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Abstract

Environmentally responsive materials, i.e., materials that respond to changes in their environment
with a change in their properties or structure, are attracting an increasing amount of interest. We
recently designed and synthesized a series of cleavable multivalent lipids (CMVLn, withn=2t05
the number of positive headgroup charges at full protonation) with a disulfide bond in the linker
between cationic headgroup and hydrophobic tails. The self-assembled complexes of the CMVLs
and DNA are a prototypical environmentally responsive material, undergoing extensive structural
rearrangement when exposed to reducing agents. We investigated the structural evolution of
CMVL-DNA complexes at varied complex composition, temperature and incubation time using
small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS). A related lipid
with a stable linker, TMVL4, was used as a control. In a nonreducing environment CMVL-DNA
complexes form the lamellar (L, ) phase, with DNA rods sandwiched between lipid bilayers.
However, new self-assembled phases form when the disulfide linker is cleaved by dithiothreitol or
the biologically relevant reducing agent glutathione. The released DNA and cleaved CMVL
headgroups form a “loosely organized” phase, giving rise to a characteristic broad SAXS
correlation profile. CMVLs of high headgroup charge also form condensed DNA bundles.
Intriguingly, the cleaved hydrophobic tails of the CMVLs reassemble into tilted chain-ordered Lg’
phases upon incubation at physiological temperature (37 °C), as indicated by characteristic WAXS
peaks. X-ray scattering further reveals that two of the three phases (Lgf, LgL, and Lg;) comprised
by the Lg’ phase coexist in these samples. The described system may have applications in lipid-
based nanotechnologies.

gyrus R. Safinya (safinya@mrl.ucsb.edu, fax number: 805 893 8797).
present address: Department of Materials Science and Engineering, University of Illinois, Urbana-Champaign, Illinois 61801, United
States

SUPPORTING INFORMATION AVAILABLE
Additional SAXS data as outlined in the text. This material is available free of charge via the Internet at http://pubs.acs.org.
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INTRODUCTION

Environmentally responsive materials are designed to switch functional properties (e.g.,
triggerable and controlled release of entrapped molecules and sensing nanoprobes?) in
response to environmental stimuli (e.g., change of pH, UV irradiation, change of redox
potential).2~* Recently, environmentally responsive materials capable of condensing DNA
have received increasing attention due to their potential to improve controlled release®-10
and reduce cell toxicity in biological environments.11-13 In particular, materials containing
reducible disulfide bonds have attracted strong interest. Disulfide bonds can be reductively
cleaved into the constituting thiols, e.g., in the reducing environment of the intracellular
matrix while they are stable in the extracellular space. This feature is exploited by biological
systems415 and increasingly in synthetic materials for a variety of biomolecular materials
and biomedical applications.16:17 Specific examples include nucleic acid delivery
vectors®>~13.18.19 and imaging agents.2921 More broadly, environmentally responsive
materials exhibiting changes in shape (shrinking or swelling), mechanical, or other
properties due to changes in pH, salt concentration, or temperature are studied for a range of
applications including chemical valves and actuators,22-23 chemical sensing, and chemical
encapsulation and controlled release.24-26

The interaction of cationic liposomes and DNA leads to the formation of cationic liposome
(CL)-DNA complexes with organized self-assembled structures.2’-2% These CL-DNA
complexes can be employed as nonviral vectors for DNA delivery.39-37 CL-DNA
complexes form distinct self-assembled structures,34-37 depending mainly on the preferred
curvature, or packing properties (ratio of the projected areas of headgroup and alkyl tails), of
the used lipid mixture. The three main types of self-assembled structures are: (i) the most
common lamellar phase (L), a multilamellar structure with DNA monolayers sandwiched
between cationic membranes;?’ (ii) the inverted hexagonal phase (H;©), with DNA
encapsulated within cationic lipid monolayer tubes;2° and (iii) the hexagonal phase (H,°),
comprising hexagonally arranged rod-like lipid micelles that are surrounded by DNA chains
forming a substructure with honeycomb symmetry.38

Previously, we have synthesized a series of cleavable multivalent lipids, (CMVLs)1, with
charges from +2 eto +5 eand a disulfide linker connecting the cationic headgroup to the
aliphatic tails. Preliminary SAXS studies showed that DNA complexes of mixtures of the
CMVLs with varied amounts of the neutral lipid (NL) 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC) formed the lamellar phase (L), and that reductive cleavage
of the disulfide linker by reducing agents disassembled the complexes.1!

In this work, we present a detailed study of the structural evolution of CMVL-DNA
complexes in response to stimuli such as a reducing environment (i.e., chemical sensing)
and temperature. Disassembly of a lamellar phase is followed by a remarkable reassembly
into new structures. We used synchrotron SAXS and WAXS to study the DNA complexes
of CMVLs mixed with DOPC as a function of lipid composition, cationic to anionic charge
ratio (p), temperature, and time. As a control we also investigated TMVL4 (4+), an analogue
of CMVL4 with a spacer that is stable to the employed reducing agents. We used two
different reducing agents: the strong reducing agent dithiothreitol (DTT) and the biologically
relevant reducing agent Glutathione (L-y-glutamyl-L-cysteinylglycine, GSH). GSH is the
most abundant thiol-source in mammalian cells, at up to millimolar concentrations.3?
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Exposure to a reducing environment cleaves the disulfide linker of the CMVLs, and the head
group detaches from the lipid tail. Consequently, the initial lamellar (L,C) phase of the
complexes disassembles. This releases the cationic headgroups which then form new self-
assembled phases with the anionic DNA. The headgroups (2+ to 5+) condense the released
DNA into a disordered (“loosely organized™) phase with a characteristic broad SAXS
correlation profile. CMVLs with high headgroup charge can further condense the DNA into
hexagonal bundles. This behavior of the headgroups is similar to that of cationic surfactant
micelles in cationic surfactant-polyelectrolyte mixtures. Recent SAXS studies have shown
that such mixtures form concentrated phases that can evolve from a cubic to a hexagonal and
then lamellar phase.4941 The cleaved hydrophobic tails of the CMVLs form separate self-
assembled structures. SAXS shows that triggered by incubation at 37 °C, they reassemble
from a highly disordered lamellar phase into a chain-ordered and tilted L’ phase in which
two of the three chain-ordered lamellar phases (Lgr, LpgL, and Lg;) comprised by the Lg’
phase coexist.42-44

EXPERIMENTAL SECTION

Materials

DOPC was purchased from Avanti Polar Lipids. The CMVLs were synthesized as
previously described.1 TMVL4 was synthesized as described for TMVL5,%® using Boc-
protected carboxyspermine3846 as the headgroup building block. Opti-MEM cell culture
medium (a modified Dulbecco’s modified Eagle’s medium, containing approximately 150
mM monovalent salt and 99.9 mg/L CaCl,, buffered at pH =7.4) was purchased from
Invitrogen. Highly polymerized calf thymus (HPCT) DNA (average molecular weight
10000-15000 kDa) was purchased from Sigma-Aldrich. Other chemicals were purchased
from Fisher Scientific unless otherwise stated, and were used as received.

Lipid suspensions

Lipid stock solutions were prepared in chloroform/methanol (9:1, v/v; for TMVL4 and all
CMVLs) or chloroform (DOPC) and combined at the appropriate ratios in glass vials. The
resulting lipid solutions were dried, first using a stream of nitrogen and then by incubation in
a vacuum for 12 h, forming a thin lipid film. The lipid film was hydrated using sterile high
resistivity (18.2 MQ cm) water, incubating at 37 °C for at least 12 h to produce suspensions
of a final concentration of 50 mM. The aqueous lipid suspensions were tip-sonicated to
clarity (Vibra-cell, Sonics Materials) and stored at 4 °C until use.

Small-angle X-ray Scattering

High-resolution SAXS experiments were performed at the Stanford Synchrotron Radiation
Lightsource. The X-ray samples were prepared from 50 mM lipid suspensions and 4 mg/mL
DNA stock solutions, using a constant 100 g of DNA per sample. The amount of CMVL
was varied according to the desired cationic to anionic charge ratio, p, assuming the
headgroups of the CMVLs to be fully protonated. We calculated this charge ratio as p = A#/
N-=n Nemvn/ Nat- Here, A+ and A~ are the numbers of positive (lipid) and negative
(DNA) charges, respectively, and Aoy and Ayt are the amounts (in mol) of CMVLn
(with nthe valence of CMVLn) and nucleotides (bearing one negative charge each) in the
sample, respectively. CL-DNA complexes were formed by combining CL and DNA
solutions in microcentrifuge tubes and diluting with an equal volume of Opti-MEM. Thus,
the final medium (after mixing) for all samples was a 1:1 (v:v) mixture of water and Opti-
MEM. Extensive centrifugation yielded the CL-DNA complexes as an opaque white
precipitate. The CL-DNA complexes containing reducing agents were prepared at least two
hours prior to the addition of reducing agent. DTT and GSH stock solutions in a 1:1 (v:v)
mixture of sterile high resistivity (18.2 MQ cm) water and Opti-MEM were freshly prepared
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at 300 mM. The mole ratio of reducing agent thiol groups to lipid was = 60, and an equal
number of thiol groups was added for each reducing agent (GSH contains one thiol group,
while DTT contains two). All samples were prepared and measured at room temperature.
Samples without reducing agent were incubated at 4 °C for at least three days following
preparation (before measurements, in order to reach equilibrium) unless otherwise stated.
The other samples were also stored at 4 °C between preparation and measurement except for
the specified incubation times at higher temperature. SAXS measurements were performed
at multiple positions throughout the opaque precipitate (pellet) as well as the supernatant,
and representative scans are shown for all samples.

RESULTS AND DISCUSSION

CL-DNA complexes of reductively cleavable CMVLs are an environmentally responsive
biomaterial, undergoing large structural changes in response to an external stimulus (redox
potential in solution). The basis of this is the design of the CMVLs. Figure 1A shows their
chemical structures as well as those of the neutral lipid DOPC and of TMVL4, an analogue
of CMVL4 that is stable to the employed reducing conditions. Figure 1B shows molecular
models of these lipids. The cationic headgroups of the CMVLs and TMVL4 are attached to
the hydrocarbon tails via a short linker. This linker is derived from disulfide bond-
containing cystamine in the case of the CMVLs and from a short PEG unit in the case of
TMVL4. Red arrows in Figure 1A point to the disulfide bonds, which are cleaved into the
two constituting thiols in a reducing environment. The amphiphilicity of the CMVLs is tied
to the integrity of the linker because of its position within the molecule (connecting the
hydrophobic and hydrophilic parts). Consequently, a change in environments that will affect
the stability of the linker will control the stability of self-assembled phases formed by the
CMVLs.

To investigate the structural evolution of CMVL-based CL-DNA complexes in detail, we
performed X-ray diffractions studies as a function of CMVL valence (2+ to 5+),
temperature, time, and compositional variables of the complexes. The key compositional
parameters of CMVL-based CL-DNA complexes are the cationic (CMVL) to anionic
(DNA) charge ratio, p, and the lipid composition (the ratio of CMVL to DOPC, which
determines the charge density of the membranes) given by the mol fraction of CMVL in the
membrane, ®cmvL = 1 — Ppopc. We employed two different reducing agents: dithiothreitol
(DTT), a strong reducing agent used routinely in chemical biology to cleave disulfide bonds
and the biologically relevant reducing agent glutathione (L-y-glutamyl-L-cysteinylglycine,
GSH), which is the most abundant thiol source in mammalian cells, at up to millimolar
concentrations.3?

Figure 2 summarizes our results. Cationic liposomes (CLs) prepared from mixtures of a
cationic CMVL and neutral DOPC form complexes with negatively charged DNA (Figure
2a). Depending on the charge ratio (p), the resulting complexes are anionic, neutral or
cationic (Figure 2, parts b—d). In a reducing environment the disulfide linker of the CMVLs
is cleaved, separating the cationic headgroup from the hydrophobic tail. This leads to
disassembly of the lamellar complex phase (L, ) (Figure 2e) and formation of new self-
assembled structures. X-ray diffraction shows that self-assembly of the cleaved tails into a
chain-ordered and tilted phase can be triggered by temperature (37 °C) (Figure 2f). The
released DNA and CMVL headgroups form a “loosely organized” phase with a
characteristic broad SAXS correlation profile (Figure 2g). In some cases, this organization
evolves into a more ordered phase, as observed in particular for the highly charged CMVL5
(5+) (Figure 2h).

Langmuir. Author manuscript; available in PMC 2013 July 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shirazi et al.

Page 5

Structural Characterization of CMVL-DNA Complexes in Nonreducing Media

CMVL/DOPC-DNA complexes form the lamellar phase in the absence of reducing agents
for all compositions investigated. Figure 3 illustrates this, using CMVL4/DOPC-DNA
complexes as an example (cf. the Supporting Information for representative SAXS data
confirming the lamellar structure for DNA complexes of the other CMVLs). Figure 3A
shows SAXS patterns for CMVL4/DOPC-DNA complexes at p = 4 and several ®cpv 4.
These complexes had been stored at 4 °C after preparation. As highlighted by arrows for
®dcpve = 0.8, the lamellar ordering gives rise to a series of sharp peaks labeled guo1, Goo2,
G003, and gnoa, corresponding to a lamellar repeat distance of @'= 2rt/goo; = 21/0.084 A1 =
74.8 A. The one-dimensional smectic order of the DNA molecules within the lamellar
complex gives rise to the peak at gona, Which allows calculation of the interhelical spacing
as abna = 21t/ gona = 26.7 A27:4547 The DNA-DNA correlation peak is broader and
weaker than the peaks arising from the lamellar ordering and frequently overlaps with
them.#8:49 Nonetheless, its characteristic shift to lower g (larger dbna, less condensed DNA)
with decreasing ®cpyi4 is evident. For ®cpyia = 0.6, dbna = 29.9 A and for @opyia =
0.4, abna = 31.4 A, The characteristic SAXS pattern of the L, phase is present over the
whole range of ®cpyia, €ven as the peaks characteristically broaden®® at high content of
CMVLA (Pcmvisg = 1). The data in Figure 3B illustrates that the lamellar phase also
prevails at lower p (p = 1, 3), as shown for ®cppy 4 = 0.6. This dcpy marks the optimum
performance CMVL4/DOPC-DNA complexes in DNA transfection assays.114% SAXS
profiles for the complete range of ®cpv 4 for p = 1 and 3 are shown in the Supporting
Information (Figure S1).

Figure 4 compares the time evolution of the SAXS profiles of DNA complexes of CMVL4
and TMVL4, the stable analogue of CMVL4, in the absence of reducing agents (for p = 4,
®pmyvL = 0.6). The samples were stored for three months at 4 °C after preparation, measured
(red curves), stored for another 3 months at room temperature, and measured again (black
curves). All SAXS scans exhibit the typical pattern of the lamellar phase, indicating that the
lamellar DNA complexes formed from the CMVLs are stable for at least six months after
preparation and demonstrating the stability of the disulfide linker in cell culture medium in
the absence of reducing agent (complexes were prepared in a 1:1 (v:v) mixture of water and
Opti-MEM, a cell culture medium).

Structure Evolution of CMVL-DNA Complexes in a Reducing Environment

To create a reducing environment, we added a solution of reducing agent to the complexes,
in some cases varying also the incubation temperature. DTT is a strong reducing agent
which reliably cleaves disulfide bonds but not necessarily reproduces the reducing
environment inside the cell. In contrast, the milder agent GSH is an important biological
reducing agent, present in considerable amounts in animal cells.3° Thus, DTT served as a
reference agent to ensure that CMVL cleavage occurs, while GSH more closely resembled
biologically relevant conditions.

The addition of reducing agent has no effect on the DNA complexes of TMVL4, the stable
analog of CMVL4. The SAXS data displayed in Figure 5A shows that the lamellar phase of
TMVL4/DOPC-DNA complexes (p = 4, ©tmvr4 = 0.6) for both standard sample treatment
(incubation at 4 °C) and incubation for 8 h at 37 °C, with and without DTT or GSH. In
contrast, the addition of reducing agent disassembles the lamellar phase of CMVL4/DOPC-
DNA complexes, i.e., the characteristic ggg and gpona peaks disappear. The data in Figure
5B shows (for complexes at p = 4 and ®cpmyLa = 0.6) that a trace of lamellar phase remains
(as indicated by a residual ggg1 peak) only when GSH is used as the reducing agent. The
main new feature in the SAXS scans of CMVL4-containing complexes after addition of
reducing agent is a broad peak at g=0.12 to 0.15 A1, corresponding to a real space
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periodicity of @=41to 52 A (2r/g). Since the only difference between TMVL4 and
CMVLA is in the spacer, this data confirms our design strategy of introducing a disulfide
bond in order to generate an material undergoing structural change in response to the
environment (in this case the redox potential). Further confirmation comes from the fact that
similar behavior (a broad peak replacing the lamellar peaks) is also observed for CMVL5,11
CMVL3, and CMVL2 (cf. Figures S2 to S5 in the Supporting Information and Figure 6A).
In the case of CMVL5 an additional, sharper peak is observed at around ¢ = 0.24 A=1 as
shown in Figure 6A. A trace of a similar peak is visible also for CMVL4/DOPC-DNA
complexes treated with DTT (Figure 5B). Hexagonal bundling of DNA by small multivalent
counterions gives rise to a SAXS peak of similar width and position.>% Formation of such
condensed DNA bundles in bulk requires counterions with valence > 3.51-54 The reason that
only the headgroups of CMVLS5 tightly bundle DNA to a significant extent in our system
may be that the CMVL headgroups are not fully protonated in neutral aqueous solution. The
cleaved CMVL headgroups are also significantly larger than inorganic counterions, i.e., their
charge density is smaller, which may reduce their ability to condense DNA into tight
bundles.

The broad peak at low ¢ (0.12 to 0.15 A1), corresponding to a real space correlation length
(2rt/g) of 41 to 52 A may result from scattering by a highly disordered (defect-rich) lamellar
phase with bilayers consisting of the cleaved CMVL tails (with slightly a polar amide and
SH headgroup) and DOPC. This is a kinetically trapped intermediate structure on a
temperature-dependent pathway, which ultimately leads to a lower energy phase consisting
of highly ordered and tilted lipid chains (see below). Another possible source of the
observed broad peak is scattering from a loosely condensed phase formed by the cleaved
multivalent headgroups and DNA (cf. Figure 2g). The SAXS peak of such a phase (which
coexists with a phase of tight bundles for CMVL4 and CMVLY5) is expected to be broad
because the mesh size is highly polydisperse. In fact, both phases are present and their peaks
overlap: for several samples at high ®cpy (where the bilayer-derived peak is smaller) two
separate broad peaks are resolved in the SAXS patterns (cf. Figure S6 in the Supporting
Information). At lower ®cpy, the broader peak due to the disordered lamellar phase
dominates.

Elevated temperature accelerates the structural changes induced by reducing agents. For
example, replacement of the lamellar SAXS pattern with the broad peak at 0.13 A~ took
days at 4 °C, but only 8 hours at 37 °C (cf. Figure 5). This is likely due to enhanced
diffusion of GSH into the bilayer-based liquid crystalline structure at 37 °C. The fact that an
increase in the mole fraction of the DOPC (®popc) in the complexes drastically reduces the
rate of the reduction reaction further highlights the importance of diffusion of reducing agent
into the complexes, which have been compacted into a condensed pellet during sample
preparation. Isoelectric and negatively charged complexes (p = 1 and p = 0.5, respectively)
also show the broad peak at q ~ 0.13 A1 after treatment with GSH and incubation at 37 °C
(Figure S7 in the Supporting Information). No residual scattering from a lamellar phase is
seen for these samples.

Recent SAXS studies on analogous cationic surfactant-polyelectrolyte systems have shown
that such mixtures can form concentrated phases that can evolve from a cubic to hexagonal
and then lamellar phase.*0 For the charged particles with poly-counterions containing at
least three ionic units, the spherical micelles can aggregate. On the other hand, an increase in
the number of uncharged units decreases the surfactant aggregate and such an increase can
eventually destroy the ordered liquid crystalline assembly.#! We hypothesize that, to a
certain extent, the headgroups resulting from cleavage (headgroups of +2 to +5 charge)
behave similarly to the cationic surfactant micelles, and therefore will also bundle and
condense the DNA into close-packed disordered structures that under some conditions (e.g.,
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sufficiently large headgroup charge) can nucleate into more ordered liquid crystalline
structures.

Structures Formed by the Cleaved Hydrocarbon Tails at Physiological Temperature

Cleavage of the linker of the CMVLs in a reducing environment also releases the
hydrophobic tails, which together with DOPC initially form a disordered, defect-rich
lamellar phase (see above). Annealing this phase at physiological temperature activates a
reassembly of the lipid tails, as we show below.

Several lamellar lipid phases exist, distinguished by the degree of ordering of the
hydrophobic tails. These include the chain-melted L, phase, and the chain-ordered Lg and
Lg’ phases.#2-44 Transitions between these phases can occur as a function of temperature,
water content, and nature of the lipid.#2:44:55-58 Reducing the water content of a lamellar
phase can induce the transition from the L, to the Lg’ and further to the Lg phase with
increasing dehydration. X-ray diffraction is well suited to distinguish between the different
phases.#243 The order of the hydrocarbon chains in the L phase is liquid-like with no
regular in-plane structure. In contrast, the chains are extended and tightly packed in a two-
dimensional, quasi-hexagonal lattice in the Lg and Lg’ phases. In the Lg phase, the
hydrocarbon chains are oriented at a right angle to the plane of the lamellae, while they are
tilted in the Lg- phases.#2:57 Comprehensive X-ray scattering studies of oriented, freely
suspended lipid—water multilayer films by Smith et al. distinguished three distinct two-
dimensional phases for the phase: Lgg, Lg), and Lgi.42-4 These differ in the direction of in-
plane chain tilt with respect to their nearest neighbor (there are no in-plane correlations
between bilayers), as illustrated in Figure 7. The molecules in the Lgr and Lg, phases are
tilted in between and toward nearest neighbors, respectively. In the Lg|_ phase, the tilt
direction of the molecules is somewhere between these two extremes (Figure 7b).42-44 For
DMPC (1,2-dimyristoyl-sr+-glycero-3-phosphatidylcholine), these Lg’ phases shows peaks at
g=1.350 and 1.446 A1 (Lgg), g=1.365 and 1.475 A~}(Lg)), and g= 1.355, 1.399, and
1.468 A~1(Lg ). 42

In the lamellar CMVL-DNA complexes as well as after addition of reducing agent at room
temperature and prolonged storage of the same sample at lower temperature (4 °C), the lipid
tails are in the chain-melted state. Figure 6A illustrates this by showing the X-ray scattering
patterns of CMVL5/DOPC-DNA complexes at ©cpys = 0.6 and p = 3. In the absence of
reducing agent (black curve, top), the characteristic peaks of the lamellar L, phase are
observed (black arrows; gooy = 0.0825 A1), with a DNA-DNA spacing of apna = 27.3 A
(red arrow marks gpna)- After addition of DTT at room temperature (red curve), these
peaks disappear, and instead a sharp peak at ¢=0.26 A~1 (DNA bundles) as well as a broad
peak at g~ 0.13 A1 (bilayers and loosely organized DNA-headgroup phase) are visible. A
similar (same composition, prepared independently) sample shows a sharp peak at g=0.24
A~Land a broad peak at g~ 0.13 A~1 (blue curve; peak assignment as above) after 48
months incubation at 4 °C. The scattering background from a sample containing only the
medium in which the complexes were prepared (water:Opti-MEM, 1:1, v:v) is also shown
(gray curve). The very broad peak between g= 1.3 to 1.7 A1, visible for all samples, is the
characteristic correlation peak of the disordered hydrophobic tails.

Incubation at 37 °C triggers a reassembly of the hydrophobic chains. Figure 6B shows
scattering patterns of CMVL5/DOPC-DNA complexes (p = 3; dcpmvis = 0.4, 0.6, and 0.7)
that were incubated for 24 h at 37 °C after addition of DTT. For ®cpy 5 = 0.7, two new
series of peaks indexing to a lamellar structure can be identified, where ggp; = 0.12 A1 and
Goo1 = 0.13 A~1 (with 6 and 3 orders of diffraction peaks visible, respectively). Furthermore,
distinct new peaks at wide angles (g=1.45 A1, g=1.46 A™1, g=1.48 A1 and g=1.51
A~1) indicate that the newly formed lamellar structures are chain-ordered phases. Figure 6B
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shows that similar patterns were observed for ®cpy s = 0.6 and dcpy s = 0.4. Likely, two
of the three phases (Lgr, LpL, and Lg|) which the Lg’ phase comprises*? coexist in these
samples.

The fact that increased temperature triggers the transition to the more ordered Lg’ phase may
initially appear counterintuitive because the chain-ordered phases exist at lower
temperatures than the chain-melted L, phase for a given lipid. However, in our system, the
lipid tails stay the same but addition of the reducing agent strongly alters the headgroups.
The comparatively large, highly hydrophilic and charged (and thus well-hydrated)
headgroups of the CMVLs are cleaved off and only the thiol group and other parts of the
spacer remain as the polar part of the molecule. This conversion to a smaller headgroup and
the concomitant dehydration favor denser packing of the hydrophaobic tails, which in turn
promotes formation of chain-ordered phases. This has been well documented in particular
for the dehydration of lipid lamellar phases.*2 Incubation at 37 °C likely promotes formation
of the Lg’ phase by annealing the many defects present in the structure formed by the
CMVL tails and DOPC upon CMVL cleavage (the fact that the corresponding SAXS peak is
very broad confirms the high defect density, see above). At 4 °C, the disordered phase is
kinetically trapped and the Lg’ phases are not observed.

Interestingly, Lg’ phases form with DTT as the reducing agent, but not with GSH in
otherwise identical conditions. Incubation of CMVL5/DOPC-DNA complexes (p = 3;
®cmvis = 0.6) at 37 °C with GSH disassembles the L, C phase as indicated by the
disappearance of the corresponding (00L) diffraction peaks, but no Lg phase is observed
even after an additional 24 hours of incubation at 37 °C (cf. Figure S5 in the Supporting
Information). Possibly, the oxidized form of the reducing agent (the byproduct of the
cleavage reaction) interferes with the formation of the Lg phase. The oxidized form of DTT
is a small cyclic molecule, while the oxidized form of GSH (GSSG; two tripeptides linked
by a disulfide bond) is bulky and hydrophilic. In addition, intramolecular cyclization of DTT
in the process of reducing a disulfide bond (the reason for its high efficiency as a disulfide
reducing agent) ensures that mixed disulfide intermediates of the reaction do not
accumulate. This may be different for GSH, which could form GS-S-tail intermediates,
which essentially are lipids with a relatively large (and presumable well-hydrated)
headgroup that are not prone to formation of the dehydrated Lg’ phase.

CONCLUSIONS

Using X-ray diffraction, we have studied environmentally responsive CL-DNA complexes
prepared from mixtures of DOPC and a series of CMVLs (2+ to 5+) as well as TMVL4 (4+,
a stable analog of CMVL4). In the absence of reducing agents, all these lipids form lamellar
(L,.©) complexes with DNA. Incubation of CMVL-based complexes in a reducing
environment cleaves the disulfide linker between CMVL headgroup and tail, and new self-
assembled phases form at the expense of the L, phase. The released DNA and CMVL
headgroups form a “loosely organized” phase as well as tight DNA bundles for highly
charged CMVLs. The cleaved hydrophobic tails of the CMVLs and DOPC form a
disordered lamellar phase which reassembles into chain-ordered lamellar structures after
incubation at physiological temperature. WAXS reveals coexistence of two of the three
chain-ordered and tilted lamellar phases (Lgf, LgL, and Lg) comprised by the Lg’ phase.

Lamellar lipid bilayer phases are ideal systems to confine biological (including DNA,27:59
RNA, 50 peptides and proteins®1) and synthetic (e.g., carbon nanotubes®2) macromolecules in
2D. As described in this work, CMVL-based membranes add the element of responsiveness
to such lamellar assemblies, e.g. allowing disassembly of a templating lamellar phase on
demand. Due to the fact that reducing conditions (which are not limited to the thiol-
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containing reducing agents employed in this work) free thiol groups from the CMVLs, they
may further find uses in scientific and technological areas where shifts in environmental
conditions are used to prepare self-assembled monolayers (SAMs)53 and multilayers on gold
surfaces.54
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) The chemical structures of the CMVLs, TMVL4, and DOPC. CMVL headgroups are
shown fully protonated. The alkyl tails are identical for all molecules. The reducible
disulfide bond in the linker of the CMVLs is indicated by a red arrow. (B) Molecular models
of the CMV.Ls, TMVL4, and DOPC.
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Figure 2.

Schematic depiction of the formation of CMVL-DNA complexes and the evolution of their
structure in response to a reducing environment. Mixing aqueous solutions of DNA and
cationic liposomes containing the CMVL leads to spontaneous formation of CMVL-DNA
complexes with a multilamellar structure (a). The entropy gained from the release of the
small counterions of the DNA and the CMVL liposomes is the main driving force for
complex formation. At CMVL/DNA charge ratios (p) below one, anionic complexes (b)
form, which coexist with free DNA at small p. At the isoelectric point (p = 1), where the
charges on the DNA and the CMVL match, neutral complexes are formed (c). For values of
p near the isoelectric point, all DNA and liposomes are incorporated into the complexes,
resulting in charged complexes.#’ At large p (excess CMVL) positively charged complexes
coexist with CMVL liposomes (d). Reducing agents cleave the disulfide linker between the
headgroup and the hydrophobic tails of the CMVL (g), resulting in disassembly of the
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lamellar complexes. The cleaved parts of the CMVLs become the building blocks for new
phases that form as a function of headgroup charge, time and temperature. The cationic
headgroups condense the released DNA into a “loosely organized” phase (g) with a
characteristic broad SAXS correlation profile. This phase can evolve into a phase of tightly
condensed hexagonal bundles of DNA for CMVLs with high headgroup charge (h). In
addition, incubation at 37 °C for 24 hours (after cleavage with the reducing agent DTT)
induces self-assembly of the cleaved hydrocarbon into chain-ordered lamellar phases with
tilted chains (f).
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Figure 3.

Synchrotron SAXS profiles of CMVL4/DOPC-DNA complexes at varied @cpyi4 and p in
a nonreducing environment. (A) Data for complexes at varied ®cpv 4 (1.0 10 0.4) atp = 4.
Black arrows point to the characteristic peaks resulting from the lamellar structure (L,©) on
the curve for dcpyi 4 = 0.8. The red arrow points to the DNA correlation peak. All
complexes are in the lamellar phase. (B) The L, phase is also observed at p =3 and p = 1,
as shown here for complexes with ®cppy 4 = 0.6 at room temperature. Black arrowheads
point to the gpon peaks resulting from the lamellar structure and the red arrowhead points to
the DNA correlation peak (apna = 27.7 A).
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Figure4.

SAXS profiles of DNA complexes prepared from CMVL4 and TMVL4 in nonreducing
medium continue to show the characteristic pattern of the lamellar phase after 3 and 6
months incubation at room temperature. The only changes are slight shifts in the lamellar
peak positions and increases in the intensity of the DNA-DNA which can be attributed to
equilibration of the samples.
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Figure5.

SAXS data for complexes prepared from TMVL4 and CMVLA4 (p = 4, dpopc = 0.4)
incubated at different temperatures and with reducing agents. Black arrowheads mark peaks
resulting from the lamellar ordering; red arrowheads mark the DNA correlation peak. (A)
The scattering patterns of TMVL4-based complexes do not change upon addition of either
reducing agent (DTT and GSH) or change in temperature, i.e., the complexes remain
lamellar. Incubation at 37 °C was for 8 hours. The sample containing GSH was incubated an
additional 5 months at 4 °C (magenta curve). (B) The scattering patterns of CMVL4-based
complexes are strongly affected by the addition of reducing agents but not by incubation at
physiological temperature without reducing agent. The peaks characteristic for the lamellar
structure disappear completely (DTT) or almost completely (GSH) and a new broad peak at
g=0.15 A1 (DTT) or g~ 0.13 A~1 (GSH) appears. The sample incubated with GSH at 4
°C for one month also shows a faint broad peak at ¢ = 0.22 A~ which is absent in the
sample incubated at 37 °C. Incubation at 37 °C was for 8 hours in all cases.
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Figure6.

Small- and wide-angle X-ray scattering data for CMVL5-containing complexes (p = 3)
incubated with and without the reducing agent DTT at 4 °C and 37 °C. The wide-angle
diffraction data provides information on the structures formed by the lipid tails. (A) The
scattering pattern of complexes & ®¢pyi 5 = 0.6 without reducing agent at room temperature
(black curve, top) shows the characteristic peaks of the lamellar L, phase (black arrows
mark gogn, red arrow marks gpna), With apnya = 27.3 A. Upon addition of DTT at room
temperature (red curve, middle), these peaks disappear and new peaks arise: a broad peak at
g~ 0.125 A1 and a sharp peak g=0.26 A~1. After 48 months incubation at 4 °C (blue
curve, bottom), a similar sample (same composition, prepared independently) shows a broad
peak at g~ 0.13 A~1 and a sharp peak at g= 0.24 A=1. Also shown is the background
scattering from the sample medium without complexes. The broad shallow peak between g
=1.3and 1.7 A1 observed for all the above samples indicates that the hydrophobic tails are
in the chain-melted state without long-range order. (B) The scattering patterns of complexes
at varied @y 5 that were incubated with DTT at 37 °C for 24 h show numerous sharp
peaks at both small and larger g. The small angle peaks index to two coexisting lamellar
phases (black and gray arrowheads) while the wide-angle peaks (at ¢=1.45 A=1 1.46 A~1,
1.48 A1 and 1.51 A1) show that these new phases contain chain-ordered lipid tails.
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Figure7.

Schematic illustration of the relative orientation of the tilted lipid tails in the three phases
comprised by the Lg’ phase. Yellow cylinders represent the in-plane projections of the lipid
tails. The phases differ in the azimuthal angle (¢) as shown. For the Lgg and the Lg phase
with ¢ = 0° (A) and ¢ = 30° (C), respectively, there is a reflection symmetry about the tilt
direction. In Lg_phase (B) the reflection symmetry about the tilt direction is broken.
Adapted from Smith et al 42
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