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ABSTRACT The unique attributes of very-long-chain polyunsaturated fatty acids (VLC-PUFAs), their long carbon chains
(n > 24) and high degree of unsaturation, impart unique chemical and physical properties to this class of fatty acids. The changes
imparted by VLC-PUFA 32:6 n-3 on lipid packing and the compression moduli of model membranes were evaluated from w-A
isotherms of VLC-PUFA in 1,2-distearoyl-sn-3-glycero-phosphocholine (DSPC) lipid monolayers. To compare the attractive or
repulsive forces between VLC-PUFA and DSPC lipid monolayers, the measured mean molecular areas (MMAs) were compared
with the calculated MMAs of an ideal mixture of VLC-PUFA and DSPC. The presence of 0.1, 1, and 10 mol % VLC-PUFA shifted
the m-A isotherm to higher MMAs of the lipids comprising the membrane and the observed positive deviations from ideal
behavior of the mixed VLC-PUFA:DSPC monolayers correspond to repulsive forces between VLC-PUFAs and DSPC. The
MMA of the VLC-PUFA component was estimated using the measured MMAs of DSPC of 47.1 + 0.7 A%molecule, to be
15,000, 1100, and 91 A%/molecule at 0.1, 1, and 10 mol % VLC-PUFA:DSPC mixtures, respectively. The large MMAs of
VLC-PUFA suggest that the docosahexaenoic acid tail reinserts into the membrane and adopts a nonlinear structure in the
membrane, which is most pronounced at 0.1 mol % VLC-PUFA. The presence of 0.1 mol % VLC-PUFA:DSPC also significantly
increased the compression modulus of the membrane by 28 mN/m compared with a pure DSPC membrane. The influence of
VLC-PUFA on lipid “flip-flop” was investigated by sum-frequency vibrational spectroscopy. The incorporation of 0.1 mol % VLC-
PUFA increased the DSPC flip-flop rate fourfold. The fact that VLC-PUFA promotes lipid translocation is noteworthy as retinal
membranes require a high influx of retinoids which may be facilitated by lipid flip-flop.

SIGNIFICANCE The importance of VLC-PUFAs to retinal health is an important discovery, but the underlying biophysical
mode of action is not well understood. The unique attributes of VLC-PUFAs, their long carbon chains (n > 24) and high
degree of unsaturation, impart unique chemical and physical properties to this class of fatty acids. The goal of studies
presented in this manuscript aim to systematically explore the biophysical effects of VLC-PUFAs on the packing,
morphology, and mechanical properties of lipid membranes as a means of deciphering their biophysical mechanism of
action in restoring biological function to retinal cell membranes.

INTRODUCTION unique in that they contain a saturated acyl fragment con-
taining between 12 and 20 carbons and a methylene-inter-
rupted polyunsaturated fragment (1,6,7). The unsaturated
terminal region of VLC-PUFAs found in the retina are pre-
dominantly n-3 and n-6 with four to six conjugated double
bonds in the fatty acid chain. The retinal rod outer segment
(ROS) membrane is enriched in VLC-PUFAs with the
composition of 22:6 n-3, 32:6 n-3, and 34:6 n-3 (6,8,9).
These VLC-PUFAs make up less than 2% of the total fatty
acid content of the membrane either as either free fatty acids

Retinal membranes are comprised of a variety of unique
phospholipids, proteins, and fatty acids. The presence of
one particular group of fatty acids, known as very-long-
chain polyunsaturated fatty acids (VLC-PUFAs), was first
identified over three decades ago, and they have been impli-
cated in maintaining healthy retinal function, particularly
rod photoreceptors (1-5). Structurally, VLC-PUFAs are
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or as components of the lipids comprising the ROS (1,10).
The structure of one of the more common VLC-PUFAs
(C32:6 n-3) found in retinal tissue is shown in Fig. 1.
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VLC-PUFAs are produced in retinal cells through the ac-
tion of the fatty acid elongase enzyme ELOVL4 which ex-
tends the precursor long-chain polyunsaturated fatty acid
(LC-PUFA) chains (11). In the retina, deficiencies in VLC-
PUFAs stem generally from either low dietary intake of
precursor LC-PUFAs or altered activity of ELOVL4 which
synthesizes VLC-PUFAs in the endoplasmic reticulum
(12,13). VLC-PUFAs are crucial for proper functioning of
the retina, with reduction in VLC-PUFAs, due to genetic mu-
tations in ELOVLA, resulting in a macular dystrophy known
as Stargardt-3 disease (14,15). In particular, Bernstein’s
group has measured a significantly higher distribution of
VLC-PUFAs in mouse retinas versus other tissues and cell
types and has also demonstrated their potential role in
reversing macular degeneration and dystrophies in the retina
(4,14,16,17). Furthermore, conditional knockouts of the
ELOVLA4 gene in mice showed that deficiencies in VLC-PU-
FAs resulted in disorganization of the outer plexiform layer,
mislocalization of glutamatergic vesicles to the outer nuclear
layer, and reduced longevity of rods in mouse retinas (18).
At the cellular membrane level, there is growing consensus
that VLC-PUFAs are pivotal in stabilizing rhodopsin in the
rod photoreceptor cells. Aveldano and co-workers has found
that phosphocholines containing VLC-PUFA interact
strongly with rhodopsin, supported by a VLC-PUFA-
rhodopsin complex after extraction by hexanes from
Iyophilized disks (19-23). They proposed that the structural
flexibility afforded by the polyunsaturated distal tail of VLC-
PUFAs provides support for the transmembrane helices of
rhodopsin in the membrane. In addition, molecular dynamic
simulations of 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphocholine interactions with rhodopsin demonstrated
that the transmembrane helices of rhodopsin preferentially
associated with the docosahexaenoic acid (DHA) (22:6
n-3) tail (21). In addition, the hybrid saturated/unsaturated
structure and the elongated chain length of VLC-PUFAs
are also believed to impart increased membrane fluidity
and help stabilize the curved membrane structure of the
photoreceptor outer segments in retinal cells (18,19,24).

In a recent publication, we demonstrated that supplemen-
tation with a synthetic VLC-PUFA (32:6 n-3) in wild-type
and ELOVL4 conditional knockout mice led to increased
concentration of VLC-PUFA in the retina and improved
retinal function (25). These studies were made possible by
a novel synthetic route to the VLC-PUFAs such that they

2 Biophysical Journal 7121, 1-12, July 19, 2022

FIGURE 1 Structure of the VLC-PUFA (C32:6
n-3) used in this study.

could be prepared in sufficient quantities for in vitro and
in vivo studies (25). The availability of sufficient quantities
of synthetically pure VLC-PUFA also provides the means to
assess the biophysical properties of VLC-PUFAs on phos-
pholipid membranes in a controlled and systematic manner.

The studies herein were motivated by the need to charac-
terize a biologically rare but influential membrane compo-
nent found in the membrane of retinal cells, VLC-PUFAs,
in an attempt to investigate their impact on lipid membrane
properties. In particular, the changes imparted by VLC-PU-
FAs on lipid packing and the compression moduli of model
membranes were evaluated from pressure-area (7-A) iso-
therms of VLC-PUFA (32:6 n-3) at 0.1, 1, and 10 mol %
in lipid monolayers containing 1,2-distearoyl-sn-3-glyc-
ero-phosphocholine (DSPC). DSPC was chosen as the lipid
matrix in these studies as the saturated acyl chains of DSPC
are commensurate with the proximal saturated fatty portion
of VLC-PUFA. In addition, deuterated analogs of DSPC,
which are required for the detailed spectroscopic and dy-
namics studies, were commercially available in high purity.
From the 7-A isotherms the changes in DSPC packing and
compression moduli of the membranes were examined. Spe-
cifically, the compression moduli of VLC-PUFA:DSPC
mixtures were determined, as it has been postulated that
VLC-PUFAs may modulate membrane rigidity (26,27).

In addition to the static perturbations to a lipid membrane,
the effect on lipid translocation (flip-flop) was also investi-
gated by sum-frequency vibrational spectroscopy (SFVS).
Lipid translocation in retinal membranes is required for
proper photoreceptor response to the massive influx of reti-
noids after photopigment bleaching and the proper organi-
zation and dynamics of rhodopsin. VLC-PUFA mediated
lipid flip-flop may provide an alternative nonenzymatic
mechanism for retinoid translocation in photoreceptors
which does not require the ABCA4 enzyme (28), which
could facilitate proper retinal functioning.

MATERIALS AND METHODS
Materials

All materials were used as received, unless otherwise noted. DSPC, and 1,2-
distearoyl-dso-sn-3-glycero-phosphocholine (DSPCd;,) were purchased
from Avanti Polar Lipids (Alabaster, AL) and used without further purifica-
tion. NaCl, NaOH, and HCI were purchased from Macron Chemicals (Cen-
ter Valley, PA). Sodium phosphate anhydrous (dibasic), sodium phosphate
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(monobasic), and hydrogen peroxide were purchased from Fisher Scientific
(Pittsburgh, PA). DHA, chloroform and deuterium oxide were purchased
from Sigma-Aldrich Millipore (St. Louis, MO). PBS buffer consisting of
100 mM NaCl, 10 mM NaH,PQy,, and 40 mM Na,HPO, prepared in Nano-
pure water with a minimum resistivity of 18.2 MQ-cm (Barnstead Thermo-
lyne, Dubuque, TA) was used in all experiments. The pH was adjusted using
either 2 M NaOH or 2 M HCI. UV-IR grade fused silica trapezoidal prisms
used as the membrane support were purchased from Almaz Optics (Marl-
ton, NJ) and cleaned thoroughly before use. Prisms were first placed in
an UV-ozone cleaner (Jetlight, Irvine, CA) for 30 min, followed by submer-
sion in a solution of 30% (v/v) H>0» and 70% (v/v) H,SO, for a minimum
of 30 min. (Caution: this is a highly corrosive solution that reacts violently
with organic solvents. Take extreme caution and care when handling the so-
lution.) The prisms were rinsed thoroughly with Nanopure water before
drying in an oven at 120°C for at least 15 min. Once the prisms were
dry, they were cleaned once more with an argon plasma (Harrick Scientific,
Ithaca, NY) for 2 min.

VLC-PUFA (C32:6 n-3) Synthesis

VLC-PUFA (C32:6 n-3) was synthesized via the method described by Wade
et al. (29). In the discussion that follows the use of VLC-PUFA refers to the
C32:6 n-3 form. VLC-PUFA was stored at —80°C under nitrogen before use
to prevent oxidation.

Methods
w-A isotherms

m-A isotherms were collected using a Langmuir trough (KSV, Helsinki,
Finland). PBS was used as the subphase for all isotherms. Stock solutions
of pure VLC-PUFA, pure DHA, pure DSPC, and DSPC containing 0.1,
1, or 10 mol % VLC-PUFA or DHA were spread at the air/water interface
and allowed to equilibrate for 15 min before compression to allow for sol-
vent evaporation. The monolayers were compressed at a rate of 2 mm/min
at 22 + 1°C and repeated in triplicate. The averaged isotherms were
smoothed using a 100-point rolling average.

As a control, 7-A isotherms were also collected with an argon purged
subphase. No measurable differences in the measured isotherms or calcu-
lated compression moduli were observed. Unless otherwise noted, the
data were collected under ambient conditions.

Bilayer preparation

Planar supported lipid bilayers (PSLBs) used in this study were prepared using
the Langmuir-Blodgett/Langmuir-Schaefer (LB/LS) method, the details of
which are presented elsewhere (30). In brief, the cleaned SiO, prisms were sub-
merged in PBS. Afterward, 0.1 mol % VLC-PUFA in DSPCd;, was spread
over the air/water interface and allowed to equilibrate for 15 min. Afterward,
the monolayer was compressed to 30 mN/m at a rate of 4 mm/min, and the sur-
face pressure was allowed to stabilize for another 5 min. The prism was then
withdrawn at a rate of 3 mm/min to deposit the LB layer. The subphase was
removed, and the trough was cleaned using methanol, isopropanol, and water.
Following this, fresh PBS was introduced into the trough, and 0.1 mol % VLC-
PUFA in DSPC was spread at the air/water interface. The monolayer was then
compressed to 30 mN/m at a rate of 4 mm/min. The prism was rotated horizon-
tally so that the LB layer was parallel to the air/water interface. The prism was
submerged through the monolayer, depositing the LS layer resulting in the for-
mation of a fully assembled bilayer. From this point forward, the bilayer was
maintained in an aqueous environment. The prism was transferred to a custom
Teflon flow-cell that was equipped with ports to allow for solution exchange
and a K-type thermocouple to monitor the temperature.

DSPC flip-flop kinetics

SFVS, a complementary method for studying lipid flip-flop, has been shown
to be a useful and direct method for probing lipid translocation in model
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membranes (31). Similar to SANS (32) and NR (33) methods for measuring
lipid flip-flop, SFVS substitutes a fraction of lipids with deuterated lipids
and does not require the use of bulky spin or fluorescent labels. The foun-
dations of SFVS are described in detail elsewhere, and only a brief descrip-
tion follows (34). SFVS is a second-order nonlinear spectroscopy that is
forbidden in media with inversion symmetry but allowed at interfaces
where the inversion symmetry of the bulk is broken. To obtain a SFVS, a
laser at a fixed visible wavelength is spatially and temporally overlapped
with a tunable mid-IR beam at an interface, whereby a beam at the sum
of the incident frequencies is generated:

Wsp = g + R (1)

The SFVS intensity is given by

Iy = lfSEf;'ilJ}rX(zJ

IZ

(2)

where]w"s,;. fiis, and f;, are the Fresnel coefficients of the electric field inten-
sities of the sum-frequency, visible, and IR beams, respectively. %' is the
second-order nonlinear susceptibility, which is the sum of the resonant

(xl((z)) and nonresonant (Xl(\?[g) susceptibilities:
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where A, is the product of the /R and Raman transition probabilities and the
strength of the transition of the v vibrational mode, w, is the frequency of
the vibrational mode, wyg is the frequency of the incident IR beam, and I’ is
the intrinsic linewidth of the vibrational transition. In the specific case of
lipid bilayers, we use the methyl symmetric stretch (CH; v,) intensity
from the termini of the fatty acid chains of the lipids as an indicator of
bilayer asymmetry. This is achieved by preparing phospholipid bilayers
with perdeuterated and perhydrogenated lipids in each leaflet, respectively.
The intensity of the CH; v, stretch can be described in terms of the effective

nonlinear susceptibility (xfj}):

N ista N, FoXima
@ _ d.rl<6CH3v.‘) _ _proxmal ¢ ) + X[(Vz‘% )
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where Nisar and N, ximar are the proportion of proteated lipids in the leaf-
lets, proximal or distal, to the solid support, and B is the molecular hyper-
polarizability. The measured sum-frequency intensity is related to the
measured intensity of the CH; v, through the following expression:

ISF « (Ndisla! - I\J,pi'rz\‘ir.\m.l’)2 (5)

Initially, the fraction of proteated lipids in each leaflet are N ;5 = 1 and
Nyroximar = 0 in the as-prepared bilayer, and interleaflet lipid exchange is
described by the equilibrium:

k.
N, distal —
k

proximal (6)

where k, and k_ denote the forward and backward rates of flip-flop. As
lipids exchange between leaflets over time, the change in N, with respect
to time is expressed as:

dN, distal
dt

- k+Ndi.vmi - k—Nprm'imai (7)
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It has been previously shown that the rate of lipid flip-flop did not depend
on the order of deposition (i.e., whether the proteated component is in the
distal or proximal leaflet) (35). Thus, Eq. 5 becomes:

dei:mi
dt

= - k(szf.\‘mi - l) (8)

and the integrated rate expression is:

2Ndr'.vml(t) -1 = eizh (9)

where 2N ;s — 1 is the population difference of proteated components in
each leaflet. From Eq. 4, the population difference between leaflets is
related to the effective nonlinear susceptibility, so the time-dependent
version of Eq. 4 is described as:

ngzj’? = |xple e ™ + |xygle” (10

where [¢g| and |¢ng| are the magnitudes of the complex resonant and
nonresonant susceptibilities with phase angles of ¢, and ¢,, respectively.
When the resonant and nonresonant contributions are in or out of phase,
the difference in the phase angles (4¢) is taken as 0 or T, respectively.
By substituting Eq. 10 into Eq. 2, the intensity of the CH; v, can be ex-
pressed as:

ICH; s (f) = ]R\max‘?7 akt -+ Zﬁ INR[M COS(A(,{))
g + IR min (11)

where Ig g, and Ig,,;, are the maximum and minimum intensities of the
CH; v, stretch, respectively. Iyx is the nonresonant background intensity,
and for the model lipid bilayers on SiO,, Iyg is extremely small at fre-
quencies where CH vibrational modes are absent. Thus, Iy can be removed
from Eq. 11, which simplifies to:

IC'H3 (I) = Imiu + Ima,\‘ei-/”a (12)

where 1,,,,, is the initial signal from the as-prepared asymmetric bilayer and
1,,.i accounts for the signal offset of the detection system.

After bilayer assembly, the flow-cell was flushed with PBS in D,0 to
eliminate any spectral interference from the O-H bands from water. The
spectrometer setup used in these studies is described in detail elsewhere
(31). An initial spectrum was taken before kinetics measurements to ascer-
tain bilayer formation. The spectrometer was then tuned to 2875 cm™ !, and
the temperature of the flow cell was raised for the kinetics measurements.
The flip-flop rate was obtained from the decay profiles by fitting Eq. 12
to the data.

RESULTS AND DISCUSSION
w-A isotherms

The impact of VLC-PUFA on DSPC membrane packing
was evaluated from the 7-A isotherms (Fig. 2). DSPC was
chosen as the model lipid in these studies as it is well suited
for exploring the VLC-PUFA perturbations via m-A iso-
therms and the availability of its dueterated analogs pro-
vides a means to assess the structural and kinetic
perturbations induced by VLC-PUFA using SFVS. The
studies presented herein could not be conducted on unsatu-
rated lipid species as the required dueterated lipids are not

4 Biophysical Journal 121, 1-12, July 19, 2022

commercially available. Although DSPC is not the most
biologically rigorous model system, it does provide a means
to assess VLC-PUFA lipid interactions in a systematic
manner. For consistency, all mean molecular areas
(MMAs) are compared at 20 mN/m. The collapse pressures
of the pure DSPC and pure VLC-PUFA monolayers were
determined to be 61 and 23 mN/m, respectively. The
measured collapse pressure of DSPC is in agreement with
a previously determined pressure of 60 mN/m (36). The
collapse pressures of the 0.1, 1, and 10 mol % VLC-
PUFA mixtures were determined to be 59, 62, 64 mN/m,
respectively.

The m-A isotherms of DSPC:VLC-PUFA display a
continuous smooth progression from low to high pressure
as a function of MMA with an absence of discrete transitions
or plateaus which are indicative of phase transitions or lipid
segregation in the membrane. The most striking trend
observed in the 7t-A isotherms is the large increase in the
MMA upon the addition of 0.1 and 1 mol % VLC-PUFA
in the DSPC membrane with an increase of 15 and 11 A%
lipid respectively over the MMA of DSPC (47 Azllipid)
alone, Fig. 3. At 10 mol % VLC-PUFA the change in the
lipid packing is reduced to an increase of 4 Azllipid. This
is surprising given the much smaller MMA of pure VLC-
PUFA at 20 mN/m of 36 A*/lipid.

To investigate the role of the polyunsaturated portion of
VLC-PUFA (C32:6-n6) on the behavior observed in the
7t-A isotherms of VLC-PUFA + DSPC; isotherms of the
structural analog of the pendent polyunsaturated chain,
DHA (C22:6-n3), in DSPC were also measured, Fig. 2.
The collapse pressure of a pure DHA monolayer was
measured to be ~25 mN/m which is consistent with re-
ported literature values (37). In addition to the collapse pres-
sure, the 7-A isotherms of DSPC:DHA closely resemble
those of VLC-PUFA at pressures above 15 mN/m. However,
at pressures below 15 mN/m, the binary 0.1 and 10 mol %
DHA:DSPC mixtures show clear phase transitions with re-
gions of phase segregation as noted by the plateau regions.
Interestingly, 1 mol % DHA:DPSC does not exhibit this
behavior. These observations suggest that the packing
behavior of VLC-PUFA is shaped partially by the DHA-
like pendent tail of VLC-PUFA, but the proximal saturated
14- carbon portion appears to eliminate the phase transitions
and phase coexistence regions observed for DHA alone.
However, the magnitude of the change in the MMA of the
DHA:DSPC monolayers was significantly less than that
measured for VLC-PUFA at 9 and 6 Azflipid for 0.1 and 1
mol % DHA, respectively, Fig. 3. These results suggest
that the polyunsaturated portion of VLC-PUFA must be
embedded in the DSPC monolayer, as opposed to the poly-
unsaturated portion extending beyond the monolayer, to ac-
count for the large increase in the MMA observed at low
fractions of VLC-PUFA in DSPC. It has been postulated
that DHA can fold and form hairpin-like structures in lipid
membranes (38) which by analogy, the polyunsaturated
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portion of VLC-PUFAs must re-insert into the membrane
giving rise to the larger measured MMAs. In comparison,
a linear chain conformation would allow for the PUFA tail
to extend into the opposing leaflet in a lipid bilayer (39—
41), so the trends observed here may not fully describe the
behavior in a lipid bilayer.

Both the VLC-PUFA + DSPC and DHA + DSPC binary
mixtures exhibit an increase in the MMA of the lipids in the
membrane. Mixtures of 1-palmitoyl-2-docosahexaenoyl-sn-
glycero-3-phosphocholine (PDPC) and DPPC also exhibit
an increasing in the lipid MMA over DPPC alone (42).
From the reported isotherms, the MMA of a I:5
PDPC:DPPC mixture (10 mol % DHA) was roughly
57 A%molecule at 20 mN/m, which is similar to the
measured MMA of 52.5 + 0.4 A*molecule of the 10
mol % VLC-PUFA:DSPC monolayer (Fig. 2). The agree-
ment between the MMAs of 10 mol % VLC-PUFA:DSPC
and 20 mol % PDPC:DPPC also support the hypothesis
that the DHA portion contributes significantly to the
MMA of VLC-PUFA, implying that DHA chain is inte-
rcalated in the DSPC monolayer in a hairpin structure. How-
ever, the contribution to the saturated myristyl chain of
VLC-PUFA must contribute to the increased MMA of
VLC-PUFA + DSPC membranes as the area increase is
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independent compression experiments. To see this
figure in color, go online.

significantly greater, 6 and 5 Azllipid at 0.1 and 1 mol %
VLC-PUFA, respectively, compared with DHA alone.

The miscibility and energetics of mixing between VLC-
PUFA and DSPC in the presence of 0.1, 1, and 10 mol %
VLC-PUFA were determined by comparing the measured
MMAs to the MMAs of an ideal mixture, which is the
weighted average of the two components (43).

Apn = AX) + AX,, (13)

where A, is the theoretical MMA, A, and A, are the mean
molecular areas of components 1 and 2, respectively, and X,
and X, are the mol fractions of each component. The
observed positive deviations from ideal behavior of the
VLC-PUFA:DSPC monolayers suggest that repulsive forces
exist between VLC-PUFA and DSPC. The general shapes of
the 7t-A isotherms of the VLC-PUFA:DSPC mixtures point
to miscibility between VLC-PUFA and DSPC with no
apparent phase segregation in the range of 10-50 mN/m)
as evidenced by the lack of a plateaus in the isotherms
and their continuous nature.

To determine whether the observed increases in MMA of
VLC-PUFA:DSPC mixtures is attributable to the presence
of DHA in the membrane, the MMAs of DHA:DSPC

FIGURE 3 (Left) The MMAs of VLC-
PUFA:DSPC and (right) DHA:DSPC monolayers
at 20 mN/m, obtained from the 7t-A isotherms in
Figure 1, for DPSC (blue), 0.1 mol % (orange), 1
mol %, and 10 mol % (cyan) and 100% VLC-
PUFA or DHA from Eq. 13. The dashed line repre-
sents the ideal MMAs of VLC-PUFA:DSPC and
DHA:DSPC mixtures. (Insets) An enhanced view
of the MMAs of 0.1, 1, and 10 mol % VLC-
PUFA:DSPC and DHA:DSPC monolayers. Repre-
sentative errors are shown for 10 mol %. The errors
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were determined from triplicate isotherms. To see
this figure in color, go online.
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mixtures (at the same mol % as VLC-PUFA) were analyzed,
and are shown in Fig. 3. A comparison between the MMAs
of the DHA:DSPC mixtures and the VLC-PUFA:DSPC
mixtures revealed that the MMAs of DHA:DSPC mixtures
at 20 mN/m also shifted to a higher MMA, as illustrated
in Fig. 3. More importantly, the MMAs of the DHA:DSPC
mixtures positively deviated from the ideal MMA of the
mixture, indicating that repulsive forces were present be-
tween DHA and DSPC in the monolayers. Beginning with
DHA, the MMAs of the 0.1, 1, 10 mol % DHA in DSPC
mixtures at 20 mN/m were determined to be 55.5 =+
0.6 A%molecule, 52.7 + 0.3 A%molecule, and 51.6 =
0.2 A*/molecule, respectively. In the corresponding VLC-
PUFA:DSPC mixtures, the MMAs of the 0.1, 1, and 10
mol % VLC-PUFA in DSPC mixtures were determined to
be 62.1 = 0.3,57.6 = 0.2, and 51.5 = 0.2 Azlmolecule,
respectively. Lor and Hirst proposed that the presence of
DHA in DPPC membranes may induce significant structural
changes in the DPPC gel phase matrix (22). The presence of
DHA in DPPC membranes decreased the bilayer thickness
via x-ray diffraction measurements of membranes
comprising DPPC and 0.1 to 5 mol % DHA-PE (1-palmi-
toyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanol-
amine). They proposed that the observed decrease in
membrane thickness indicates that DHA remains embedded
in the bilayer. When DHA does not extend into the opposing
leaflet, it is possible that DHA fills space in a frustoconical
shape, which would induce adjacent gel-phase DPPC mole-
cules to tilt to accommodate the steric interactions between
DHA and the palmitoyl chains. In other words, it is likely
that the DHA portion of VLC-PUFA through its high degree
of conformational freedom induces conformational changes
in the adjacent stearyl chains of DSPC, resulting in a higher
MMA of the monolayer.

It has been suggested that saturated lipids in the presence
of DHA may result in transient raft domain formation due to
preferential interactions between DHA molecules (44-49).
At 0.1 mol % VLC-PUFA, VLC-PUFA is diluted in the
DSPC matrix, where the PUFA tail must interact with the
surrounding saturated stearoyl chains, and the unfavorable
interaction between the two could give rise to the deviation
from ideal mixing behavior observed here. However, as the
mol % of VLC-PUFA increases, adjacent VLC-PUFAs can
interact with each other, thereby mitigating unfavorable in-
teractions between the polyunsaturated portion of VLC-
PUFA and the saturated acyl chains of DSPC, thereby
decreasing the deviation from ideal mixing behavior, as
observed in Fig. 3.

Compression modulus

The impact of VLC-PUFA on the compression modulus of
DSPC monolayers was also evaluated to investigate the in-
teractions present in the mixed monolayers. The compres-
sion moduli of pure DSPC, pure VLC-PUFA, and 0.1, 1,
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and 10 mol % VLC-PUFA in DSPC monolayers were calcu-
lated from the 7t-A isotherms using the numerical derivative
of the m-A isotherms using the following expression (50):

K(II) = — Ay — ) /(A — Aiy), (14)

where /417 and i—1 indicate the interval of the running nu-
merical derivative and are presented as a function of surface
pressure in Fig. 4. A surface pressure of 30 mN/m was cho-
sen for comparison purposes to reflect the pressure of the
plasma membrane in cells and solution phase vesicles
(30-35 mN/m) (51). The compression modulus at 30 mN/
m of a DSPC monolayer was determined to be 280 =+
10 mN/m, which agrees well with reported values of 270-
300 mN/m (50,52,53). The compression modulus of 0.1
mol % VLC-PUFA:DSPC significantly increases the
compression modulus to 356 = 8 mN/m, indicating that
the membrane becomes less compressible compared with
pure DSPC. For the 1 and 10 mol % VLC-PUFA:DSPC
monolayers, the compression modulus decreased to 183
+ 7and 179 = 10 mN/m, respectively, and indicates that
the membrane became more compressible as the amount
of VLC-PUFA increased.

To assess whether the observed trends in the compression
moduli of the VLC-PUFA:DSPC monolayers was attribut-
able to the presence of the polyunsaturated portion of
VLC-PUFA, compression moduli of DHA:DSPC mono-
layers were calculated and are shown in Fig. 4. Generally,
increasing the amount of DHA in the DSPC monolayer
decreased the compression modulus of the monolayer, indi-
cating that the membrane becomes more compressible. The
trend observed in the DHA:DSPC monolayers is consistent
with the measurements and observations by Dumaual et al.
(42). They studied mixtures of PDPC:DPPC monolayers,
where increasing the amount of DHA in the monolayer
(by increasing the amount of PDPC) decreased the compres-
sion modulus of the PDPC:DPPC monolayer. The observed
decrease was attributed to a “redistribution of lipids
(changes in packing) within the monolayer.” Concomitant
with 7T-A measurements, fluorescence microscopy images
revealed that DPPC segregated from PDPC and formed
small DPPC-rich domains at concentrations greater than
10 mol %, but did not observer noticeable phase segregation
at or below this concentration, which is consistent with our
observations for VLC-PUFA. In this study we did not
examine concentrations greater than 10 mol % as they
were not relevant to our ongoing clinical studies in mice
models. Because of the repulsive forces between VLC-
PUFA and DSPC, more energy would be required to force
VLC-PUFA and DSPC together (i.e., higher compression
modulus). At a low mol % of VLC-PUFA, the PUFA tail
would necessarily interact with the stearoyl chains of
DSPC. Compression of this system would require either
exclusion of the PUFA tail from the monolayer, or confor-
mational alignment of the unsaturated tail into and all-trans
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FIGURE 4 (Left) Compression moduli of VLC-
PUFA:DSPC monolayers for the following concen-
trations of VLC-PUFA: 0 mol % VLC-PUFA
(blue), 0.1 mol % (orange), 1 mol % (cyan), 10
mol % (dashed cyan), and 100 mol % (red). (Right)
Compression moduli of DHA:DSPC monolayers for
the following concentrations of DHA: 0 mol %
(blue), 0.1 mol % (orange), 1 mol % (cyan), 10
mol % (dashed cyan), and 100 mol % (red). The er-
ror bars shown for DSPC are representative of the
standard deviation obtained from triplicate measure-
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configuration both of which are energetically unfavorable,
and presumably responsible for the observed increase in
the compressibility of the monolayer. However, at 1 and
10 mol % VLC-PUFA:DSPC, it is likely that the additional
PUFA is present in the monolayer allows for more favorable
interactions between the PUFA tails. Thus, the observed
changes in the compression modulus and MMA support
the hypothesis that the PUFA tail of VLC-PUFA inserts
into the DSPC monolayer, thereby changing the compress-
ibility of the DSPC membrane.

Excess free energy of mixing

The observed expansion of the VLC-PUFA:DSPC mono-
layers can be related to the excess free energy of mixing,
AG®* using the following expression (43).

I
AG“‘C = N/ (AIZ - A]X] - AzXz)dH, (15)
0

where N is Avogadro’s number, and Il is the monolayer
collapse pressure (43). Using the m-A isotherms, AG™
was calculated by using the limits of integration from 0 to
49 mN/m, which is slightly below the collapse pressure of
DSPC. The calculated AG®* are plotted as a function of
mol % VLC-PUFA in Fig. 5, and the overall positive AG™*
values for the VLC-PUFA:DSPC monolayers indicate
unfavorable, repulsive forces between VLC-PUFA and
DSPC. The largest AG™“ was observed for 0.1 mol %
VLC-PUFA in DSPC monolayers, which is consistent
with the positive deviation from ideal mixing behavior
shown in Fig. 3.

To test whether the increase in AG®* observed for VLC-
PUFA can be attributed to the polyunsaturated portion of
VLC-PUFA, AG™* values for DHA:DSPC monolayers
were also calculated (Fig. 5). The presence of DHA
increased the free energy of mixing significantly in
DHA:DSPC monolayers. The observed changes in the
VLC-PUFA:DSPC mixed monolayers may be due to the
presence of the “folded” PUFA chain of VLC-PUFA in

30

40 50  ments. To see this figure in color, go online.

Surface Pressure (mN/m)

the monolayer because of the structural similarity between
DHA and VLC-PUFA. However, the free energies of mixing
of the VLC-PUFA:DSPC mixtures were generally greater
than the free energies of mixing of the DHA:DSPC mix-
tures. This discrepancy suggests that the presence of DHA
accounts for some but not all of the changes observed.
The myristyl chain of VLC-PUFA may play a role in the
observed increase in the free energy of mixing for VLC-
PUFA:DSPC monolayers.

Increasing the mol % DHA in DHA:DSPC and VLC-
PUFA:DSPC monolayers decreased the magnitude of
AG®*. A lower AG® indicates fewer repulsive forces be-
tween VLC-PUFA and DSPC. For instance, the presence
of 10 mol % VLC-PUFA:DSPC mixture had an overall
smaller AG™ (i.e., fewer repulsive interactions) than the
0.1 mol % VLC-PUFA:DSPC mixture, presumable due to
the more favorable interaction of the PUFA tails with each
other compared with the saturated DSPC lipid component.
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FIGURE 5 Excess free energy of mixing of mixed membranes contain-
ing VLC-PUFA (circles) or DHA (squares) in DSPC for 0.1, 1, 10
mol %. Error bars were computed by propagating the errors in the measured
MMA determined from the Langmuir isotherms. To see this figure in color,
2o online.
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Lipid chain ordering

In addition to changes in mechanical properties of DSPC
monolayers in the presence of VLC-PUFA, the impact of
VLC-PUFA on DSPC acyl chain ordering was also studied
using SFVS. SFVS spectra of the acyl chain region of the
DSPC component in PSLBs provided molecular-level de-
tails on the impact of VLC-PUFA on acyl chain structure
(Fig. 6). The studies hereafter focus only on the 0.1
mol % VLC-PUFA:DSPC mixture, as VLC-PUFA is at
similar concentrations in the retina (17) and the most pro-
nounced physical changes in the monolayers were observed
for this concentration. The observed peaks in the spectra
shown in Fig. 6, agree well with previously established
SFVS spectra of the acyl chain region of DSPC: CH, vg
(2847 cm™"), CH; vs (2875 cm™ "), CH, vas (2898 cm ™),
CH; vig (2936 cm™ ), and CH; vas (2960 cm™ 1) (30).

By taking the ratio of the integrated areas of the CH, vs and
CHj; vs peaks, the SFVS spectra can shed light on the effect of
VLC-PUFA on acyl chain order. When using the ssp polari-
zation combination, the CH, vs for an all-trans configuration
of the acyl chains is forbidden, but as the chains become more
disordered, the CH, vg gains intensity through a break in the
local symmetry of the acyl chain backbone (54-57). A rela-
tive measure of acyl chain disorder is obtained from the ratio
of the CH, v¢/CHj3 vg modes. The calculated CH, vg/CHj5 vg
ratios for an asymmetric DSPC bilayer in the absence of 0.1
mol % VLC-PUFA were determined tobe 0.27 = 0.07. In the
presence of 0.1 mol % VLC-PUFA in both leaflets, the calcu-
lated CH, v¢/CH3 vg ratio was determined to be 0.5 = 0.1.

2.0 4

- -
o 3]
1 I

SFG Intensity (a.u.)
o
o

0.0
0.2 -
0.1

0.0 |

2750 2800 2850 2900 2950 3000 3050
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Residuals

FIGURE 6 (A) SFVS spectra of pure DSPC (blue), DPSC +0.1 mol %
VLC-PUFA (orange) obtained using the ssp polarization combination in
PBS in D,0O at room temperature. The spectra were normalized to the
CHj; vg peak and offset for clarity. The fits to the vibrational modes corre-
sponding to the acyl chains are shown (dashed gray), with the residuals
from the fit shown below the spectra. To see this figure in color, go online.
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The calculated CH,/CH; vy ratio for an asymmetric DSPC
PSLB is in good agreement with previous SFVS measure-
ments that reported values around 0.3 = 0.1 (30). In the pres-
ence of VLC-PUFA in both leaflets, the CH, vg/CHj; vg ratio
increases by ~0.2, indicating that the amount of gauche con-
tentin the acyl chains increases (i.e., higher chain disorder) in
both PSLB compositions. The increase in chain disorder is
consistent with the -A isotherms, which showed a larger
MMA for 0.1 mol % VLC-PUFA. The increased MMA al-
lows for more conformational freedom within the acyl chains
of DSPC, resulting in more gauche conformers. The
increased chain disorder observed here upon the addition of
VLC-PUFA is also in good agreement with *H NMR studies
of DHA:DPPC multilamellar membranes that demonstrated
a decrease in phospholipid acyl chain ordering (39,40).

It has been proposed that VLC-PUFA plays a signifi-
cant role in the structure of retinal membranes, but its
precise orientation within the membrane has been
elusive. PSLBs containing only DSPCd;, in the proximal
leaflet and 0.1, 1, and 10 mol % and 50 mol % VLC-
PUFA in DSPCdy, in the proximal leaflet were made.
Despite the high concentration of VLC-PUFA in the
PSLB, no measurable SFVS was found. Because the
SFVS response is proportional to the average molecular
orientations (Eq. 4), highly disordered or randomly ori-
ented molecules will result in a very low SFVS signal.
Thus, the SFVS spectrum of VLC-PUFA (or lack
thereof) would suggest that VLC-PUFA is oriented
randomly in the membrane.

Since no measurable signal of VLC-PUFA could be ob-
tained, the effect of VLC-PUFA on DSPC, which has a
measurable vibrational signature (CH; vg), was examined.
Specifically, VLC-PUFA affected the structure of the sur-
rounding DSPC matrix—such as chain disorder and poten-
tially inducing tilts of gel-phase DSPC molecules—and free
energy of mixing in VLC-PUFA:DSPC membranes by way
of DHA. Whether VLC-PUFA affected DSPC flip-flop ki-
netics was measured and examined next.

DSPC flip-flop

The presence of VLC-PUFA suggested that the PUFA tail
shapes the physical properties of VLC-PUFA:DSPC PSLBs,
and how these differences are manifested in the dynamics of
flip-flop was investigated using SFVS. The DSPC flip-flop
rates were calculated from the CH; vg intensity profiles
over time by fitting Eq. 12 to the data and are presented in
Table | and Fig. 7. The half-lives of flip-flop were calculated
using the expression:

In(2)

F (16)

hp =

where k is the rate determined Eq. 12. The calculated t,, for
DSPC flip-flop are listed in Table 1.
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A comparison of the flip-flop rates of pure DSPC and 0.1
mol % VLC-PUFA at 46°C is presented in Fig. 8. At this
temperature, the half-life of DSPC flip-flop in the absence
of VLC-PUFA was 120 = 2 min in PBS in D,O, which is
in good agreement with the previously determined half-
life of 124 *= 1 min (52). The incorporation of 0.1 mol %
VLC-PUFA significantly increased the DSPC flip-flop rate
(i.e., faster) with a calculated half-life of 24.3 = 0.2 min
at 45.8 = 0.3°C. This reduction in the half-life of
DSPC flip-flop is consistent with a previous study of lipid
flip-flop in vesicles containing NBD-PE (1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,2-benzo
xadazol-4-yl)) and DHA by Armstrong et al. (58). The
measured half-life of NBD-PE without DHA was approxi-
mately 11.5 h, but in the presence of 20 mol % DHA, the
half-life was dramatically reduced to 0.23 h (14 min). While
there are differences in the magnitudes of the rates, the
observed relative reduction in the rate in the presence of
DHA agrees well with the rates presented here and strongly
suggests that the PUFA tail of VLC-PUFA accelerates
DSPC Aflip-flop in the VLC-PUFA:DSPC membranes
compared with pure DSPC membranes. The authors note
that the studies presented herein are the first biophysical
measurements of model membranes comprising synthetic
VLC-PUFAs in a phospholipid matrix, as sufficient quanti-
ties of pure VLC-PUFAs could not obtained until now.

The apparent increase in the rate of DSPC flip-flop in the
presence of VLC-PUFA could be a consequence of the
changes in membrane packing, and we have previously
demonstrated that phospholipids with higher MMAs flip-
flop faster (59,60). In brief, the flip-flop rate depends on sur-
face packing. Because the surface pressure and MMAs are
related through the 7t-A isotherms, the flip-flop rate can
also be described as a function of MMA at a fixed temper-
ature. In the 0.1 mol % VLC-PUFA:DSPC mixture, the
MMA of the membrane is 61.3 *+ 0.1 A*molecule (Fig.
2) at 30 mN/m. Using the previously determined relation-
ship between the surface pressure and rate of DSPC flip-
flop (60) the theoretical half-life of DSPC flip-flop would
be 45 = 5 min after accounting for differences in the
MMA of DSPC. Using the rates from Table [, the extrapo-
lated half-life of DSPC flip-flop was determined to be 110
+ 10 min at 40°C, which is roughly 2.4 times slower than
the theoretical half-life of DSPC flip-flop. It is also possible
that the alteration of the rate of DSPC flip-flop is due in part
to membrane defects introduced by VLC-PUFA compo-

TABLE 1 The measured rates and half-lives of the DSPC CH;
vg decay over time at various temperatures

Rate (k) x 10° (s7 1)

Temperature (°C) 11,2 (min)

36.6 = 0.2 193 = 0.01 299 + 1
41.55 = 0.07 7.82 = 0.05 739 + 0.5
44.0 = 0.1 18.46 + 0.01 31.29 + 0.02
458 = 0.3 23.8 = 0.2 243 = 0.2
48.1 = 0.2 127 = 5 46 £ 02
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FIGURE 7 Comparison of the measured DSPC flip-flop rates as a func-
tion of temperature of pure DSPC (blue) and 0.1 mol % VLC-PUFA (or-
ange). The data for pure DSPC flip-flop were taken from (35). Vertical
error bars represent the error obtained from the nonlinear regression used
to determine the rate of flip-flop while the horizontal error is due to the un-
certainty in the measured temperature at which the flip-flop decay data was
obtained. To see this figure in color, go online.

nents, which is supported by the measured chain disorder in
DSPC. In either case, these results suggest that a small
mol % of VLC-PUFA can result in dramatic changes in lipid
flip-flop rates. The fact that VLC-PUFA improves lipid
translocation, makes it noteworthy in retinal membranes
where there is high influx of retinoids. This enhancement
of flip-flop by VLC-PUFAs provides an alternative non-
enzymatic mechanism for retinoid translocation in
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FIGURE 8 Intensity of the CHj vg of DSPC as a function of time of an
asymmetric DSPC bilayer (top, blue) and 0.1 mol % VLC-PUFA:DSPC
(bottom, orange) at 46°C in PBS in D,0O. To see this figure in color, go on-
line.
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photoreceptors, in addition to translocation mediated by the
ABCA4 enzyme (28).

CONCLUSIONS AND FUTURE DIRECTIONS

The influence of VLC-PUFA (C32:6 n-3) on the biophysical
properties of a model DSPC membrane were investigated,
specifically membrane packing, compressibility, lipid chain
ordering, and lipid flip-flop rates. To what extent the
observed changes in membrane properties upon the addition
of VLC-PUFA could be attributed to the pendent polyunsat-
urated chain of VLC-PUFA, the same measurements were
conducted on DHA:DSPC mixed monolayers. The influence
of VLC-PUFA on membrane packing was analyzed from
T-A isotherms of 0.1, 1, and 10 mol % VLC-PUFA in
DSPC and compared with the corresponding DHA:DSPC
mixed monolayers because of the structural similarity be-
tween DHA and the PUFA portion of VLC-PUFA. The
MMA of DSPC:VLC-PUFA monolayers greatly expanded
in the presence of VLC-PUFA, demonstrating that VLC-
PUFA:DSPC mixed membranes deviate from ideal mixing
behavior. DHA:DSPC mixed membranes also deviated
from ideal mixing behavior, suggesting that the changes in
membrane structure could be attributable in large part to
the PUFA portion of VLC-PUFA. The expansion is postu-
lated to occur because of insertion of the PUFA tail into
the monolayer and the conformational freedom imparted
by the PUFA tail allowing it to adopt a hairpin structure in
the lipid monolayer. The influence of VLC-PUFA on the
compression modulus showed that 0.1 mol % VLC-PUFA
made the VLC-PUFA:DSPC membrane harder to compress.
By contrast, the change in compression modulus of the 1
and 10 mol % VLC-PUFA:DSPC membranes is consistent
with the behavior observed in DHA:DSPC mixed mem-
branes, which indicates that the pendent PUFA chain is
intercalated within the monolayer and plays a significant
role determining the membranes” mechanical properties.
In addition to the changes in the compression moduli, the
magnitude of free energy of mixing (AG®*) was found to
decrease as a function of increasing mol % VLC-PUFA,
which may be attributable to phase segregation between of
VLC-PUFA-rich regions in the monolayer via stabilizing in-
teractions between PUFA tails. In addition to the LB mea-
surements, the SFVS spectra illustrated that the DSPC
acyl chains become more disordered in the presence of
VLC-PUFA, supporting the observed expansion of the
VLC-PUFA:DSPC membrane. The changes in the physical
properties of the VLC-PUFA:DSPC monolayers were also
apparent in the dynamics of DSPC flip-flop. After account-
ing for the differences in the MMAs of DSPC, the observed
increase in DSPC flip-flop could be largely attributed to
packing differences induced by VLC-PUFA. These results
show the first direct measurement of the impact of VLC-
PUFA on the physical properties of model membranes on
the molecular level and how these may impact lipid flip-

10 Biophysical Journal 121, 1-12, July 19, 2022

flop dynamics. 0.1 mol % of VLC-PUFA induces a dramatic
change in lipid membrane structure and dynamics. Rela-
tively low levels of VLC-PUFAs (0.1 mol %) in DSPC
membranes result in high membrane rigidity, which makes
the membranes less susceptible to compression. VLC-
PUFA also improves lipid translocation, which makes
them noteworthy in retinal membranes where there is high
influx of retinoids.

The authors note that the studies presented herein corre-
spond to free VLC-PUFA in model membranes. Biophysical
measurements on VLC-PUFA integrated into a phospholipid
in the sn-2 position would complement the studies presented
herein as VLC-PUFAgs are principally incorporated into phos-
pholipids of the ROS (1,10). Studies are underway to synthet-
ically produce VLC-PUFA incorporated into a phospholipid
at either the sn-1 or sn-2 position, which has been postulated
to bear biological significance. For instance, Aveldano pro-
posed that incorporation of VLC-PUFAs in the sn-7 position
enabled tight binding between VLC-PUFA phospholipids
and rhodopsin (where VLC-PUFA phospholipids are difficult
to separate from rhodopsin) (19). When these lipids have been
synthesized, further experiments on model membranes will be
conducted to complement the work presented in this study.
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