-CholAU; incubation of the GUVs in flow chambers
with CholAU dissolved in DMSO; electroformation of GUVs from
DMOoPC : CholAU : NBD-DMPC mixtures in flow chambers;
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addition of 2.5 mM mBCD-CholAU to DMoPC : NBD-DMPC GUVs
in plastic tubes. The needle-like structures were formed in all
samples when CholAU was present, although the rate of the
formation strongly depended on the molar ratio of CholAU to total
lipid in the sample. Moreover, we observed that the structures
formed more promptly when CholAU was incorporated into the
outer leaflet of the membrane, suggesting an intrinsic curvature
effect due to the incorporation of the molecules. Transmission
electron microscopy revealed that the needle-like structures
represent tubules of 100-200 nm outer diameters and dense walls
of 50-100 nm thickness. The inner lumen diameter of the tubules
was in average 15-40 nm.

Our results reveal that nanometer sized tubules are intrinsic
and stable structures formed in the binary system of choles-
terylaminouridine and phosphatidylcholine even at room
temperature. The novel assembly process described in this
study opens the possibility to form such nanotubules in the
presence of biological macromolecules for which high temper-
atures might be deleterious. Synthesis of cholesteryl nucleoside
conjugates with other nucleobases for investigation of their
ability to form nanotubules under similar conditions is pres-
ently underway in our laboratories.
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