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PURPOSE. The αA-Crystallin (αAc) binding with lens membranes increases with age and
cataract formation. However, the role of lipids and cholesterol (Chol) in Q147E-αAc
membrane binding remains unclear, which we aim to elucidate in this study.

METHODS. We have used the electron paramagnetic resonance spin-labeling method
to probe the Chol/ 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and Chol/ sphin-
gomyelin (SM) membranes binding with wild-type (WT) and Q147E-αAc.

RESULTS. Compared to WT-αAc, the Q147E mutant had increased binding to POPC and
decreased binding to SM membranes without Chol. Adding 33 mol% Chol to the POPC
and SM membranes decreased the binding of WT and, to a lesser degree, decreased the
binding of Q147E-αAc to the membranes. Adding 60 mol% Chol completely inhibited
Q147E mutant and WT binding to POPC membranes. However, 33 and 60 mol% Chol
completely inhibited WT and Q147E mutant binding to SM membranes, respectively. WT
and Q147E-αAc membrane binding decreased membrane mobility while increasing order
and hydrophobicity near the headgroup.

CONCLUSIONS. In Chol-free membranes, the deamidated Q147E-αAc binds significantly
more to the POPC membranes compared to WT, whereas WT binds significantly more
to the SM membranes compared to Q147E-αAc. In contrast, for 33 mol% Chol-containing
membranes, the deamidated Q147E-αAc binds significantly more to POPC and SM
membranes than WT. Conversely, 60 mol% Chol-containing membranes completely
inhibit WT and deamidated Q147E-αAc binding to POPC and SM membranes. These
results suggest that increased Chol content of the lens membranes during aging protects
against accumulation of modified proteins on the membrane associated with cataracts.

Keywords: αA-crystallin (αAc), cholesterol (Chol), cholesterol bilayer domains, electron
paramagnetic resonance (EPR) spin-labeling method, cataracts, hydrophobic barrier,
percentage of membrane surface occupied (%MSO), binding affinity (Ka), mobility param-
eter, maximum splitting, hydrophobicity

A cataract is characterized by the buildup of light-
scattering high molecular weight (HMW) protein aggre-

gates in the lens, that can associate with the fiber lens
cell membrane and diminish eye lens function.1–8 These
HMW protein aggregates are predominantly comprised of
the crystallin proteins (α-, β-, and γ -crystallin), which make
up approximately 90% of the soluble lens proteins.4,5,9–13

α-Crystallin (αABc), the primary molecular chaperone of
the lens,5,9,14–17 accounts for an estimated 40% of the total
water-soluble lens proteins9,15,18–23 and exists as polydis-
perse oligomeric complexes made up of a approximately
3:1 ratio of αA-crystallin (αAc) to αB-crystallin (αBc).17,24,25

Conversely, β- and γ -crystallin primarily help maintain the
structure and refractivity of the lens.10,13,26 With age, these
crystallin proteins have been found to accumulate post-
translational modifications (PTMs)2,7,10,12,19,21,27–36 and bind
the eye lens membrane,5,13,19,31,37,38 which is believed to
cause their insolubilization and aggregation into the catarac-

tous light-scattering HMW aggregates.8,38–41 Relatedly, of
these PTMs, deamidation of glutamine (Q) and asparagine
(N), which introduces a negative charge at physiological
pH, has been shown to alter both crystallin structure and
oligomerization and is the most predominant PTM detected
in the proteins of cataractous lenses.2,7,10,21,27,32,33,42 Q147E
deamidation of αAc occurs at a significantly higher amount
in cataractous lenses relative to that of healthy age-matched
lenses,32,43,44 and has shown to alter the structure of αAc,
resulting in a reduced β-sheet content and disruption of the
core domain.44 In addition to deamidation being detected
at increased rates in αABc subunits, αABc as a whole has
been shown to have the strongest affinity for the lens
membrane14,20,45–51 and becomes increasingly membrane-
bound with cataract progression.6,14,29,45,46,52,53 However,
although αABc is found to become increasingly membrane-
bound with cataracts6,14,29,45,46,52,53 and Q147E deamida-
tion of αAc is found at increased levels in cataractous
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lenses,32,43,44 it remains unclear how Q147E deamidation
may affect the membrane binding of αAc in cataract devel-
opment.

In addition to the lens crystallins changing with cataracts,
the eye lens membrane lipid and cholesterol (Chol) content
has also been shown to change with aging and cataracts.
Specifically, with both age and cataract formation, the eye
lens shows to increase in its sphingolipids (SLs) content
while simultaneously decreasing in phosphatidylcholine
(PC) content,13,26,47,54,55 which is believed to be a mecha-
nism for preventing lens oxidation as SLs have been found
to be increasingly resistant to oxidation.14,56–58 Along this
line, we have previously found that the lipid structure
(acyl chain length and degree of unsaturation, headgroup,
and curvature) also strongly modulates αABc membrane
binding, and such binding significantly alters the physical
properties of the membranes.5,59–62 In addition to the lens
lipid composition changing with normal healthy aging, the
eye lens also significantly increases in Chol content with
age.13,14,26,55,59,63,64 With this high Chol concentration, the
eye lens membrane becomes hyper-saturated with Chol,
where it forms lipid cholesterol domains (LCDs) and choles-
terol bilayer domains (CBDs), with LCDs forming when the
membrane becomes saturated with Chol and CBDs forming
when Chol concentrations further exceed membrane satura-
tion.5,59,60,65,66 This uniquely high Chol content has shown
to be critical for lens homeostasis, with prior in vivo stud-
ies showing that the knockout of lens Chol production in
mice results in the development of cataracts,67 and Tang et
al. found Chol significantly decreases the binding of αABc
to lipid vesicles.48 Relatedly in our previous studies, we have
found αABc membrane binding to single and dual compo-
nent membranes,59,61,62 model lens lipid membranes,5,60 and
membranes made from the isolated cortical or nuclear lipids
from single human55 or bovine lenses,63 consistently appears
to be done through hydrophobic interactions, and these
interactions are significantly diminished with the addition
of Chol and CBD formation, as Chol decreases hydropho-
bicity near the membrane surface.5,55,59,60,62,63 Furthermore,
this hydrophobic membrane binding of αABc is believed
to possibly form a hydrophobic barrier for the passage of
polar molecules and antioxidants, indicating Chol and CBDs
likely have beneficial physiological functions in preventing
αABc binding and the formation of a hydrophobic barrier,
in turn helping to maintain the lens homeostasis and trans-
parency.5,55,59,60,62,63 However, although studies have been
done analyzing the role of lipid and Chol composition on the
crystallins membrane interactions, and separate studies have
been done analyzing what PTMs are increasingly detected
in the membrane-bound crystallins of cataractous lenses,
there is minimal research done connecting and understand-
ing how these PTMs affect the lens membrane interactions
of the crystallin proteins. Therefore, developing an improved
understanding of how the increasingly detected PTMs in
cataractous lenses likely alter the modulatory effect of the
lens membrane lipid and Chol composition and promote
crystallin membrane binding is crucial for understanding the
mechanism of cataract formation.

To bridge this gap, we used the electron paramag-
netic resonance (EPR) spin labeling method to investi-
gate the membrane interactions of recombinant human
wild-type (WT) αAc and Q147E deamidated αAc with
Chol/1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and
Chol/sphingomyelin (SM*) membranes containing 0, 33,
and 60 mol% Chol. This design allows us to see how the

deamidation of αAc affects the interactions of αAc with
membranes made of the two main lipids found to change
in the lens with aging. Simultaneously, we are also able to
analyze how the membranes’ Chol content before and after
CBD formation modulates these αAc membrane interactions
with CBD formation taking place at 48 mol% in SM bilay-
ers and 50 mol% in POPC bilayers.5,65 The results of this
study provide new insight into the membrane interactions of
αAc, including understanding how αAc differentially inter-
acts with POPC and SM membranes, how Chol and CBDs
alter these membrane interactions, how these interactions
affect the physical membrane properties (mobility, order,
and hydrophobicity), and how Q147E deamidation alters the
membrane interactions of αAc.

MATERIALS AND METHODS

Materials

All of the lipids (POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylserine [POPS], and SM) and Chol used in this
study were obtained from Avanti Polar Lipids, Inc. (Alabaster,
AL, USA). HEPES, Tris-HCl, NaN3, sodium chloride (NaCl),
lysozyme, deoxycholic acid, DNase I, and cholestane spin
label (CSL) were obtained from Sigma Aldrich (St. Louis, MO,
USA). Isopropyl-1-thio-β-D-galactopyranoside (IPTG), ampi-
cillin, phenylmethylsulfonyl fluoride, dithiothreitol (DTT),
and polyethyleneimine were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). The human WT-
and Q147E-αAc genes were developed by and purchased
from Genscript USA Inc (Piscataway, NJ, USA) and further
expressed, purified, and stored in HEPES buffer (10 mM
HEPES, 100 mM NaCl, pH = 7.4) as later discussed. All EPR
studies performed analyzing the interactions of αAc (WT and
Q147E) with Chol/POPC or Chol/SM* membranes were done
in HEPES buffer (10 mM HEPES, 100 mM NaCl, pH = 7.4).

Expression and Purification of Recombinant WT-
and Q147E-αAc

WT- and Q147E-αAc were recombinantly expressed using
previously described methods in BL21(DE3) E. Coli with a
pET-43.1a (+) plasmid system.5,68 Briefly, each plasmid was
transformed using the heat shock method into competent
E. coli BL21 (DE3) and spread on an ampicillin-containing
(100 μg/mL) LB agar plate to obtain single colonies for
culturing.69 IPTG (0.5 mM) was then used to induce protein
expression through the T7 promoter system. Cells were
harvested by centrifugation (5000 × g, 10 minutes, 4°C),
resuspended in phenylmethylsulfonyl fluoride (130 μM) and
lysozyme (260 μg/mL) containing ice-cold lysis buffer (50
mM Tris-HCl, 100 mM NaCl, pH = 8.0), and incubated for
20 minutes. Following, deoxycholic acid (4 mg per gram of
cell pellet) was added to the lysate and shaken for approx-
imately 30 minutes at 37°C before adding 10 μL per gram
of original cell pellet DNase I (2 mg/mL) and leaving at
room temperature until no longer viscous (approximately
30 minutes). All cell debris was then pelleted by centrifuga-
tion (17,000 × g, 15 minutes, 4°C), and the protein contain-
ing supernatant was further centrifuged to remove any
remaining debris (65,000 × g, 30 minutes, 4°C). DTT (10
mM final concentration) and polyethyleneimine (0.12% final
concentration) were then added to the collected supernatant
and incubated at room temperature for 10 minutes before
again centrifuging (17,000 × g, 10 minutes, 4°C). The super-
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natant was collected, dialyzed overnight in Tris buffer (20
mM, pH = 8.5), and filtered through a 0.22 μm syringe
filter for purification with the AKTA go protein purifica-
tion system. The collected WT- and Q147E-αAc were puri-
fied using two successive rounds of a two-step chromatog-
raphy procedure in which anion-exchange chromatography
(HiPrep 16/10 DEAE FF column in 20 mM Tris buffer, pH
= 8.5, 0–1 M NaCl gradient) was done followed by size-
exclusion chromatography (Hiload 16/600 Superose 6 pg gel
filtration column in 10 mM HEPES, 150 mM NaCl, pH = 7.4).
Following chromatography, the purified human WT- And
Q147E-αAc were concentrated by centrifugation (5000 rpm,
4°C) with Amicon Ultra-15 filters and stored at 4°C in HEPES
buffer (10 mM HEPES, 100 mM NaCl, pH = 7.4) for use in
EPR experiments. WT- and Q147E-αAc purity was confirmed
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), and the concentrations of each were deter-
mined by measuring the UV absorbance at 280 nm in tripli-
cate with molecular weights and extinction coefficients esti-
mated using the ProtParam tool on the Expasy server.70 Last,
dynamic light scattering (DLS) measurements were taken
with a DynaPro NanoStar (Wyatt Technology Corp., Santa
Barbara, CA, USA) using Dynamics software (version 7)
for regularization methods to determine the hydrodynamic
radius (Rh) and percent polydispersity (%PD) of Q147E-αAc
as done in our past works for WT-αAc.5

Sample Preparation

For each sample, POPC or SM was mixed with Chol and CSL,
with the concentration of CSL in each sample maintained at
2 mol%. Each mixture of lipids, Chol, and CSL was dried to
a final volume of approximately 75 μL using a controlled
flow of N2-gas. Following, approximately 360 μL of HEPES
buffer (10 mM HEPES, 100 mM NaCl, pH = 7.4) was added
to the lipid and CSL mixture before using the rapid solvent
exchange method (RSEM) to prepare large multilamellar
vesicles (LMVs).71,72 LMVs then underwent 20 rounds of
sonication (10 seconds of sonication followed by 15 seconds
of cooling on ice) with a probe-tip sonicator (Fisher Scien-
tific, Model 550) to form small unilamellar vesicles (SUVs),
as described in our previous works.59–61 The prepared SUVs
were made of either POPC or SM* (* indicates the presence
of 20 mol% POPS and 80 mol% SM) with Chol/lipid mixing
ratios 0, 0.5, and 1.5. As mentioned in our previous study,59

likely due to the strongest affinity of Chol to SM,73 the prepa-
ration of slightly hazy transparent solution of SUVs from
sonication of cloudy solution of Chol/SM LMVs could not
be obtained even at Chol/SM mixing ratio of 0.1.59 There-
fore, 20 mol% POPS was added to 80 mol% SM to prepare
SM* membrane and this molar ratio was maintained when
preparing Chol/SM* membranes at mixing ratio of 0, 0.5, and
1.5. As described previously, the preparation of Chol/SM*
SUVs becomes more favorable as POPS is a charged phos-
pholipid.59 Additionally, of all possible phospholipids, POPS
is a lipid commonly found in the human eye lens,56 which
is why it was specifically chosen as the charged phospho-
lipid for Chol/SM* SUV preparation. Moreover, to account
for any possible effects of POPS, a control experiment was
conducted using solely POPS vesicles to investigate the influ-
ence of charged phospholipid on the membrane interactions
of Q147E and WT-αAc. The prepared SUVs’ Rh was deter-
mined using DLS for each sample and later used for calculat-
ing the percentage of membrane surface occupied (%MSO)
by αAc.5,59,61 Following SUV preparation, the concentra-

tion of Chol plus lipids in each sample was maintained at
5.7 mM, and αAc was added at varying concentrations from 0
to 17.9 μM to Chol/POPC membranes and from 0 to 53.8 μM
Chol/SM* membranes. HEPES buffer (10 mM HEPES,
100 mM NaCl, pH = 7.4) was added to the αAc and
membrane mixtures to a final volume of 70 μL and incubated
for 16 hours at 37°C in a shaking incubator (Corning, Corn-
ing, NY, USA) to allow for the saturation of αAc membrane
binding, as explained in our previous studies.59,61,74

EPR Methods

Following incubation, the Chol/POPC and Chol/SM*
membranes incubated with WT- or Q147E-αAc were loaded
into 1.0 mm internal diameter gas permeable methylpen-
tene polymer (TPX) capillary tubes for the acquisition of
EPR measurements at 37°C and −163°C with an X-band
Bruker ELEXSYS 500 spectrometer. All EPR measurements
were taken with each sample under a constant flow of N2 gas
for deoxygenation and temperature control, and a controlled
flow of liquid nitrogen was used to maintain the temperature
for measurements taken at −163°C. EPR spectra obtained at
37°C were recorded with an incident microwave power of
8.0 mW and modulation amplitude of 1.0 G, and provided us
with the data used to analyze the membrane binding (%MSO,
maximum percentage membrane surface occupied [MMSO],
and binding affinity [Ka]) of WT- and Q147E-αAc and the
effects of αAc binding on the physical properties (mobility
and order) of each membrane. All measurements taken at
−163°C were recorded with an incident microwave power
of 2.0 mW and modulation amplitude of 2.0 G, and used to
determine the 2Az value, which is inversely related to and
used to measure membrane hydrophobicity. The complete
method used to calculate the %MSO by WT- and Q147E- αAc
and determine the Ka, mobility parameter, maximum split-
ting, and 2Az values is described in detail in our previous
studies.13,59,61,74

Statistics

All collected data describing the interactions of WT- and
Q147E-αAc with Chol/POPC and Chol/SM* membranes at
mixing ratios of 0, 0.5, and 1.5 are expressed as the mean
and standard deviation of the values collected from at least
3 independent experiments. Using the values collected in
triplicate for %MSO, Ka, mobility parameter, maximum split-
ting, and hydrophobicity, a student’s t-test was done to calcu-
late a P value and analyze the statistical significance of each
measurement. Unless otherwise stated, a P value ≤ 0.05 was
considered statistically significant for all experiments.

RESULTS

Membrane Binding of WT- and Q147E-αAc to
Chol/POPC and Chol/SM* Membranes

Shown in Figures 1A to 1F is the %MSO by WT- and Q147E-
αAc to Chol/POPC and Chol/SM* membranes, with each
plotted as a function of protein concentration. As depicted,
the %MSO by both WT- and Q147E-αAc to Chol/POPC and
Chol/SM* membranes at mixing ratios of 0 (0 mol% Chol)
and 0.5 (33 mol% Chol) showed to increase with increasing
protein concentrations before becoming constant and satu-
rating at each unique MMSO. For all analyzed samples, the
MMSO values followed the trend: MMSO (0 mol% Chol) >
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FIGURE 1. Depiction of the percentage of membrane surface occupied (%MSO) plotted as a function of WT-αAc (A and C) and Q147E-αAc
(B and D) concentration for Chol/POPC (A and B), Chol/SM*, and POPS (C and D) membranes. Shown in E, F, and G are the maximum
percentage membrane surface occupied (MMSO) by WT-αAc (red) and Q147E-αAc (black) to Chol/POPC, Chol/SM*, and POPS membranes
at mixing ratios of 0 (E), 0.5 (F), and 1.5 (G). The concentration of lipids plus Chol were maintained at 5.7 mM, while the WT- and Q147E-αAc
concentrations were varied from 0 to approximately 18 μM for Chol/POPC membranes (A and B) and from 0 to 53.8 μM for Chol/SM* and
POPS membranes (C and D). All membranes were incubated with WT- or Q147E-αAc for 16h at 37°C prior to taking EPR measurements at
37°C. The results are the mean ± standard deviation (σ ) from at least three independent experiments. *, **, ***, and **** represent a P value
< 0.05, < 0.01, < 0.001, and < 0.0001, respectively. Non-statistically significant differences are represented by “ns” for not significant.

MMSO (33 mol% Chol) > MMSO (60 mol% Chol), with the
highest MMSO values being found in Chol-free membranes
and the addition of Chol continuously resulting in signif-
icantly decreased (P ≤ 0.05) MMSO values until display-
ing a complete inhibition of binding with the formation of
CBDs at a mixing ratio of 1.5 (60 mol% Chol). As depicted
in Figures 1A, 1B, and 1E, and 1F for Chol/POPC membranes
at mixing ratios of both 0 and 0.5, Q147E-αAc showed to
saturate at significantly higher MMSO values (P ≤ 0.05)
than WT-αAc, meaning Q147E deamidation promotes the

membrane binding of αAc to Chol/POPC membranes. Inter-
estingly, as displayed in Figures 1C–E in Chol-free SM*
membranes, the binding trend is opposite of that seen
for POPC membranes, with WT-αAc having a significantly
higher (P ≤ 0.05) MMSO than that found for Q147E-αAc
(see Fig. 1F). Moreover, as displayed in Figures 1C–E in
the control experiments analyzing the effects of POPS on
the membrane binding of WT- and Q147E-αAc, as the SM*
membranes are comprised of 20% POPS, there was no signif-
icant difference in POPS membrane binding between WT-



Q147E Modulates αA-Crystallin Membrane Binding IOVS | May 2025 | Vol. 66 | No. 5 | Article 8 | 5

FIGURE 2. Depiction of binding affinities (Ka) of WT-αAc (A and C)
and Q147E-αAc (B and D) to Chol/POPC membranes (A and B),
Chol/SM* (C and D), and POPS membranes (E and F). As seen in A
and B, with each increase in Chol content, there was a significant
decrease in the Ka of WT- (A) and Q147E-αAc (B) to Chol/POPC
membranes until both showed no binding and, in turn, no binding
affinity at a Chol/POPC ratio of 1.5. Furthermore, as displayed in
C and D to Chol/SM* membranes, WT- and Q147E-αAc had simi-
lar Ka at a mixing ratio of 0, but at a mixing ratio of 0.5, WT-αAc
(C) showed to have a significant decrease in affinity and no longer
displayed any binding, whereas Q147E-αAc (D) uniquely showed
a significant increase in Ka with an increase in Chol/SM* mixing
ratio before again displaying a significant decrease in affinity at a
mixing ratio of 1.5, where no binding was detected. As shown in E
and F, WT- and Q147E-αAc had a similar affinity to Chol-free POPS
membranes as they did for Chol-free SM* membranes; however, WT-
αAc had a significantly higher Ka to these POPS membranes than
Q147E-αAc. WT- and Q147E-αAc Ka were estimated by fitting the

and Q147E-αAc indicating the presence of POPS does not
influence these SM* membrane binding results. Further-
more, with the addition of Chol at a Chol/SM* mixing ratio
of 0.5, the membrane binding of WT- and Q147E-αAc are
both significantly decreased (P ≤ 0.05); however, WT-αAc
binding becomes completely inhibited while Q147E-αAc
still shows to bind, resulting in Q147E-αAc now having a
significantly higher (P ≤ 0.05) MMSO than WT-αAc (see
Fig. 1F). Therefore, in Chol-free SM* membranes, Q147E
deamidation diminishes the membrane binding of αAc, but
with the addition of 33 mol% Chol, Q147E deamidation
reduces the inhibitory effect of Chol and promotes the
membrane binding of αAc. Furthermore, in the absence of
Chol, WT-αAc has a significantly higher (P ≤ 0.05) MMSO in
Chol/SM* membranes than in Chol/POPC membranes, but
at a mixing ratio of 0.5, WT-αAc has a significantly higher (P
≤ 0.05) MMSO in Chol/POPC membranes than in Chol/SM*
membranes. Interestingly, whereas WT-αAc binding signifi-
cantly changes between each membrane type (POPC versus
SM*), Q147E-αAc shows similar MMSO values with no statis-
tically significant difference (P ≤ 0.05) in both Chol free (0
mol%) and in Chol-containing (33 and 60 mol%) Chol/POPC
and Chol/SM* membranes. These variances in membrane
binding are likely primarily due to the variances in αAc
structure and oligomerization between WT- and Q147E-
αAc, where Q147E deamidation disrupts the core domain
and reduces β-sheet content.44 The average Rh of 7.925 ±
0.47 nm estimated for Q147E-αAc in this study is slightly
decreased than the previously estimated average Rh of 8.18
± 0.48 nm for WT-αAc,5 however, this decrease is not statis-
tically significant (P > 0.05). Nevertheless, the average %PD
of 21.09 ± 5.28% estimated for Q147E-αAc in this study
increases than the previously estimated average %PD of
15.74 ± 5.03% for WT- αAc5 and this increase is statis-
tically significant (P ≤ 0.05). Therefore, WT-αAc binding
shows to be modulated by both the lipid and Chol compo-
sition, whereas likely due to the structural and oligomeric
changes, Q147E deamidation diminishes the modulatory
effect of lipid type on αAc membrane binding and shows to
make Chol and CBD content the primary regulator of αAc
membrane binding.

Binding Affinity of WT and Q147E αAc to
Chol/POPC and Chol/SM* Membranes

As depicted in Figures 2A and 2B, both WT-αAc and
Q147E-αAc showed the highest Ka to Chol-free POPC
membranes. Furthermore, with the addition of 33 mol%
Chol in Chol/POPC membranes, the Ka of Q147E-αAc signif-
icantly decreased (P ≤ 0.05), whereas the Ka of WT-αAc
also showed a decrease that was less pronounced and only
significant with P ≤ 0.1 (P = 0.0594). This trend was further
pronounced with the addition of 60 mol% Chol where CBDs
begin to form, with both WT-αAc and Q147E-αAc showing
significant reductions (P ≤ 0.05) in Ka and no longer having

data points in Figure 1 for WT-αAc (Figs. 1A and 1C) and Q147E-αAc
(Figs. 1B and 1D) with a one-site ligand binding model in GraphPad
Prism (San Diego, CA). The results are the mean ± standard devi-
ation (σ ) from at least three independent experiments. **, ***, and
**** represent a P value < 0.01, < 0.001, and < 0.0001, respectively.
Changes with a P value between 0.05 and 0.1 are depicted as P <

0.1, and non-statistically significant differences are represented by
“ns” for not significant.
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FIGURE 3. Mobility parameter (h+/h0) profiles (membrane mobility near the headgroup region) acquired at 37°C for Chol/POPC (A and
B) and Chol/SM* (C and D) membranes at Chol/lipid mixing ratios of 0 (blue and green), 0.5 (red and purple), and 1.5 (black and brown)
plotted as a function of WT-αAc (A and C) and Q147E-αAc (B and D) concentrations. As shown in A and B for Chol/POPC membranes
with each increase in Chol content there is a significant decrease in control membrane mobility, and the binding of WT-αAc and Q147E-αAc
at Chol/POPC mixing ratios of 0 (blue circle) and 0.5 (red square) resulted in significant overall decreases to membrane mobility, but at
a mixing ratio of 1.5 no protein binding was detected and therefore there was no change in membrane mobility. As shown in C and D
for Chol/SM* membranes, with each increase in Chol content, there is a significant decrease in control membrane mobility. The binding of
WT-αAc and Q147E-αAc at Chol/SM* mixing ratios of 0 (green circle) and binding of Q147E-αAc at Chol/SM* mixing ratios of 0.5 (purple
square) resulted in significant overall decreases in membrane mobility. However, at a Chol/SM* mixing ratio of 0.5 for WT-αAc and 1.5 for
Q147E-αAc, no protein binding was detected, and, therefore, no change in membrane mobility was detected. All results are the mean ±
standard deviation (σ ) from at least three independent experiments.

any affinity (see Figs. 2A, 2B) to Chol/POPC membranes.
Furthermore, in Chol-free SM* membranes, there was no
significant difference (P ≤ 0.05) in Ka between WT- and
Q147E-αAc; however, both displayed Ka values significantly
lower (P ≤ 0.05) than that found for each protein with Chol-
free POPC membranes. Additionally, as shown in Figures 2E
and 2F, it is important to note in the control POPS exper-
iments, whereas similar to that found for SM* membranes,
WT-αAc had a significantly higher Ka than Q147E-αAc to
Chol-free POPS membranes, so the presence of 20% POPS
may have a slight effect on increasing the Ka of WT-αAc
to the SM* membranes. Furthermore, with the addition of
33 mol% Chol to the Chol/SM* membranes, there was a
significant increase (P ≤ 0.05) in the Ka of Q147E-αAc,
while WT-αAc Ka significantly decreases (P ≤ 0.05) and
no longer shows any membrane affinity (see Figs. 2C, 2D).
The increase in Ka for Q147E-αAc with the addition of 33
mol% Chol is the only sample that displays an increased Ka

with an increase in Chol content, which is likely because
the reduced membrane binding found with increased Chol
allows for faster binding saturation and, in turn, increases
the relative Ka. Furthermore, with the formation of CBDs
at a Chol/SM* mixing ratio of 1.5, the membrane bind-
ing of Q147E-αAc was completely inhibited and, there-

fore, displayed no affinity to the membranes (see Fig. 2D).
Therefore, these data ultimately show that the binding of
WT- and Q147E-αAc is strongest to the Chol-free POPC
membranes, and the addition of Chol progressively reduces
their strength of binding. Conversely, the addition of Chol
shows to differentially impact the Ka of WT- and Q147E-αAc
in Chol/SM* membranes, with Q147E deamidation diminish-
ing the inhibitory effect of Chol on the Ka of αAc to Chol/SM*
membranes.

Membrane Mobility Near the Headgroup Region
of Chol/POPC and Chol/SM* Membranes With WT
and Q147E αAc Binding

Displayed in Figures 3A to 3D are the mobility parameters, a
measure of membrane mobility near the headgroup region,
of WT- and Q147E-αAc to Chol/POPC (see Figs. 3A, 3B)
and Chol/SM* (see Figs. 3C, 3D) membranes plotted as a
function of protein concentration. As shown, the mobil-
ity parameters of Chol/POPC membranes at mixing ratios
of 0 and 0.5 show to significantly decrease (P ≤ 0.05)
with increasing concentrations of WT- (see Fig. 3A) and
Q147E-αAc (see Fig. 3B), indicating that protein binding
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FIGURE 4. The maximum splitting (membrane order near the headgroup region) profiles obtained at 37°C for Chol/POPC (A and B) and
Chol/SM* (C and D) membranes at Chol/lipid mixing ratios of 0 (blue and green circles), 0.5 (red and purple squares), and 1.5 (black and
brown triangles). All maximum splitting data are plotted as a function of WT-αAc (A and C) and Q147E-αAc (B and D) concentrations.
As shown in A and B for Chol/POPC membranes, with each increase in Chol content, there is a significant increase in control maximum
splitting. Moreover, the binding of WT-αAc and Q147E-αAc at Chol/POPC mixing ratios of 0 (blue circle) and 0.5 (red square) resulted in
significant overall increases in maximum splitting, but at a mixing ratio of 1.5 no protein binding was detected, and therefore, there was
no change in membrane order. As shown in C and D for Chol/SM* membranes, with each increase in Chol content, there is a significant
increase in control membrane order, and the binding of WT-αAc at a Chol/SM* mixing ratio of 0 (green circle) and Q147E-αAc at Chol/SM*
mixing ratios of 0 (green circle) and 0.5 (purple square) resulted in significant overall increases in membrane order. However, no protein
binding was detected at a mixing ratio of 0.5 for WT-αAc and 1.5 for Q147E-αAc; therefore, no change in membrane order was detected.
All results are the mean ± standard deviation (σ ) from at least three independent experiments.

to the membrane decreases the mobility of the membrane
near the headgroup region. Furthermore, at a mixing ratio
of 1.5, where CBDs begin to form, and no protein bind-
ing was previously detected in Chol/POPC membranes
(see Figs. 1A, 1B), there was no significant change (P ≤
0.05) in mobility with the addition of WT- or Q147E-αAc.
A similar trend can further be seen in Figures 3C and 3D,
where the samples that previously displayed protein bind-
ing to Chol/SM* membranes, WT- (see Fig. 3C) and Q147E-
αAc (see Fig. 3D) with 0 mol% Chol and Q147E-αAc with 33
mol% Chol (see Fig. 3D), displayed statistically significant
decreases (P ≤ 0.05) in membrane mobility with protein
binding. Additionally, in the Chol/SM* membranes sample
where no protein binding was detected (see Figs. 1C, 1D),
which were WT-αAc with 33 mol% Chol and Q147E-αAc
with 60 mol% Chol, there were no significant changes (P
> 0.05) to membrane mobility with the addition of protein.
Relatedly, in all Chol/POPC and Chol/SM* membranes, the
higher the MMSO of WT- or Q147E-αAc, the more signifi-
cant the reduction in membrane mobility was with protein
binding. Therefore, in both POPC and SM* membranes, the
most pronounced changes in membrane mobility were seen
with protein binding in the absence of Chol (0 mol%) and
as less WT- or Q147E-αAc bound with the membrane with

each increase in the Chol concentration, the ability of WT- or
Q147E-αAc to bind and decrease the mobility near the head-
group regions was continuously reduced. Additionally, in the
absence of either WT- or Q147E-αAc, there is a continuous
and significant decrease (P ≤ 0.05) in the mobility of both
membranes (Chol/POPC or Chol/SM*) with each increase
in Chol content. Moreover, at all Chol concentrations, the
Chol/POPC membranes have significantly higher mobility
parameter values than that of Chol/SM* membranes. There-
fore, Chol/POPC membranes tend to form more mobile
membranes than Chol/SM* membranes, and the addition of
Chol both reduces the mobility of protein-free membranes
and diminishes the ability of WT- and Q147E-αAc to bind
and further reduce membrane mobility near the headgroup
region.

Membrane Order Near the Headgroup Region of
Chol/POPC and Chol/SM* Membranes With WT
and Q147E αAc Binding

Shown in Figures 4A to 4D are the maximum splitting
profiles, a measure of membrane order near the headgroup
region, of the Chol/POPC and Chol/SM* membranes plot-
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ted as a function of either WT- or Q147E-αAc concentra-
tion. At a Chol/lipid mixing ratio of 0 and 0.5, the binding
of both WT- and Q147E-αAc generally resulted in signif-
icant increases (P ≤ 0.05) in order near the headgroup
regions for both Chol/POPC (see Figs. 4A, 4B) and Chol/SM*
(see Figs. 4C, 4D) membranes. The only exceptions to this
trend were for Q147E-αAc with Chol-free POPC membranes
(see Fig. 4B), where there was still an apparent increase
in membrane order that was significant with a P ≤ 0.1 (P
= 0.0792) and for WT-αAc with 33 mol% Chol containing
SM* membranes where there were no significant changes
(P > 0.05) in maximum splitting as there was no binding
detected (see Fig. 1C). Similarly, for both Chol/POPC and
Chol/SM* membranes at a mixing ratio of 1.5, no protein
binding was detected for WT- or Q147E-αAc, and, in turn,
the addition of either protein did not result in any significant
change to the membrane order near the headgroup region.
Last, in the protein-free control Chol/POPC and Chol/SM*
membranes, with each increase in Chol concentration, there
were significant increases (P ≤ 0.05) in maximum split-
ting values. Furthermore, the Chol/SM* membranes showed
higher maximum splitting values (more order) than the
Chol/POPC membranes at all Chol concentrations. There-
fore, the SM*/Chol membranes tend to form more ordered
membranes than the Chol/POPC membranes, and the addi-
tion of Chol plus the formation of CBDs both increases the
order of protein-free membranes and diminishes the abil-
ity of WT- and Q147E-αAc to bind and further increase
membrane order near the headgroup region.

Hydrophobicity Near the Headgroup Region of
POPC/Chol and SM*/Chol Membranes With WT
and Q147E αAc Binding

Displayed in Figures 5A to 5D is the hydrophobicity
near the headgroup regions of Chol/POPC and Chol/SM*
membranes with and without WT- or Q147E-αAc. For POPC
(see Figs. 5A, 5B) and SM* (see Figs. 5C, 5D) membranes
without Chol, there was a significant increase (P ≤ 0.05)
in hydrophobicity near the headgroup region with both
WT- and Q147E-αAc membrane binding. Additionally, the
binding of WT-αAc to Chol/POPC membranes (see Fig. 5A)
and Q147E-αAc to Chol/SM* (see Fig. 5D) membranes with
a mixing ratio of 0.5 resulted in a significant increase
(P ≤ 0.05) in hydrophobicity near the membrane surface.
Conversely, at a mixing ratio of 0.5, there was no significant
change (P > 0.05) in hydrophobicity with WT-αAc bind-
ing to Chol/SM* (see Fig. 5C) membranes or with Q147E-
αAc binding to Chol/POPC membranes (see Fig. 5B). More-
over, at a mixing ratio of 1.5 there was no significant
change in hydrophobicity near the headgroup region of
Chol/POPC or Chol/SM* membranes with the addition of
WT- or Q147E-αAc (see Figs. 5A–D). As these increases in
hydrophobicity are generally most significant in samples
that displayed the most protein binding (see Figs. 1A–D),
these data indicate that WT- and Q147E-αAc membrane
binding is likely done through hydrophobic interactions,
which is in agreeance with our previous studies showing
the membrane binding of native bovine αABc and recom-
binant human αAc, αBc, and αABc is done via hydropho-
bic interactions.5,55,59,60,63 Furthermore, independent of the
addition of protein, the hydrophobicity near the headgroup
region of the Chol/POPC and Chol/SM* membranes signif-
icantly decreased (P ≤ 0.05) with each increase in Chol

FIGURE 5. Hydrophobicity values near the headgroup region of
Chol/POPC and Chol/SM* membrane with a Chol/lipid mixing ratio
of 0 (0 mol% Chol), 0.5 (33 mol% Chol), and 1.5 (60 mol% Chol).
All Chol/POPC measurements are done with (filled) and without
(open) approximately 18 μM WT- or Q147E-αAc, whereas Chol/SM*
measurements were taken with (filled) and without (open) approx-
imately 54 μM WT- or Q147E-αAc. All EPR measurements were
taken at −163°C to obtain a 2Az value, which is inversely related
to hydrophobicity, and in turn, a decrease in 2Az indicates an
increase in hydrophobicity. As shown in A to D, in Chol/POPC
and Chol/SM* membranes, each increase in Chol content signifi-
cantly decreased membrane hydrophobicity between protein-free
controls. Moreover, the membrane binding of WT- and Q147E-αAc
to Chol/POPC membranes (A and B) at mixing ratios of 0 and
0.5 resulted in significant increases to membrane hydrophobicity,
with the binding of Q147E-αAc at a mixing ratio of 0.5 being
the only exception and not displaying any significant increase in
hydrophobicity with membrane binding. Additionally, as depicted
in C and D, the membrane binding of WT- and Q147E-αAc to
Chol/SM* membranes at mixing ratios of 0 and 0.5 resulted in
significant increases in membrane hydrophobicity, except for WT-
αAc at a mixing ratio of 0.5 where there was not any significant
increase in hydrophobicity as there was not binding detected with
the addition of protein. Lastly, for both WT- and Q147E-αAc binding
with Chol/POPC and Chol/SM* membranes at a mixing ratio of 1.5
(A–D), there was no protein binding detected, and, in turn, there
was no significant change in hydrophobicity detected with the addi-
tion of protein. All values and error bars are calculated from the
average of three independent experiments. *, **, ***, and **** repre-
sents a P value < 0.05, < 0.01, < 0.001, and < 0.0001, respectively,
whereas “ns” means not significant.
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concentration as the addition of Chol is likely creates sepa-
ration between each membrane’s polar headgroups, allow-
ing for increased water penetration. Ultimately, these trends
in hydrophobicity may explain why the addition of Chol
reduces the membrane binding of WT- and Q147E-αAc, as
the reduction in hydrophobicity with increased Chol may
reduce each membrane’s capacity for hydrophobic interac-
tions with WT- and Q147E-αAc and in turn diminish protein
binding.

DISCUSSION

As shown in Figure 6, the major findings of this study
revealed that WT- and Q147E-αAc can bind to both
Chol/POPC and Chol/SM* membranes, and this bind-
ing is differentially modulated by both Chol and lipid
composition. Specifically, deamidation increases αAc POPC
membrane binding, decreases αAc SM* membrane bind-
ing, and provides resistance to Chol inhibition, but inde-
pendent of lipid composition and deamidation, high Chol
and CBD content inhibits αAc and deamidated αAc bind-
ing, likely protecting against light scattering and cataract
formation (see Fig. 6). These variances in binding are likely
due to the alterations in αAc structure and oligomerization
that occur with Q147E deamidation, where the introduction

of a negative charge with Q147E deamidation has shown
to reduce the β-sheet content and disrupt the hydrophobic
core of αAc.44 With these alterations, we found there are
distinct changes in αAc oligomerization, where we previ-
ously found WT-αAc has an average Rh of 8.18 ± 0.48
nm and a %PD of 15.74 ± 5.03%,5 whereas, in this study,
we found Q147E-αAc has an average Rh of 7.925 ± 0.47
nm and a %PD of 21.09 ± 5.28%, meaning Q147E deami-
dation results in αAc forming smaller and more polydis-
perse oligomers.5,75,76 These variations in αAc oligomeriza-
tion likely explain the trends in MMSO, where to the Chol
free-POPC membranes, the smaller Q147E-αAc oligomers
may occupy less space on the membrane surface, allow-
ing for an increased number of Q147E-αAc oligomers to
bind the membrane (see Fig. 6). Interestingly, whereas
the SM* membranes contain 20 mol% POPS, a negatively
charged lipid, in control experiments done with only POPS
membranes, we found there was no significant difference (P
> 0.05) in the membrane binding of WT- and Q147E-αAc to
POPS membranes (see Figs. 1C–E, 2E). Therefore, the possi-
ble electrostatic interactions between the negatively charged
POPS and negatively charged Q147E mutant does not influ-
ence the membrane binding of αAc; however, the negatively
charged POPS headgroups may repel each other,59,61 expos-
ing the hydrophobic core of the membrane, resulting in

FIGURE 6. Schematic depicting the binding of WT- and Q147E-αAc to Chol/POPC and Chol/SM* membranes containing Chol contents of
0, 33, and 60 mol%. Compared to WT-αAc (dark blue), the Q147E-αAc (green) had increased binding to POPC and decreased binding
to SM* membranes without Chol. With an increase in Chol content to 33 mol%, the membrane begins to saturate with Chol, resulting in
the diminished binding of WT-αAc and, to a lesser degree, Q147E-αAc to both Chol/POPC and Chol/SM* membranes. Furthermore, with
the addition of 60 mol% Chol, the membrane becomes saturated with Chol, leading to the formation of lipid cholesterol domains (LCDs)
and cholesterol bilayer domains (CBDs), which completely inhibited both WT- and Q147E-αAc binding to the Chol/POPC and Chol/SM*
membranes. As displayed by the bottommost arrows, this inhibited αAc membrane binding with increasing Chol content allows for increased
lens transparency while the increased membrane binding of αAc leads to increasing levels of light scattering as seen with cataract formation.
The sizes of WT- and Q147E-αAc oligomers pictured in Figure 6 are significantly larger than displayed in the schematic.
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TABLE. Chol/Lipid Molar Ratios in Human Lens of Different Age Groups

Transparent Human Lenses Cataractous Human Lenses

Age groups 0–20 y 21–40 y 41–60 y 61–70 y 61–70 y
Chol/lipid molar ratios*

Cortex 0.63 1.01 1.38 1.8 1.14
Nucleus 0.71 1.21 2.1 4.4 1.45

* Values were taken from references 54, 64, and 81.

the increased hydrophobic binding of WT and Q147E-αAc
with the Chol-free POPS membranes compared with Chol-
free SM* and POPC membranes (see Fig. 1E). In turn, the
variances in SM* membrane binding are likely primarily due
to the variations in αAc structure and oligomerization that
occur with Q147E deamidation. These results provide us
with novel insight into the need for the sharp increase in SL
content and significant decrease in PC content that occurs
with aging from approximately 5 years old to approximately
40 years old,47 in which, in addition to the increasing SL
content making the eye lens resistant to oxidation,14,56–58

it may also be an evolutionary mechanism to prevent αAc
membrane binding as it accumulates deamidation through-
out life.

Along with lipid composition, WT- and Q147E-αAc bind-
ing is also modulated by and inversely related to the
membrane Chol content. Interestingly, the interaction of WT
and Q147E-αAc with Chol/SM* membrane with 33 mol%
Chol differ significantly. The MMSO and Ka of WT-αAc
are zero, indicating no binding of WT-αAc with Chol/SM*
membrane at a mixing ratio of 0.5 (see Figs. 1C, 2C). In
contrast, there is an increased binding and Ka of Q147E-
αAc with 33 mol% Chol containing Chol/SM* membrane
compared to WT- αAc (see Figs. 1D, 2D). These suggest
strong of interaction of Q147E-αAc with biphasic membrane
likely formed at Chol/SM* mixing ratio of 0.5 where the
raft phase might be formed predominantly with more
ordered SM membrane and Chol and non-raft phase might
form with predominantly less ordered POPS and Chol
membrane,13,77–80 as SM* consists of 80% SM and 20%
POPS lipid and SM forms increasingly ordered membranes
compared to POPS.61 The interaction of Q147E-αAc to
the possible biphasic Chol/SM* membrane might result
from the smaller oligomeric size and possible structural
changes due to deamidation. However, with the formation
of CBDs at 60 mol% Chol,5,59,60,65,66 the membrane bind-
ing of WT- and Q147E-αAc to Chol/POPC and Chol/SM*
membranes became completely inhibited, showing even
with the increased resistance to the inhibitory effects of
Chol that Q147E deamidation provides, the formation of
CBDs at high Chol content5,59,60,65,66 consistently inhibits
αAc membrane binding.

These binding results show the importance of the lens
Chol content changes that occur with aging where there
is a significant increase in Chol/lipid ratio in transpar-
ent lenses cortical and nuclear membranes with increas-
ing age from young (approximately 0–20 and approxi-
mately 21–40 years old) to middle-aged (approximately 41–
60 years old) to old (approximately 61–70 years old) lens
fiber cell membranes (see the Table).54,64,81 However, there
is a significant decrease in Chol/lipid content in the age-
matched (61–70 years old) cataractous cortical and nuclear
membranes compared to age-matched transparent lenses
(see the Table).54 In addition to the Chol content chang-
ing with age, the deamidation of lens crystallin has been

reported to increase with both age and cataracts.32 Specifi-
cally, it has been shown that the αAc become increasingly
acidic likely due to deamidation in the lenses of 54 to 55
year old compared with fetal lenses,82 deamidation of αAc
in 26-, 34-, and 46-year-old donors increases with aging, and
the percent deamidation of αAc significantly increases in the
high molecular weight protein lens fractions.83 Furthermore,
the analysis of 70-year-old transparent, 70-year-old nuclear
cataractous, and 93-year-old cataractous lenses were found
to have increased αAc deamidation in the water-insoluble
lens protein fractions compared to the water-soluble frac-
tion.33 In addition to deamidation occurring at increasing
rates among these insoluble protein fractions, it has also
been reported that water-insoluble crystallins in young,
aged, and cataractous human lenses are membrane-bound.8

Therefore, with cataract formation, the Chol content of both
the cortex and nucleus significantly decreases, PC content
decreases, and SM content increases, whereas αAc simulta-
neously shows to become increasingly deamidated, insolu-
ble, and membrane-bound.8,54,81,82,84 Based on these previ-
ous discoveries and the findings from this study, it appears
the formation of CBDs is needed to prevent the binding
of αAc and deamidated αAc to the lens membrane (see
Fig. 6) and the formation of large membrane-αAc aggregates
responsible for scattering light, however, with the loss of
Chol, CBDs, and lipid rafts found in cataract development,54

paired with the increasing rates of deamidation, αAc is likely
no longer inhibited from binding to the lens membrane,
explaining why there is the accumulation of deamidated
αAc in the insoluble pellets of aged lenses.6,8,14,38,45,46,85,86

In turn, it appears that the eye lens lipid and Chol compo-
sition changes generally coincide with the modification of
α-crystallin and, therefore, may be an evolutionary mech-
anism to not only prevent lens membrane oxidation14,56–58

but also promote lipid raft and CBDs formation13,77–80,87 and
prevent the membrane binding of αAc as it becomes increas-
ingly modified.

Relatedly, although a Chol/lipid mixing ratio around 1.5
was enough to inhibit the binding of αAc in this study, and
therefore even the reduced cataractous lens Chol levels (see
the Table) would likely have a similar effect, the concentra-
tion of αAc in this study reaches a maximum of approx-
imately 1.1 mg/mL, whereas αABc concentration in the
human lens has been estimated to reach approximately 140
to 158 mg/mL, whereas αABc comprised of approximately
75% αAc.15,40 Therefore, with the significant increase in
αABc concentration relative to the amount used in this study,
it is likely more αAc is interacting with and able to bind
to the reduced Chol-containing cataractous lens membrane.
Moreover, this study is only done with one site of deami-
dation while αAc has shown to accumulate multiple sites
of modification,33,75,82,84 which can likely further exemplify
the results found in this study and promote αAc membrane
binding at even higher Chol levels. Furthermore, it has been
reported that lens lipid and Chol undergo extensive oxida-
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tion with age and cataract formation,88–91 which has shown
to reduce the overall membrane Chol content.92–96 Relatedly,
genetic mutations in rats that decrease lens Chol to approx-
imately 57% of the normal levels of healthy rats have been
found to result in the formation of cataracts,97 whereas other
in vivo studies report that the knockout of lens Chol produc-
tion results in the development of cataracts.67 Therefore,
both lens oxidation and genetic deficiencies in the human
lens Chol biosynthesis pathways that reduce lens Chol levels
likely allow for even more pronounced αAc membrane bind-
ing and the accumulation of deamidated crystallins in the
membrane and insoluble pellets of aged lenses. Therefore,
as a whole, it appears the continual increase in the lens SM
and Chol content found with normal aging13,14,26,55,59,63,64

is crucial for preventing the accumulation of membrane-
bound αAc, especially as αAc becomes increasingly resistant
to the effects of Chol due to the accumulation of deamida-
tion (see Fig. 6). Furthermore, the loss of membrane Chol
due to factors such as membrane oxidation and genetic defi-
ciencies in the production of lens Chol could lead to crys-
tallin/modified crystallin-membrane binding followed by the
formation of large aggregates responsible for light scatter-
ing and development of age-related and early-onset cataract
(see Fig. 6).

As displayed in Figures 2A to 2D, WT- and Q147E-αAc
each had the highest Ka with Chol-free POPC membranes,
but with each increase in Chol concentration, the affin-
ity of both WT- and Q147E-αAc significantly decreased
(P ≤ 0.05) until neither protein had any affinity with 60
mol% Chol. Additionally, whereas the Ka trends of WT-
and Q147E-αAc in Chol/POPC membranes with increas-
ing concentrations of Chol were consistent, in Chol/SM*
membranes, there was a substantial deviation in trend with
the addition of Chol. Specifically, in Chol/SM* membranes
at a mixing ratio of 0.5, Q147E-αAc was the only sample
that displayed an increase in Ka, whereas WT-αAc was the
only sample with no membrane affinity. Interestingly, in
our control POPS studies, the Ka of Q147E was lower than
WT to POPS membranes (see Figs. 2E, 2F), indicating there
is a synergistic effect between the hydrophobic interac-
tions of the structurally altered Q147E-αAc and the multi-
ple membrane phases of the 33 mol% Chol-containing SM*
membranes. However, although not analyzed for WT-αAc
as it already showed no affinity for Chol/SM* membranes
at a mixing ratio of 0.5, with the formation of CBDs at 60
mol% Chol Q147E-αAc did not display any membrane affin-
ity.5,59,60,65,66 Therefore, the addition of Chol seems to have
similar effects on both WT- and Q147E-αAc in Chol/POPC
membranes, generally lowering membrane affinity with
increasing Chol concentrations, but has more variance on
WT- and Q147E-αAc binding in Chol/SM* membranes, likely
due to the increased membrane order and formation of
lipid rafts in Chol/SM* membranes.13,77–80,98–100 However,
regardless of lipid type with the formation of CBDs at high
Chol content,5,59,60,65,66 both WT and Q147E-αAc no longer
have any membrane affinity. Therefore, these results indi-
cate that the reduction of Chol and CBDs in cataractous
lenses54,101,102 likely promotes αAc lens membrane binding,
especially as αAc becomes increasingly modified, making
the increase in lens Chol and CBD content with healthy
aging a crucial mechanism for depleting αAc membrane
affinity and preventing the lens binding of both WT and
modified αAc.33,85,86,103–108

As displayed in Figures 3 and 4A to 4D, the membrane
lipid/Chol composition and the membrane binding of WT-

and Q147E-αAc also alter the physical properties of the
Chol/POPC and Chol/SM* membranes. Specifically, WT-
and Q147E-αAc membrane binding significantly (P ≤ 0.05)
decreases the mobility and increases the order of Chol/POPC
and Chol/SM* membranes near the headgroup region. More-
over, these physical changes appear to be directly related to
MMSO, with increased membrane binding inducing more
significant changes in membrane mobility and order. In
addition to protein binding affecting membrane mobility,
adding Chol also directly reduced membrane mobility while
increasing the order near the headgroup region of protein-
free control membranes. Therefore, altogether, these data
indicate that an increased Chol content both decreases
membrane mobility and increases membrane order near the
headgroup region while diminishing the ability of αAc to
bind and further alter membrane mobility and order of both
Chol/POPC and Chol/SM* membranes.

Last, our results also show that WT- and Q147E-αAc
membrane binding increases the hydrophobic environment
near the headgroup region of both the Chol/POPC and
Chol/SM* membranes, indicating this binding is likely done
through hydrophobic interactions. Moreover, the addition of
Chol significantly decreases protein-free control membrane
surface hydrophobicity and diminishes the hydrophobic
membrane binding of WT- and Q147E-αAc. This reduced
hydrophobicity with the addition of Chol is likely due
to Chol separating the polar lipid headgroups in each
membrane, allowing for increased water penetration at
the surface of the membrane and, in turn, reducing the
hydrophobicity of the environment near the membrane
surface. Additionally, as the membrane binding of both WT-
and Q147E-αAc is likely done through hydrophobic inter-
actions, their membrane binding may form a hydrophobic
barrier on the membrane surface for the diffusion of small
molecules, such as glutathione, in turn, creating an oxidative
environment within the lens that promotes cataract develop-
ment.5,55,59,60,62,63 Moreover, as Q147E deamidation provides
increased resistance to the inhibitory effect of Chol, the
accumulation of deamidation in αAc throughout life may
promote this hydrophobic lens binding and increase the
likelihood of developing such hydrophobic barriers. There-
fore, these results suggest that the increases in lens Chol
and CBD content found with healthy aging13,14,26,55,59,63,64

is a critical mechanism needed to inhibit these hydropho-
bic crystallin interactions with the lens membrane and
prevent the formation of a hydrophobic barrier and
cataracts. In contrast, the significant decrease in the lens
Chol content found with cataract development54,101,102

likely increases the lens susceptibility for the formation
of such hydrophobic barriers and the progression of
cataracts.

The results discussed in this study are in agreeance with
our previous studies, where we found both recombinant
human αAc, αBc, αABc,5 and native bovine lens αABc55,59–63

can bind through hydrophobic interactions with individ-
ual lipid membranes,59,61,62 model lens lipid membranes,60

and membranes made from extracted cortical and nuclear
lipids of single bovine63 or human lenses55 and appears to
be strongly modulated by the membrane’s lipid and Chol
content.5,59,61–63 To add to these works, in this study, we
are the first to find that age-related lens lipid changes may
be a necessary evolutionary mechanism to not only make
the lens resistant to oxidation,14,56–58 but also diminish the
binding of αAc as it accumulates deamidation throughout
life.4,7,19,29,33,42
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