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Multivalency and preorganization are fundamental aspects of
molecular recognition at the lipid membrane—water interface and
can render weak monomeric binding interactions selective and
robust; this concept is important throughout biology, biotechnology,
and materials science." We previously described how small
molecule recognition between membranes is sufficient to selectively
merge vesicular membranes; > recent reports have indicated similar
membrane chemistry directed by nucleic acid recognition.* These
systems all utilize hydrogen bond (H-bond) donor—acceptor pattern
recognition between complex natural products or large biomolecules
to guide membrane chemistry, which prompted our examination
of yet simpler hydrogen bonding systems to study multivalent
surface recognition in water. Intramembrane hydrogen bonding
between native lipids has been well-documented and is thought to
contribute to lipid bioactivity and membrane function.” We
hypothesized that avidity and preorganization effects at the
lipid—water interface® could overcome solvent competition and
allow for selective hydrogen-bond recognition between small,
unconstrained components. Lipid-mediated hydrogen-bonding in-
teractions have been previously reported in bilayer,” micellar,®
homovesicular,” and weakly binding heterovesicular contexts;'”
other heterovesicular recognition systems have been reported that
are driven by metal-complexation'''? and electrostatic'? interac-
tions. We have found that electrostatically identical vesicular
membranes composed of cyanuric acid and melamine functionalized
phospholipids 1 and 2 undergo selective heterovesicular apposition,
fusion, and adhesion in suspension and on solid support.

Mixtures of cyanuric acid (CA) and melamine (M) and deriva-
tives are known to form hydrogen-bonded rosette, tape, and
extended structures with 1:1 stoichiometry in organic solvents and
solid state."* While these interactions have not been experimentally
demonstrated in aqueous solvent, it has been calculated that CA
and M derivatives should interact strongly.'”> We found that CA-
and M-derivatized phospholipids 1 and 2 (Figure 1) could be
dispersed in aqueous buffer to yield vesicles composed purely of 1
or 2. This permitted careful examination of lipid assembly properties
and dependence on membrane composition. Monosubstituted CA
and M derivatives like 1 and 2 are known to form rosette or
extended tape structures with six H-bonds per unit; this could also
happen at the lipid—water interface. Interaction between lipids 1
and 2 was first probed in suspensions containing pyrene-function-
alized lipid (Pyr-PC). The excimer—monomer (E/M) fluorescence
intensity ratio of Pyr-PC is indicative of lipid mobility;'® vesicles
composed of only 1, 2, or fluid-phase unsaturated lipid 1-palmitoyl-
2-oleoyl-phosphatidyl-choline (POPC) all had similar E/M ratios
with a linear temperature dependence, as expected for fluid,
monophasic membranes. However, the 1:1 mixture of 1 and 2
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Figure 1. (A) Synthetic lipids 1 and 2, headgroup functionalized with
cyanuric acid and melamine (boxed), respectively. (B) Possible hydrogen-
bonding patterns between lipids in intra- and intermembrane contexts. Dotted
lines indicate possible hydrogen bonds.
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Figure 2. Intramembrane lipid recognition. (Left) Temperature dependence
of pyrene PC excimer/monomer emission intensity in suspensions of 1 (red),
2 (blue), POPC (green), and a 1:1 mixture of 1 and 2 (black). (Right) DSC
upscan (- -) and downscan (—) traces of a suspension of a 1:1 mixture of
1 and 2; 1 and 2 upscans (- -, ***) and downscans (-, —) are all flat traces.

behaved like a more rigid gel phase with a shallow phase transition
at 22 °C and a sharper cooperative melting at 65 °C (Figure 2).
Differential scanning calorimetry (DSC) revealed exothermic and
endothermic peaks on the upscan at 20 and 75 °C, respectively;
these transitions shifted'” on the downscan to 65 °C (exothermic)
and 22 °C (endothermic). Together, the DSC and the pyrene data
clearly indicate a temperature dependent phase transition that
governs intramembrane lipid mobility, consistent with hydrogen
bonding.

Surface plasmon resonance (SPR) was used to study intermem-
brane binding and reaction by flowing large unilamellar vesicles
(LUVs) of 2 over surface bound 1 LUVs. The on-rate for adsorption
was ~40 M~ ' s7! though the off-rate at various solution
concentrations was effectively zero, preventing calculation of an
affinity constant. Desorption is often undetectable in SPR studies
because of avidity and rebinding effects,'® but this could also be

10.1021/ja806954u CCC: $40.75 [ 2008 American Chemical Society
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Figure 3. Intermembrane lipid recognition. (Left) Binding of surface
anchored 1 with 2 at varying concentration as labeled. (Right) Refractive
unit change upon deposition of 1 (—) and 2 (———) onto the bare SPR L1
chip followed by surface saturation with POPC and alternating treatment
(numbered) with 2, 1,2, 1,2 (—)or1,2,1,2, 1 (——).
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Figure 4. Intermembrane lipid recognition. (Left) Lipid mixing rates when
LUVs containing 1.5% NBD-PE and 1.5% Rh-DHPE are reacted with
unlabeled LUVs. The remainder of the reacting membrane compositions
are 1 + 2 (O), 30% 1 in DPPC + 30% 2 in DPPC (O) and 50% 1 in POPC
+ 50% 2 in POPC (©). (Right) ITC at 10 (O), 25 (O), 40 (2), and 50 °C
(+) of injection of 1 LUVs into 2 LUVs. Markers indicate data points and
solid lines are fits to 1:1 binding model.

due to irreversible fusion of suspension LUVs to the surface bound
membrane (Figure 3). Indeed, treatment with 1 primed the surface
for binding 2, and vice versa, though alternating cycles of treatment
resulted in decaying signal intensity (Figure 3). This ruled out
“layer-by-layer” deposition and supports the fusion of tethered
vesicles with suspended vesicles to produce a lipid mixed product
that has diminished but residual affinity to both 1 and 2. Importantly,
the vesicles of 1 and 2 did not self-aggregate and deposit
continuously on the SPR chip, nor did they react with neutral POPC
membranes or POPG/POPC mixed membranes, but did react
selectively and strongly with each other.

Selective intermembrane bonding between lipids 1 and 2 was
also evident by dynamic light scattering (DLS); mixing 1 LUVs
with LUVs of 2 resulted in a rapid and irreversible increase in
particle size. Both phospholipid LUV suspensions had the same
C-potential of —11 mV in PBS and thus bind each other despite
electrostatic repulsion. Vesicle interaction was abrogated in low
salt buffer, as a result of increased repulsion between the —33 mV
C-potential surfaces under these conditions. Membrane apposition
of 1 and 2 is accompanied by rapid lipid mixing (Figure 4) as judged
by fluorophore dilution; similar to our previous findings, these
events depend markedly on membrane composition. Vesicles
prepared with POPC and 1 or 2 neither aggregated nor fused with
each other at any mole ratio; however, replacement of POPC with
dipalmitoyl phosphatidylcholine (DPPC) resulted in LUVs that
aggregated (20% 1 and 2) and LU Vs that both aggregated and fused
(30% 1 and 2). These results likely derive from phase-separation
of saturated DPPC from the unsaturated lipids 1 and 2 due to
packing considerations; a single phase is expected with POPC.
Phase-separation of DPPC from 1 and 2 would produce subdomains
with a surface density of reactive lipids similar to a vesicle
composed entirely of the interacting lipids, while a single domain

Table 1. Thermodynamics of Intermembrane Recognition®

temp (°C) AH (kcal/mol) K, (M) AS (cal/K-mole) AG (kcal/mol)
10 —12440.06 137 x 10° —1554+0.25 —7.964+0.04
25 —7.04+0.01 148 x 10° +4.60+£0.03 —8.42 £ 0.002
40 —6.924+0.07 6.73 x 10* 0.0+0.21 —6.924+0.01
50

“Data fitting for K, with a 1:1 binding model produced errors of
6.4%, 0.29%, and 1.47% for 10, 25, and 40 °C, respectively. No heat
was detected at 50 °C.

mixed membrane would dilute surface ligand presentation and
diminish reactivity.>'?

Interestingly, the DLS and FRET data showed seemingly
opposing temperature trends. The aggregation rate observed by DLS
was much faster at 10 °C than at 25 °C, a result we attribute to
enhanced hydrogen-bonding interactions at lower temperatures.
However, the rate of lipid mixing was much faster at 25 than at 10
°C. This would suggest that although membrane apposition (driven
by headgroup interaction) is more efficient at lower temperature,
there is a thermal threshold for lipid mixing (lipid phase change)
that exists between 10 and 25 °C.

Isothermal titration calorimetry (ITC) of the 1 + 2 vesicle reaction
revealed a strongly exothermic 1:1 lipid interaction. Titration of freely
soluble CA and M derivatives did not result in detectable heat flow
(Supporting Information), indicating the strong effect of multivalent
membrane presentation. Notably, the heat of interaction between 1
and 2 is context-dependent; lipid compositions that aggregate but do
not mix have a significantly weaker negative enthalpy. The reaction
becomes less exothermic with increasing temperature, with AH = —12
kcal/mol at 10 °C, AH = —7 kcal/mol at 25 °C, and nondetectable
heat at 50 °C (Figure 4), consistent with DLS data that indicates loss
of aggregation at 50 °C (Supporting Information). If six hydrogen
bonds are formed on each CA and M, the upper limit set for enthalpic
contribution from each hydrogen bond at the lipid—water interface is
1—2 kcal/mol, depending on temperature. The loss of vesicle recogni-
tion with higher temperature may be ascribed to a “melting” of the
intermembrane lipid interactions, which occurs at a lower temperature
than in the intramembrane context. Though the vesicle—vesicle
interaction is a complex multivalent surface—surface adhesion coupled
with lipid mixing and phase transition, the ITC binding curves fit
remarkably well to a 1:1 binding model as a first approximation. Simple
1:1 fitting of the isotherms revealed that the AGiy, at 10 °C is roughly
the same as at 25 °C, —8 kcal/mol (Table 1). By this crude analysis,
the reaction of 1 and 2 LUVs exhibits significant enthalpy—entropy
compensation between these two temperatures, with enthalpy-driven
reaction at 10 °C and both enthalpy and entropy change favorable at
25 °C. We speculated that the temperature-dependent change in AH
and AS contributions signified a lipid phase-transition during membrane
fusion from the lamellar phase to a more disordered morphology.
Reaction stoichiometry was suggestive of complete fusion of the
membranes at both temperatures, pointing toward the formation of a
less-ordered nonlamellar phase at higher temperatures. Furthermore,
AS at 40 °C is close to zero while the AH was similar to that found
at 25 °C, indicating that the decreased driving force can be attributed
completely to the less-favorable entropy change. This may be explained
if the suspensions of 1 and 2 undergo a phase transition at a higher
temperature (close to 40 °C), whereas the lipid mixture has a transition
around 25 °C. Consistent with the formation of less reactive lipid
phases of 1 and 2 at 40 °C, the calculated interaction stoichiometry at
40 °C was found to be 0.66 instead of 1:1.

Structural insight into the process of vesicle interaction and
hypothesized changes in lipid phase morphology was sought through
cryo-electron microscopy (cryo-EM), which indicated that LUVs
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Figure 5. (Top left) Cryo-EM of 1 LUVs, (top right) 2 LUVs, (lower left)
1 + 2 premixed 1:1, (lower right) product of 1 LUVs reacted with 2 LUVs;
round objects are gold beads. Scale bars (100 nm) in left panels apply to
each row. All samples were prepared at room temperature.

of 1 and 2 appear morphologically similar and indeed are mostly
unilamellar, dissociated vesicles that can be found as aggregates
as well (Figure 5), consistent with DLS measurements. However,
the structures derived from a 1:1 mixture of the two lipids, as well
as the fusion product, are strikingly distinct from the pure vesicles
and mechanistically suggestive. While the pure lipids produce
vesicular structures that are mostly unilamellar, both the “premixed”
lipids and the products of vesicle reaction appear to be in the
hexagonal phase. Clear signatures of the hexagonal phase (presum-
ably Hj) are observed as regular striations and lipidic structures
consistent with interlamellar attachment sites (Figure 5).'®-*° Some
products of vesicle fusion are a combination of dense multilamellar
vesicles that contain Hy phases within, while others appeared to
be vesicles in the process of fusing (Supporting Information).
Formation of a hexagonal phase is expected with strong lipid—lipid
hydrogen bonding at the lipid-water interface as H-bonding between
headgroups results in desolvation of the surface, which in turn
permits high surface curvature and close membrane apposition
through thinning of the repulsive hydration layer.® Dehydration of
the membrane and formation of the Hy; phase should be entropically
favorable,'® consistent with the ITC results. The lamellar (L) to
Hy; transition of the fused or mixed product of 1 and 2 is likely the
low-temperature broad transition®' seen at 22 °C in the DSC and
pyrene melt experiments. This could also explain the paradoxical
observation of seemingly decreased aggregation and faster lipid
mixing at 25 versus 10 °C. Fusion at 10 °C results in larger vesicles
while fusion at 25 °C produces dense Hy phase particles that scatter
light similarly to the starting vesicles (Figure 5). Thus, apposition
has not decreased at higher temperature, but simply become less
detectable by DLS. This is consistent with the reaction thermody-
namics, which indicate equally facile interaction at both tempera-
tures. Moreover, though not detected by DSC, it is possible that
vesicles of 1 and 2 transition from the L, to Hy phase around 40
°C, leading to the entropy-neutral reaction found by ITC. The
structural and functional similarities between the 1 + 2 premixed
suspensions and reacted 1 + 2 LUVs clearly demonstrate the notion
that designed H-bond donor—acceptor interactions at the lipid-water
interface can drive both intramembrane and intermembrane chemistry.

Though there are relatively few reports of designed, non-native
aqueous phase hydrogen-bond recognition,>* this is commonly
observed in native systems, most prominently in nucleic acid recogni-
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tion. The system presented replaces the covalent sugar—phosphate
scaffold of DNA with a noncovalently assembled phospholipid surface
that also permits partial hydrophobic burial of the hydrogen-bonding
groups upon heteromeric membrane apposition, similar to base-stacking
and pairing. This finding underscores the presence of discriminating
molecular recognition between two membrane surfaces which serves
to optimize H-bond donor—acceptor interactions in both inter and
intramembrane contexts and to minimize repulsive lone-pair interac-
tions found in homomeric lipid hydrogen-bonding.

Finally, this study illustrates the general possibility of designing
selective hydrogen-bonding adhesive interactions from simple
starting materials at other polar—apolar interfaces;> this could have
a numerous materials and biotechnological applications.'**
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