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ABSTRACT: Lamellar mesophases of insoluble lipids are readily solubilized by
the micellar mesophases of soluble surfactants. This simple process underscores a
broad array of biochemical methodologies, including purification, reconstitution,
and crystallization of membrane proteins, as well as the isolation of detergent-
resistant membrane fractions. Although much is now known about the
thermodynamic driving forces of membrane solubilization, the kinetic pathways
by which the surfactant alters vesicular mesophases are only beginning to be
appreciated. Little is known about how these interactions affect the solubilization

of more complex, multilamellar mesophases. Here, we investigate how a common W .
zwitterionic detergent affects the solubilization of a smectic, multilamellar, ' L
cylindrical mesophase of lipids, called the myelin figure. Our results reveal that N EEEEEE e

myelin solubilization occurs in a multistep manner, producing a well-defined P s

sequence of morphologically distinct intermediates en route to complete

solubilization. The kinetic processes producing these intermediates include (1) coiling, which encompasses the formation,
propagation, and tightening of extended helices; (2) thinning, which reflects the unbinding of lamellae in the smectic stacks; and (3)
detachment or retraction, which either dissociates the myelinic protrusion from the source lipid mass or returns the myelinic
protrusion to the source lipid mass—all in transit toward complete solubilization. These occasionally overlapping steps are most
pronounced in single-lipid component myelins, while compositionally graded multicomponent myelins inhibit the coiling step and
detach more frequently. Taken together, the appearance of these intermediates during the solubilization of myelins suggests a
complex free-energy landscape characterizing myelin solubilization populated by metastable, morphological intermediates correlated
with locally minimized changes in energy dependent upon the mesophase’s composition. This then predicts the accessibility of
structurally distinct, kinetic intermediates—such as loose and tight coiled helices, peeled myelins, retracted tubes, and detached
protrusions—before reaching the stable ground state corresponding to a dissolved suspension of mixed surfactant—lipid micelles.

FREE ENERGY

Bl INTRODUCTION lization.”® Detergents (or surfactants), used extensively to
extract, purify, and reconstitute membrane proteins and isolate

Molecular components of biological membranes—phospholi-
detergent-resistant lipid rafts, destabilize the bilayer motif,

pids, glycolipids, sterols, and membrane proteins—are

insoluble amphiphiles.”> Taken alone, they spontaneously ultimately leading to complete solubilization of the target
aggregate in aqueous media, forming smectic liquid-crystalline, membrane.* ™% A sequence of complex and reversible phase
lamellar mesophases, or insoluble precipitates.”* Surfactants transformations accompany membrane solubilization, the
and detergents, by contrast, are soluble amphiphiles." Above a qualitative phenomenology of which is captured elegantly by
threshold concentration—the critical micelle concentration the so-called three-stage model. First proposed by Helenius
(CMC)—they form micelles in water.”* When these two and Simons in 1975, the consensus model distinguishes three
hydrophobically assembled mesophases—one comprising stages of equilibration or morphological evolution.® Stage 1
insoluble lipids and the other soluble surfactants—interact, represents a state characterized by an effective concentration of
complex dynamics ensue.’ In a typical case, the surfactant from detergents in a membrane (or detergent-lipid ratio, R,) below a
the micellar phase invades the lipidic mesophase, thereby threshold saturation value (R, < R™). Here, detergent binds

driving it far outside the thermal equilibrium.®”® The
subsequent evolution of this nonequilibrium state, as it
progresses toward a new equilibrium, is often complicated: it
is dominated by the rates and manners by which the surfactant
dopes in the parent mesophase and how it perturbs, evolves,
and modifies the initial morphology.”™"*

This is perhaps best exemplified by the common
biochemical process of detergent-mediated membrane solubi-
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and partitions into the bilayer. The resulting diversification of
mass, area, composition, tension, and curvature alters the
physical properties of the membrane. In stage 2, when the
membrane is saturated with the detergent (R < R, < R), a
characteristic lamellar-to-micellar phase transition produces
large, lipid-saturated mixed micelles that coexist in equilibrium
with the residual lamellar bilayer. Beyond solubilizing
detergent concentrations (R, > R¥), which represents stage
3, the lamellar phase is fully solubilized. Here, the entropic
mixing between large, lipid-detergent mixed micelles and small,
pure detergent micelles stabilizes smaller detergent-saturated
mixed micelles at equilibrium. These three stages, which
describe shifting equilibria corresponding to increasing
surfactant concentrations, are thought to map onto the
temporal steps characterizing the morphological evolution
that ensues when membranes encounter detergents at
solubilizing concentrations (>CMC).**"

Conspicuously absent in this picture—which treats different
aggregates (and monomers) as distinct thermodynamic
pseudophases in equilibrium with one another—are the
dynamics and specificities of interactions between the
surfactant and the lipidic mesophase.”** This is perhaps best
illustrated by a recent study examining the dynamics of
interactions between surfactants and giant unilamellar vesicles
(GUVs) in real time.” The investigation documents a striking
diversity of kinetic pathways that characterize the membranous
dissolution dynamics. Some of the characteristic pathways that
the study identifies involve continuous shrinking, inside-out
topological inversions, site-directed openings, and rapid
bursting of GUVs. Each of these pathways is a consequence
of how surfactants intercalate into and organize within the
membrane; none are predicted by the equilibrium three-stage
model.” Other more recent investigations confirm these
findings and further reveal a plethora of additional,
qualitatively different phase and morphological transformations
that accompany membrane solubilization when lipid compo-
sitions are altered, and other classes of amphiphilic surfactants
are used.” ™%’

These nuances of the surfactant—mesophase interactions,
namely, the specificities of how surfactants partition within the
membrane and the types of deformations they elicit, become
exacerbated when the solubilizing morphology is a structurally
complex mesophase. Consider, for example, a multilamellar,
smectic phase of lipids. In these hierarchically organized
mesophases, only the outermost lamellae are initially available
for interaction with added surfactants. Thus, the solubilization
must proceed in a multistep cascade with each subsequent
lamellae interacting with the micelles of the surfactant and
mixed micelles of varying compositions produced by its
interactions with preceding lamellae. Furthermore, morpho-
logical changes, which follow when the surfactant enters the
lamellar mesophases, are constrained by the interlamellar
interactions (i.e., Helfrich interactions) holding the smectic
layers together.”® Finally, any compositional differences, such
as those that may exist in the layers of the parent mesophase,
must also alter the kinetics and thermodynamics of
solubilization. How these structural complexities influence
the abilities of surfactants to solubilize complex mesophases is
largely unknown.

Motivated by these considerations, we investigate here the
surfactant-induced solubilization of a novel class of lyotropic,
cylindrical, smectic mesophase called the myelin figure. First
reported by Virchow more than 150 years ago, these
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mesophases appear as a dense tangle of tubules when water
encounters a dried mass of nearly insoluble (~107'° M)
lipids.””~** These finger-like protrusions—which are tens of
micrometers wide and extend to hundreds of micrometers in
length—nest thousands of cylindrically stacked, alternating
lamellae of lipid bilayers and aqueous channels wrapping a
narrow (~100 nm), central, aqueous core.’”**% Their 1D
smectic order is stabilized by the interlamellar Helfrich
repulsion, which separates the neighboring bilayers by
nanometer-scale aqueous channels and inhibits molecular
exchanges between individual lamellae.”® Previous research
efforts have explored the perturbations of the myelinic
organization with amphiphilic, aqueous-soluble dopants,
finding that the tubes morphologically transition from linear
tubes to coiled helices.”® While valuable for our understanding
of myelin behavior, these molecular dopants did not undertake
any solubilizing action.

In our study, the solubilizing detergent of choice was the
synthetic zwitterionic surfactant Zwittergent 3—12 (n-dodecyl-
N,N-dimethyl-3-ammonio-1-propanesulfonate or DDAPS,
CMC = 2—4 mM), which is used widely in the isolation of
membrane proteins.”’~* Both single-lipid component and
multicomponent myelins were studied. Single-component
myelins were prepared using fluid-phase 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), and multicomponent
myelins comprised an equimolar mixture of POPC, cholesterol
(CHOL), and egg sphingomyelin (SM). In both cases, either
the dried lipid mass was hydrated using the detergent-laden
aqueous solution or the preformed myelins were exposed to
solutions of DDAPS. The resulting myelinization and
morphological changes were monitored in real time using
brightfield, confocal fluorescence, and wide-field fluorescence
microscopies.

The results reported here establish that the DDAPS-
mediated dissolution of myelins is neither direct nor
independent of myelin molecular composition. En route to
complete solubilization, the chemically homogeneous single-
component myelins composed of fluid-phase POPC lipids
undergo a sequence of well-defined morphological changes
before undergoing complete solubilization. These steps include
coiling, which encompasses the formation, propagation, and
tightening of extended helices, thinning, reflecting the
unbinding of smectic lamellae, and retraction. In sharp
contrast, the dissolution of multicomponent myelins consisting
of phase-separating ternary mixtures of POPC, CHOL, and
SM—which are known to form compositionally graded
myelins—exhibit little or no propensity for coiling but undergo
gradual thinning, as well as retraction or detachment.*’ The
appearance of these intermediates during the dissolution of
myelins suggests a complex free-energy landscape of myelin
solubilization, possibly Farallel to the one predicted by
Ostwald’s rule of stages.”

B RESULTS AND DISCUSSION

Preliminary characterization of the hydration of the single-
component mother lipid reservoir (or “lipid cake”) by pure
water was carried out to confirm myelinization. Upon
contacting water, the boundaries of dried POPC cakes roughen
instantaneously. A dense tangle of well-defined myelin figures
projecting into the aqueous phase decorates the lipid—water
interface, confirming the essential phenomenology.

Although individual myelins meander and grow sinuously,
the average length—the distance (/) between the front

https://doi.org/10.1021/acs.langmuir.2c00774
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Figure 1. Detergent-mediated shape remodeling of single-component myelin figures. (A) Selection of time-lapse brightfield microscopy images of a
representative myelin figure consisting of 100 mol % POPC lipids coiling and dissolving in an aqueous solution containing 120 mM DDAPS. The
example reveals a single, flexible myelin looping, twisting, and coiling to form an extended helix propagating away from the tip of the loop. With
time, the myelin thins, uncoils, and retracts back to the mother lipid mass. Time stamp, sec:centisec; scale bar, 20 ym. (B—D): Cropped images
highlight the overlapping development of the (B) loose coiled state, (C) tight coiled state, and (D) peeled state marked by arrows.

extending into the water and the root at the base of the lipid
cake—for a collection of myelins in single experiments showed
a characteristic growth pattern: on average, myelins grew with

a square root of time (/ £/ %) dependence (Figure S1). This
growth pattern is fully consistent with previous observations
and lends further credence to the preponderance of diftusive
mechanisms in determining myelinic growth: a combination of
(1) collective diffusion of lipid aggregates in response to the
hydration gradient at the lipid—water interface and (2) lateral
diffusion of lipids within the bilayer.”""*~* Quantifying the
growth (I =kt + ¢), we find that the apparent diffusion
constant, k, is 3.00 X 107¢ + 0.02 cm?*/s (n = 3) during the first
60 s of growth, which is comparable to the range of values
reported previously (4.3 X 107 cm?/s for a hen-egg lipid
mixture, 2.0 X 107¢ cm?/s for an unspecified phosphatidylcho-
line lipid, 7.0 X 1077 cm?*/s for the amphiphile C,E;, 2.2 X
107% cm?/s for the amphiphile C,E, and 1.0 X 107¢ cm?/s for
egg-PC at room temperature).”>***~* Although infrequent,
we occasionally observed that the linearly protruding myelins
coiled spontaneously, typically within the first few minutes (2—
3 min) of hydration (Video S1). Examining the behaviors of a
large number of myelins (n 253), we find that this
spontaneous higher-order organization is both stochastic and
rare, measuring at 0.4% of all myelins examined.

Substituting the hydrating solution with one containing
DDAPS at concentrations above its CMC (2—4 mM), we find
a dramatic shift. Although the lipid—water interface roughened
and tubular myelins projected into the aqueous phase at
comparable growth rates as above, the protrusions abandoned

8807

their linear morphologies. Instead, a statistically significant
proportion of myelins, far surpassing the 0.4% above (see
below), exhibited extended coiling—a higher-order organiza-
tion breaking the chiral symmetry of the stacked myelin
membranes. In sharp contrast, the giant vesicle, an exemplary,
single-component, unilamellar mesophase, did not express such
unique morphological developments in its solubilization
(Videos S2, S3, S4, SS, and S6). The vesicular organization
catastrophically ruptured when exposed to comparable
concentrations of DDAPS.

Real-time visualization of this gross shape remodeling
(Figure 1) reveals a rapid propagation of an initial
stochastically generated, localized twist along the length of
the myelin, often producing extended helices spanning the
length of myelin figures themselves (>S50 ym). The twisting
motif forming the helices was also substantially diverse: both
self-coiling (single strands) and, less commonly, cross-coiling
of neighboring myelins producing double helices were evident,
often in single samples (Video S7). The former, self-coiling, is
propagated by the generation of new pitches from a twisting
deformation of a hairpin loop connecting the two arms, and
the latter, cross-coiling, occurs through the helical coiling of
separate myelins around one another. Moreover, there
appeared to be little or no discernible preference for the
sense of winding direction (handedness): roughly, 45% were
left-handed, 42% were right-handed, and 13% had both left-
and right-handed sections on a single pair of strands (n = 60).

By performing myelinization experiments using aqueous
solutions with systematically varied DDAPS concentrations (1,
5, 15, 30, 60, 90, and 120 mM), we found that the surfactant

https://doi.org/10.1021/acs.langmuir.2c00774
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concentration had a profound effect on the prevalence of this
higher-order organization (Figure 2). At low surfactant

30 1

Myelin Coiling (%)
- - [X) N
o o °© o

(5]
"

l

0 1 5 15 30 60 90 120
DDAPS Concentration (mM)

o

Figure 2. Detergent concentration-dependent coiling of myelin
figures. With increasing DDAPS concentration (0—120 mM) in the
hydrating solution, the proportion of individual POPC myelins
undergoing a coiling transition within the first S min of hydration
increases monotonically. The error bars represent the standard error
of means (n = 5).

concentrations—in the vicinity of the CMC value of DDAPS
(2—4 mM)—the myelins formed were essentially indistin-
guishable from those produced in pure water. In other words,
they were largely unperturbed by the presence of the surfactant
and displayed a clear tendency to form linear myelins
extending several times their diameters. At and above 15
mM surfactant concentration, however, noticeably higher
fractions of myelins displayed the appearance of the coiling
motif. Quantifying the myelin landscape, we find that the
number fractions of coiled myelins grew with the surfactant
concentration: 3.57 + 1.55% (n = §) at 15 mM to 22.14 +
4.20% (n = S) at 120 mM (Figure 2).

The formation of a coil necessitates the consolidation of the
length of the tube, effectively reducing the extension of the
myelinic protrusion. This could be achieved by shortening the
linearly extending tube or consolidating additional growth. Our

observations provide evidence for each of the two mechanisms.
Our results reveal that the surfactant-induced coiling can
recruit existing portions of the essentially linear sections of a
myelin (Videos S8 and S9), iron out any available wrinkles of
sinuous sections of a myelin (Figure S2), or access additional
tube length made available by the growth of a myelin (Video
$10). Over time, helical myelins exhibited a consistent pattern
of tightening (Videos S11, S12, and S13). While the diameters
of uncoiled segments of participating myelins remained
unchanged, the helices contracted: the pitch length—the
length of a complete helical turn, measured along the helical
axis—decreased, and the width—the largest size perpendicular
to the central axis—shrank (Figure 3). This gradual tightening
of the helical coil, which increases the contact surface at the
cost of bending the tube, is consistent with the notion that
surface adhesion plays a role.”” Notably, as the helices
tightened, the pitch angle—defined as the arc tangent of the
ratio of the tube diameter to the pitch length—remained
essentially unchanged, hovering around an average of ~39°
(Figure S3). This then suggests that the two processes, the
tightening of the helical segments and the thinning of the
tubes, occur concurrently.

Visualizing the fate of the coiled myelins over the long term,
we find that the coiled state is not permanent. Overtime (t > S
min), helical myelins solubilized into the surrounding bath.
This unraveling is gradual: the coiled myelins become thin,
uncoil, retract, and dissolve (Figure S2). The observation of
solubilization is confirmed by monitoring the base of a helix:
linear myelin tubes at the root of the helix thinned or peeled as
their external bilayers underwent delamination reminiscent of a
lamellar unbinding transition (Figures 3 and $2D).*

Real-time visual analysis of the base of the helices reveals a
rate independent of the surfactant concentration (Figure 3E).
Moreover, we find that the average solubilization kinetics
yields a rate constant of k ~ 0.01 um/s for the solubilization
process. Assuming the myelin tube to be a smooth cylinder and
using the approximations of each bilayer’s thickness to be 5 nm

1.1 60 mM 1.3
- T —90mM | <
£ 4 gkl —120mM] 1.4 4 L1 |
s 3
§0.9 509
a S
gO.B 20.7
B ] 1 B
< 305
&0.7 l &
0.6 1 0.3

m

-
N

60 mM
—90 mM
—120 mM

60 mM

-

Relative Root Width
o o
o o

1
S

0 20 40 0 10 20
Time (Seconds)

Time (Seconds)

e
N

30 40 50 0 20 40 60
Time (Seconds)

Figure 3. Coil tightening and myelin thinning stages during DDAPS-mediated solubilization of single-component myelin figures. (A) The relative
width (in comparison to the starting observed width) of the helical morphology was measured in real time at various concentrations of DDAPS.
Error bars, standard error based on image resolution, +0.4 gm. (B) The helical width of myelin was measured as depicted by the distance between
the dashed lines of the selected images. (C) The relative length of the helical pitches was measured vs time in a similar comparative manner to (A).
(D) The helical pitch length of myelin was measured as depicted by the distance between the dashed lines of the selected images. (E) The relative
width of the roots of the helical morphologies was measured over time to investigate the dissolution rate of the available bilayers. (F) The helical
root width of myelin was measured as depicted by the distance between the dashed lines of the selected images.
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Figure 4. Solubilization and detachment of compositionally graded multicomponent myelins. (A) Time-lapse depiction of a multicomponent
myelin composed of a 1:1:1 ratio of POPC, SM, and CHOL with 0.1 and 0.3 mol % Rho B-DOPE and NBD-DPPE dopants (respectively) showing
thinning and retraction. The white line on each frame depicts the line along which fluorescence intensity was measured for (B). Time stamp,
sec:centisec; scale bar, 20 ym. (B) The fluorescence intensities of both the NBD-DPPE (green) and Rho B-DOPE (red) channels of the
multicomponent myelin figure were measured along the length of the manually drawn normal line and normalized to their average background
intensity. Normalized fluorescence plots for both channels were measured throughout time and plotted together where the time points are 0 s
(darkest shade), 6.02 s, 12.03 s, 18.91 5, 29.22 s, 36.10 s, 45.55 5, 57.58 5, 83.36 5, and 95.40 s (lightest shade). (C) The normalized intensity was
integrated to elucidate the area under the curve at each time point for each channel. Integrated intensity data was plotted vs time for each channel.
A trendline of the initial thinning is also plotted with a slope of k ~ 0.04. (D) Time-lapse depiction of a multicomponent myelin composed of a
1:1:1 ratio of POPC, SM, and CHOL with 0.1 mol % and 0.3 mol % Rho B-DOPE and NBD-DPPE dopants (respectively) detaching from the lipid
cake and solubilizing as a free-floating myelin. Time stamp, sec:centisec; scale bar, 20 ym.

and each phospholipid’s lateral area to be 0.65 nm? we can composition. Specifically, we found that when lipid cakes
calculate an approximate rate of material loss from the myelin containing phase-separating mixtures of unsaturated lipid,
figures.”' Using this estimated rate constant, a singular myelin cholesterol, and sphingomyelin are hydrated, interlamellar
tube is losing roughly two bilayers per unit length per second molecular segregation ensues. The resulting myelins display
or ~9.75 X 107"® mol POPC/(sec) (um length) or ~5.87 X continuous, interlamellar radial gradients of concentrations of
10" POPC molecules/(sec) (um length) because of its cholesterol, sphingomyelin, and the unsaturated lipid. The
interactions with DDAPS in solution (Figure S4 and Videos latter fluid-phase lipids concentrate in the inner lamellae and
S8, S9, and S14). These intermediate stages did not always the former lipids, cholesterol and sphingomyelin, accumulate
appear as well-separated sequential events. In several instances, in the outer lamellae at the highest concentrations. An
at the time resolution of 0.2 s per frame in our measurements, immediate consequence of this compositional gradient is that
certain states seemed to be skipped, whereas others appeared the outermost, cholesterol-enriched lamellae are stiffer and
to proceed concurrently (Figures S2 and S$4). more resistant to solubilization by detergent.””"*>** How
A unique feature of the multilamellar myelinic organization would such graded organizations influence the abilities of
is that it can stabilize gradients in chemical composition surfactants to drive solubilization? Would it help shield the
between lamellae.”’ In multicomponent lipid mixtures, where buried fluid-phase lamellae within a protective coat of

different lipids hydrate and fluidize differently, the myelinic cholesterol-rich outer layers?
organization preserves the record of differences in their Myelin figures were assembled using a 1:1:1 molar ratio of
hydration kinetics. In a recent study, we have shown that POPC, SM, and CHOL with 0.1 mol % Rho B-DOPE and 0.3
this can give rise to long-lived spatial patterns of chemical mol % NBD-DPPE dopants (respectively) as fluorescent dyes,
8809 https://doi.org/10.1021/acs.langmuir.2c00774
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which labeled the liquid-disordered (L) and liquid-ordered
(L,) phases, respectively. Upon hydration with an aqueous
solution, the L, phase preferentially partitioned to the external
bilayers and the L, phase preferred the internal core of the
myelin figures, confirming previous work.*!

Hydration with aqueous solutions containing DDAPS (90
mM) triggered the solubilization of these multicomponent
myelins. During the ~10 min following hydration, multi-
component myelins displayed continuous thinning (Videos
S15 and S16). Of the many instances of myelin dynamics
observed (n = 518), none coiled, and no helices were observed
over tens of minutes of observation. Quantifying the thinning
dynamics by monitoring the changes in the fluorescence of the
two phase-sensitive lipid probes, Rho B-DOPE and NBD-
DPPE, yielded further insights (Figure 4). When integrated
and averaged, both channels displayed a thinning rate of k ~
0.04, 4 times higher than that during the solubilization of the
single-component POPC myelins. Using the same approx-
imations as above, the myelin tube sheds roughly eight bilayers
per unit length per second or ~2.39 X 107" mol POPC/(sec)
(um length) or ~1.44 X 10° POPC molecules/(sec) (um
length) during the thinning stage. Monitoring the changes in
the integrated fluorescence due to the two phase-sensitive dyes,
we observe that the two—the NBD-DPPE channel pertaining
to the external L, phase and the Rho B-DOPE channel
pertaining to the internal Ly—decay at comparable rates. This
difference can be straightforwardly understood by considering
the phase dependence of surfactant partitioning and accessi-
bility. Although the Ly phase is less abundant in the exposed
leaflets, the greater partitioning of DDAPS within that phase
might account for increased local destabilization, thereby
yielding comparable apparent rates of delamination of the L4
and L, phase components during thinning (Figure 4C).

The DDAPS-mediated thinning of multicomponent myelins
was accompanied by another notable difference. A subpopu-
lation of thinning myelin figures shortened in length, ultimately
retracting to the mother lipid mass. An equally significant
proportion of myelins displayed a remarkable topological
transition, detaching the myelinic protrusions from the mother
lipid mass and producing freely suspended tubules (Figure 4D
and Video S17). These isolated, discrete myelins are not long-
lived: over time, their tubular geometry is abandoned,
producing rounded mesophases en route to dissolving entirely.
This general trend in surfactant-mediated morphological
transitions was fully reproducible for different compositions
of the ternary myelins. Changing the 1:1:1 lipid ratio to a 3:1:1
and 1:2:2 ratio of POPC, SM, and CHOL revealed
qualitatively comparable solubilization dynamics (Videos S18
and S19).

Given the differentiated morphogenesis observed above,
several factors must be considered to appreciate the kinetic and
thermodynamic determinants of these unusual solubilization
trajectories. First, is the coiling of myelin tubes. Previous
research efforts have deduced a number of mechanistic
explanations for coiling depending on their observational
contexts. First, helical coils of myelin tubes were hypothesized
to originate from an adhesion force between the surface
bilayers. This could manifest as either an electrostatic
interaction between involved, negatively charged head-group
lipids and dissolved cations or intermembrane interactions
between neutrally charged lipids.*”>*>* Using some empirical
estimates, the attractive force outcompeted the energetic cost
of bending bilayers in the tube. A confounding study showed

8810

that adhesion does not solely induce coiling; moreover, the
presence of external, amphiphilic dopants could. Using the
biopolymer dextran grafted with 16 carbon aliphatic chains,
myelin tubes began to coil more frequently.3 S Here, the
polymer becomes an integral part of the myelin composition,
doping each lamella of the multilamellar myelin architecture.
These studies propose that the coiling of myelins arises
because of the local polymer concentration, which induces
spontaneous curvature, and the mobility of the polymer along
the length of the myelin, which reduces the bending energy
penalty. Lastly, an independent theoretical study identifies that
a coiling instability may also emerge when nonexternally
perturbed myelin’s lamellae are compressed, such as under
osmotic stress, which acts to reduce the equilibrium distance
between the lamellar membranes.’” In these cases, the
curvature energy penalty, which resists the decrease in radii
of membrane lamellae, competes with the relaxation to the new
equilibrium. This then sets the stage for a buckling
instability—akin to a Helfrich—Hurault instability—promoting
coiling.sg'59 In the present case, the relevant, confounding
hypotheses can be assimilated for a holistic understanding of
myelin behavior. We begin by eliciting the interactions
between the doped surfactant and the myelinic lamellae.
They are determined by the kinetics and thermodynamics of
(1) how DDPAS spatially distributes within the bilayer,
distributing homogeneously or accumulating locally in
mesophase domains; (2) how it partitions between the two
leaflets of each bilayer; and (3) how the intercalation of the
surfactant influences the flip-flop translocation of lipids
comprising the myelin, ultimately producing mixed micelles.
Previous studies establish that the intercalation of DDAPS in
the exposed, outermost bilayer is rapid. The partitioning
coefficients of DDAPS, K, (mol 1I"! in the membrane/mol 1™
in the aqueous phase), have been reported to range from
thousands to tens of thousands.”” However, the subsequent
distribution of DDAPS between the leaflets of the exposed
bilayer is considerably limited, presumably because of
DDAPS’s zwitterionic head-group and positive molecular
curvature.”’ Together, these behaviors promote the localized
accumulation of DDAPS in outer leaflets of the exposed
bilayer, asymmetrically expanding the bilayer, producin%
detergent-enriched domains, and generating curvature stress.

To relieve this elastic stress, single bilayers bend to assume the
corresponding local spontaneous curvature, as predicted by the
so-called bilayer-couple hypothesis.”’ The bending of single
leaflets, however, is strongly opposed by the interleaflet
interactions and the interlamellar Helfrich interactions.”® A
slow morphological consequence of this tug-of-war between
competing influences of local spontaneous curvature and
interlamellar interactions—deduced previously in theoretical
formulations based on equilibrium considerations—is the
breakin§_ of the stack’s chiral symmetry, leading to
coiling.*****” These competing forces, as well as other factors
such as the mass transfer of both pure DDAPS micelles to and
mixed micelles from the parent mesophase, dictate the kinetics
of this process and explain why the solubilization rate appears
to be independent of concentration.’”

In contrast, how is the coiling step suppressed when utilizing
compositionally graded, multicomponent myelins? Our results
robustly demonstrate that the myelins produced by the
mixtures of POPC, cholesterol, and sphingomyelin exhibit
little or no propensity for coiling. As shown previously, and
confirmed here, individual lamellae of myelins produced by
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Figure S. Free-energy landscape of detergent-mediated myelin solubilization. A cartoon representation of the kinetic pathway of detergent-
mediated myelin solubilization. The pathway is dotted with a sequence of metastable intermediates consisting of loose coils, tight helices, and
peeled myelins in the order of decreasing free energy and increasing activation energy barriers until reaching the final state of a micellar suspension
characterizing the equilibrium (adapted from ref 71). AG represents the overall driving force, and individual AG* are the local activation energy

barriers.

these lipid mixtures are not compositionally identical to the
bulk stoichiometry.41 Instead, the molecules segregate differ-
entially: the outermost lamellae are more enriched in
cholesterol and sphingomyelin (L, phase components), and
the Ly phase forming POPC populates the innermost layers.
This radial gradient in composition creates gradients in
membrane fluidity and bending rigidities, with the outermost
layers exhibiting the highest bending rigidity and the lowest
lateral fluidity. In these structurally dense L, phases, surfactants
and detergents have weak solubility and may promote
intralayer domain formation by segregating cholesterol and
sphingomyelin from the detergent and any fluid-phase POPC
lipids.”>~°® Based on these considerations, we propose that the
reduced surfactant partitioning within the L, phase lipids and
the differential membrane bending properties might explain
the observed suppression of the coiling instability in
cholesterol-rich myelin layers.

Next, what dictates the thinning regime? Both single-
component and multicomponent myelin figures exhibit a
monotonic decrease in myelin widths. In the single-component
myelins, this thinning regime usually follows the tightening
regime, but we also observed overlaps between the two. This
overlap manifests as the coil tightening at fixed pitch angles,
which require the two processes—a decrease in pitch size
(tightening) and a decrease in a tube’s diameter (thinning)—
to become fully congruent with one another. In the case of
multicomponent myelins, where the coiling stage is sup-
pressed, the thinning occurs continuously, often extending and
overlapping with the next stage characterized by myelin
retraction or detachment. In both experimental cases, the
observed thinning requires delamination of lamellae from the
cylindrical, smectic, multilamellar myelins, a process consistent
with the previously studied phenomenon of complete
unbinding transitions in which thermal fluctuations and local
short-range interactions can drive unbinding of lamellae in
smectic phases.””*”°® Although our experiments do not
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resolve the kinetic pathways by which thinning proceeds, the
partitioning characteristics of DDAPS suggest a plausible
route: the asymmetric accumulation of DDAPS in the outer
leaflet of the exposed myelin bilayer (see above) and the
increased flip-flop of lipids then sets the stage for lamella
delamination via the so-called micellar mechanism.>” Here, the
lipids are extracted from the surfactant-doped outer leaflet of
the exposed bilayer of myelins via interactions with the
detergent micelles. The resulting depletion of lipids exposes
the nonpolar interstitial space of a bilayer which prompts
increased rates of lipid flip-flopping for energetic balance,
driving further dissolution of the exposed bilayer. With each
successive delamination, new bilayers become exposed to the
detergent micelles, driving a stepwise cascade of myelin
thinning, such as what was observed.

Last, why does the system choose to retract or detach? As a
simultaneously elastic and fluid structure, myelin figures are
dynamic and complicated. As deduced previously, myelin
growth can be determined by its hydration potential; therefore,
we elongate this rationality and propose that myelin retracts
(or reversibly grows) depending on each individual tube’s
hydration properties.’”” Contrarily, the striking topological
transition characterizing the detachment of multicomponent
myelins and the appearance of free-floating myelins is a novel
observation. For the myelinic protrusions to detach from the
source lipid mass, an energy-intensive topological transition—a
pinch-off event—in the vicinity of the myelinic root is needed.
At present, we do not fully understand the mechanisms driving
this localized fission. However, it is tempting to speculate that
the roots of the myelins—which can be expected to be at lower
steady-state tension in growing myelins (out of equilibrium)
because of the frictional drag induced by the water flow—
provide localized spatial and compositional niches for
surfactant intercalation, creating conditions for rupture.’””’
This proposition, however, is unverified.
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With these complexities elucidated, how do they couple to
form this solubilization pathway? En route to dissolution of
single-component myelin, we observed the development of a
well-defined sequence of kinetic intermediates: (1) loose
coiled helices, upon surfactant intercalation and spontaneous
curvature generation in the exposed bilayer; (2) maximally
coiled tight helices, which increase membrane contact and
adhesion; and (3) peeled myelins, reflecting stepwise
delamination of external lamellae. Their appearance suggests
a plausible pathway for the solubilization of myelin figures. We
propose that the pathway to the solubilization of myelins is
marked by multiple free-energy steps, each with its own
activation energy barrier and each providing a corresponding
lowering of the system’s free energy (Figure 5).”" First (AGY),
DDAPS intercalates within the exposed bilayers of the myelin
figures, reorganizing the lipid packing within the hydrophobic
interior, producing local spontaneous curvature, and bending
the bilayers of the myelin tube. These processes are
antagonized by the interleaflet interactions, interlamellar
Helfrich interactions, and elastic bending strain considerations
of the tube, leading to the loose coiled step.zg’58 Next (AGY),
the subsequent insertion of higher amounts of DDAPS more
intensely bends the bilayers, further aggravating the factors
mentioned for AG} and increasing the activation energy of the
step to access the tightened stage. In possible contrast, the
increased contact line of tightened myelin helices presents the
opportunity for a beneficial interaction energy between the
surface bilayers.”* Also, each intermediate is stabilized by their
increasing magnitude of spontaneous curvature.”®’> Upon
reaching solubilizing circumstances (AG}), we anticipate the
highest value of activation energy to reach the peeling step. In
this step, mixed micelles begin leaving the mother mesophase
and, as the mother lipid material is lost, the hydrophobic core
becomes exposed to external aqueous conditions and the
zwitterionic li?ids flip-flop to relieve this thermodynamic
consequence.”” These interactions, as well as considerations in
elastic bending strain and Helfrich interactions seen in the
previous steps, maximize the activation (=.nergy.58’72 In return,
entropy will be maximized by the mixing of the participating
amphiphiles between phases and the translational degrees of
freedom gained when the mixed micelles are removed from the
lamellar phase.”” Lastly (AG}), we anticipate that the energetic
procession of peeling myelins to an isotropic solution of mixed
micelles will be smaller in value than AG}. While incurring the
same processes, the quantitative magnitude of the participating
interactions will decrease as less mother lipid material is left.
Overall (AG), this process occurs due to the complex balance
of spontaneous curvature, interlamellar Helfrich interactions,
elastic bending strain, the hydrophobic effect, possible adhesive
interactions, available thermal energy, and entropy max-
imization of the involved components.”” Thus, it appears
that the observed multistage process of myelin solubilization
loosely parallels Ostwald’s rule of stages and the Stranski—
Totomanow conjecture, traditionally employed for the
crystallization of molecules instead of the behavior of liquid-
crystalline materials, where a phase transition occurs when its
proceeds through the smallest loss of free energy to its
immedi4azt$4precursor by the smallest available activation energy
barrier.””

Bl CONCLUSIONS

The solubilization of the chemically homogeneous, single-
component myelins (such as those obtained by the hydration
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of fluid-phase POPC lipids) by a common zwitterionic
detergent (DDAPS) begins with the appearance of an axial
twist, which propagates to produce transient, but long-lived,
extended helices. Over time, these helices tighten, increasing
membrane line contact; become thin, gradually shedding
lamellae; and retract, remixing with the source lipid mass
while solubilizing into the aqueous phase. In contrast,
multicomponent myelin figures (composed of an equimolar
mixture of POPC, SM, and CHOL) did not exhibit any
observable helical morphogenesis, but thinned and retracted or
detached, producing free-floating myelins. While distinct, these
metastable steps were observed to occasionally happen
concurrently; measuring the pitch angle of certain coiled
myelin figures elicited the possibility of tubes having congruent
tightening and thinning with an average angle of 39°. During
this solubilization process, a multitude of factors dictated the
kinetics, including the mass transfer of both pure DDAPS
micelles to and mixed micelles from the parent mesophase, the
partitioning of DDAPS molecules into bilayers from the
aqueous phase, the intercalation properties of DDAPS within a
bilayer, and the energetically intensive bending of bilayers
within the myelin figure. The combination of these factors
explains why solubilization rates appear to be independent of
concentration.

These metastable states are segregated due to their
thermodynamic considerations, including spontaneous curva-
ture, the elastic bending of membrane bilayers, and the
interlamellar Helfrich interactions. The partitioning and
asymmetric accumulation of DDAPS in the outer leaflet of
the exposed myelin bilayer induces a heterogeneous sponta-
neous curvature and desire for the populated bilayer to bend.
The morphological change competes with the interlamellar
Helfrich interactions holding the bilayers together, with tighter
curvatures (or deviations from unperturbed bilayers), increas-
ing the energetic cost. Upon reaching solubilizing concen-
trations within the bilayer, the system enacts the micellar
mechanism where mixed micelles leave the bilayer organization
and remove the parent lipid material, inducing an increased
rate of flip-flopping lipids to minimize exposure to the external
aqueous phase. As the parent lipid material is lost, lamellae can
delaminate, solubilize, and expose the internal bilayers to the
new pure DDAPS micelles. This occurs iteratively until the
myelin figure has been fully destroyed or retracted. The
solubilization of myelin by this proposed mechanism of
energetic considerations possibly parallels the procedures of
Ostwald’s rule of stages.

While similarly exposed to pure DDAPS micelles, multi-
component myelins incur alternate mechanisms of morpho-
logical destruction. The helical morphogenesis is shunted in
favor of thinning, and retraction or detachment. We propose
that the reduced surfactant partitioning within the eternal L,
phase lipids and the differential membrane properties might
explain the observed suppression of the coiling instability in
cholesterol-rich myelin layers.

Our findings that the pathways of surfactant-mediated
solubilization of multilamellar lipid mesophases are dotted
with long-lived or metastable intermediates of well-defined
morphologies—such as those that may be predicted by
extending Ostwald’s rule of stages—may open interesting
new possibilities. They suggest new pathways for deriving
novel classes of transiently organized and surfactant-program-
able mesostructures and self-assemblies outside the thermal
equilibrium.”>’® They might prove valuable in extending the
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tool kit for in meso crystallogenesis—a rapidly evolving field for

crystallizin7g8 membrane proteins within lipid environ-
15,77

ments.” "

B MATERIALS AND METHODS

Materials. POPC, 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho
B-DOPE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-
nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-DPPE),
SM, and CHOL were purchased from Avanti Polar Lipids (Alabaster,
AL). DDAPS was acquired from Millipore Sigma (Burlington, MA).
Chloroform, methanol, ethanol (denatured), and sucrose were
purchased from Sigma-Aldrich (St. Louis, MO). Base and cover
borosilicate microscope slides were obtained from Corning (Corning,
NY). Nitrogen gas was acquired from Praxair (Danbury, CT). Indium
tin oxide (ITO)-coated glass slides (resistance 4—30 Q) were
purchased from Delta Technologies (Loveland, CO). Eight-well
plastic-bottom plates were obtained from MatTek Corp. (Ashland,
MA). All chemicals were used without further purification.

Myelin Preparation and Experimentation. Myelin figures were
prepared by adopting a previously reported procedure of hydrating a
dried mass of phospholipid molecules between two microscope
slides.>®> Two separate stock solutions were prepared at a
concentration of 25 mg/ml in 9:1 (v/v) chloroform to methanol,
(1) 100% POPC and (2) an equimolar (1:1:1) ratio of POPC, SM,
and CHOL with 0.3% NBD-DPPE and 0.1% Rho B-DOPE.
Microscope slides were cleaned by sonication for S min in a bath
of ethanol, dipping in chloroform for 1 s, and drying with nitrogen gas
and desiccation. Small droplets (4 uL) of stock solution were placed
on cleaned cover slides, and the solution was allowed to dry in the
atmosphere until a dried mass remained (~1S min). Droplets
containing fluorescent labels were covered with aluminum foil to
protect them from light while drying. Coated cover slides and clean
base slides were then pressed together into a lipid cake for 10 s using a
Mettler Toledo (Greifensee, Switzerland) presser. Cakes were either
used immediately or stored under a house vacuum and protected from
prolonged exposure to ambient light. All cakes were used within a
week of preparation.

Lipid cakes were mounted onto the appropriate microscopy
instrument, and a sharp, unobstructed edge of the dried mass was
found (Figure SS). 40 uL of an aqueous solution was then pipetted
onto the edge of the sandwich, and the solution moved into the gap
by advection with the glass. Upon contact with the dried mass, tubules
of myelin figures grew outwardly into the surrounding area. The lipid
cake could be hydrated with deionized water, DDAPS at varying
concentrations, or a two-step process of 40 uL of deionized water and
then 40 uL of 120 mM DDAPS after S min. All experiments were
carried out at room temperature, which is above the gel-fluid phase
transition temperature of almost all of the lipids used. SM, possessing
a transition temperature of 37 °C, posed no issues during myelin
formation once assembled with aqueous solutions.*'

To confirm the surface nature of the surfactant’s interactions,
myelin was assembled using the two-step process (see above). Five
minutes was chosen for step 2 because tubes seldomly intake the
external aqueous solution and grow at that time. Thus, the incoming
DDAPS (in the micellar phase) is limited to interacting with the
surface bilayers of the myelins. Within 5—10 min, myelins began to
coil qualitatively comparable to the previous exposure methods
(Figure S2).

GUV Preparation and Experimentation. GUVs were prepared
in alignment with previously established techniques using electro-
formation.”” Two separate stock solutions were prepared at a
concentration of 2 mg/ml in chloroform, (1) 100% POPC and (2)
an equimolar (1:1:1) ratio of POPC, SM, and CHOL with 3% NBD-
DPPE and 1% Rho B-DOPE dopants. 15 uL of the desired stock
solution was spread on the conductive side of two ITO-coated
microscope slides and dried for at least 2 h under a house vacuum.
Once dried, a rubber “O” ring (Ace Hardware, Davis, CA) was glued
to one slide around the lipid film using vacuum grease (Dow Corning,
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Midland, MI) and about 1 mL of a 10 mM sucrose solution was
added to the cavity. The chamber was then sealed with the other
conductive slide to be water-tight with no air bubbles inside. With a
function generator, a 4 Vpp AC sine-wave current was applied across
both slides at 10 Hz for 1.5 h. Afterward, the current was switched to
a 4 Vpp square-wave current at 2 Hz for 1.5 h. Throughout current
application, slides were covered with aluminum foil to minimize light
exposure. Slides with lipid films of stock solution (2) were heated to
45 °C on a hot plate, while slides with lipid films of stock solution (1)
were kept at room temperature during current application. Once
finished, the sealed system was disassembled, and the solution of
vesicles was transferred to a separate vial. The giant vesicles were then
stored at 4 °C for 2 days before use.

Eight-well plates were mounted on the appropriate microscopy
instrument, and 200 uL of the desired DDAPS solution (1, 15, or 120
mM) was added to a well. Giant vesicles were added to the solution at
the bottom of the sample chamber, and the resulting dynamics were
visualized.

Brightfield Microscopy. Brightfield microscopy measurements
were performed using a Nikon Eclipse TE2000S inverted fluorescence
microscope (Technical Instruments, Burlingame, CA) equipped with
a Roper Cool Snap charge-coupled device (CCD) camera (Technical
Instruments). Videos were taken using a Plan Fluor 20X (NA, 0.25)
objective (Nikon, Japan).

Spinning-Disk Confocal Fluorescence Microscopy. Spinning-
disk confocal fluorescence microscopy measurements were performed
using an Intelligent Imaging Innovations Marianas Digital Microscopy
workstation (3i Denver, CO) fitted with a CSU-X1 spinning disk head
(Yokogawa Musashino-sh, Tokyo, Japan) and a Quantem512SC
EMCCD camera (Photometrics Tuscon, AZ). Fluorescence micro-
graphs were obtained using a Zeiss Plan Fluor 63x (NA 1.4) oil
immersion objective (Carl Zeiss Oberkochen, Germany).

Wide-Field Fluorescence Microscopy. Wide-field fluorescence
microscopy images of myelin figures were acquired using a Carl Zeiss
Axio Observer Z1, fitted with an EC Plan-Neofluar 63x/1.25 oil
objective (Carl Zeiss, Oberkochen, Germany) and equipped with
Zeiss set 10 (Ex: 450—490; Em: 515—565) and Zeiss set 31 (Ex:
550—570; Em: 590—650), and a HXP 210 C mercury metal halide
lamp (Carl Zeiss, Oberkochen, Germany).

Wide-field fluorescence microscopy measurements of giant vesicles
were performed using a Nikon Eclipse TE2000S inverted fluorescence
microscope (Technical Instruments, Burlingame, CA) equipped with
a Roper Cool Snap CCD camera (Technical Instruments) and Hg
lamp as a light source. Videos were taken using a Plan Fluor 20X (NA,
0.25) air objective (Nikon, Japan) and filter cubes to filter the
absorption and emission of the source and camera.

Analysis of Myelin. All images and videos were analyzed using
the Image] software package. Helical morphogenesis, degradation
rates, widths, diffusion coeflicients, and handedness were computed
by manual measurements or calculations.
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