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ABSTRACT Membrane cholesterol-rich domains have been shown to be important for regulating a range of membrane protein
activities. Low-density lipoprotein receptor (LDLR)-mediated internalization of cholesterol-rich LDL particles is tightly regulated
by feedback mechanisms involving intracellular sterol sensors. Since LDLR plays a role in maintaining cellular cholesterol
homeostasis, we explore the role that membrane domains may have in regulating LDLR activity. We expressed a fluorescent
LDLR-mEGFP construct in HEK293T cells and imaged the unligated receptor or bound to an LDL/DiI fluorescent ligand using
total internal reflection fluorescence microscopy. We studied the receptor’s spatiotemporal dynamics using fluorescence fluctu-
ation analysis methods. Image cross correlation spectroscopy reveals a lower LDL-to-LDLR binding fraction when membrane
cholesterol concentrations are augmented using cholesterol esterase, and a higher binding fraction when the cells are treated
with methyl-b-cyclodextrin) to lower membrane cholesterol. This suggests that LDLR’s ability to metabolize LDL particles is
negatively correlated to membrane cholesterol concentrations. We then tested if a change in activity is accompanied by a
change in membrane localization. Image mean-square displacement analysis reveals that unligated LDLR-mEGFP and ligated
LDLR-mEGFP/LDL-DiI constructs are transiently confined on the cell membrane, and the size of their confinement domains in-
creases with augmented cholesterol concentrations. Receptor diffusion within the domains and their domain-escape probabil-
ities decrease upon treatment with methyl-b-cyclodextrin, consistent with a change in receptor populations to more confined
domains, likely clathrin-coated pits. We propose a feedback model to account for regulation of LDLR within the cell membrane:
when membrane cholesterol concentrations are high, LDLR is sequestered in cholesterol-rich domains. These LDLR popula-
tions are attenuated in their efficacy to bind and internalize LDL. However, when membrane cholesterol levels drop, LDL has
a higher binding affinity to its receptor and the LDLR transits to nascent clathrin-coated domains, where it diffuses at a slower
rate while awaiting internalization.
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SIGNIFICANCE We propose a new, rapid-response, regulatory model for the low-density lipoprotein receptor (LDLR)
that is based on its membrane localization. Using image correlation analysis on fluorescence images taken from fixed
HEK293T cells, we detect that LDL-LDLR binding fractions are dependent on membrane cholesterol levels. Furthermore,
fluorescence fluctuation analyses of live-cell experiments reveal a membrane cholesterol-dependent change in LDLR’s
confinement and transport dynamics. Our proposed model features a negative-feedback loop where LDLR is sequestered
within cholesterol-rich reservoirs in a low-functional form and, as membrane cholesterol concentrations decrease, is
released from the reservoirs as active receptors. We discuss the possible reasons for changes in the receptor’s membrane
dynamics, localization, and the implications of this proposed model for the regulation of cellular cholesterol homeostasis.
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INTRODUCTION

A high concentration of low-density lipoprotein (LDL) parti-
cles in the blood sera is one of the causative agents of coronary
artery disease (1). Hepatic LDL receptor (LDLR), a mem-
brane protein that is the primary regulator of LDL, metabo-
lizes up to 75% of LDL particles (2,3). In fact, homozygous
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mutations of the LDLR in hypercholesterolemia patients have
been linked to a 5- to 13-fold increase in plasma LDL concen-
tration comparedwith their wild-type counterparts (4). There-
fore, there are important efforts to classify and understand the
regulatory mechanisms that underlie LDLR expression and
function.

Intracellular cholesterol concentrations tightly control
LDLR expression on the cell membrane to maintain cellular
cholesterol homeostasis (3,5). When cholesterol levels in
the endoplasmic reticulum fall below 5% of the total lipid
content, the sterol response element-binding protein 2
(SREBP2) pathway is activated, promoting the transcription
of LDLR mRNA (6). The SREBP2 pathway will also pro-
mote the transcription of proprotein convertase subtilisin/
kexin type 9 (PCSK9), a secreted protein that binds to
LDLR on the cell membrane and reroutes the receptor to
lysosomal degradation. PCSK9 is coregulated with LDLR
to quickly downregulate cell surface LDLR, acting as a
break to prevent accumulation of LDL (3,7). Conversely,
an excess of intracellular cholesterol activates the liver X re-
ceptor (LXR) pathway and promotes the transcription of the
inducible degrader of LDLR (IDOL). IDOL is a E3 ubiqui-
tin ligase that catalyzes the ubiquitination of LDLR’s cyto-
plasmic domain and targets it to lysosomal degradation (8).
Since total cellular cholesterol plays a key role in LDLR
expression and function, we explored the roles that mem-
brane cholesterol may have in regulating LDLR transport
and localization on the cell membrane.

Cholesterol-rich domains on the cellular membrane,
sometimes called lipid rafts, are rigid and ordered regions
that mediate specific interactions between saturated and gly-
cosylated lipids with cholesterol and other sphingolipids.
Lipid rafts can form domains that range in size from approx-
imately 10 nm to greater than 300 nm in diameter and have
been shown to play an important role in regulating receptor
and signal transduction proteins, such as those related to im-
mune cell regulation, host-pathogen interfaces, and cancer
signaling (9).

Recent studies suggest that membrane cholesterol con-
centrations can regulate the spatiotemporal regulation of
LDLR expression and function. Using a Triton X solubiliza-
tion assay, Ivaturi et al. (10) demonstrated that, if the
cellular membrane is supplemented with extra cholesterol,
the population of LDLR shifts to Triton-insoluble regions
of the cell membrane, usually associated with cholesterol-
rich domains. They further show that incubation with LDL
particles lowers uptake after 30 min of incubation. More-
over, Sorrentino et al. (11) show that IDOL-dependent
degradation of LDLR selectively occurs in cholesterol-rich
regions of the cell membrane. Similar experiments showed
the LDLR-related protein (LRP1), a structurally similar pro-
tein to LDLR (12), to be associated with lipid rafts (13).

In this study, we use total internal reflection fluorescence
(TIRF) microscopy to explore the role that cholesterol-rich
domains may play on the function and lateral movement of
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unligated LDLR and LDL-bound LDLR fluorescent con-
structs on fixed and living human embryonic kidney 293T
(HEK293T) cells. Since the advent of fluorescence micro-
scopy, there have been many analysis techniques developed
that have facilitated an understanding of the spatiotemporal
regulation of membrane proteins. Ghosh and Webb initiated
studies that pioneered the automated tracking of single
fluorescent particles by using a fluorescently labeled DiI-
LDL construct to track membrane transport and measure
the temperature-dependent diffusion coefficients of an inter-
nalization-deficient LDLR (14). Single-particle tracking has
since been widely used to study membrane confinement,
and has revealed membrane domains that are dependent
on lateral membrane protein interactions (15), cytoskeleton
‘‘fences’’ that trap membrane proteins (16,17), or lipid rafts
(18,19). Single fluorescent particle tracking requires the
low-density labeling of target receptor proteins and bright,
photostable fluorophores to allow tracking with minimal
photobleaching or blinking to resolve sufficiently long
trajectories for accurate analysis (20,21).

Fluorescence fluctuation analysis methods provide an
alternative way to study the transport dynamics and interac-
tions of labeled membrane receptor proteins at expressed or
labeled at higher surface densities. The first of these tech-
niques, fluorescence correlation spectroscopy (FCS), was
first described by Magde et al. (22) in 1972 and relies on
an autocorrelation analysis of fluorescence intensity fluctu-
ations arising from changes in the number of fluorescent
molecules excited within a small focal spot of an excitation
laser beam within the sample. The fluorescence fluctuations
can be due to fluorophore transport dynamics, chemical re-
action kinetics, or photophysical processes. Transport pa-
rameters and the concentrations of fluorescent molecules
are measured by calculating a time correlation function
from the fluctuation time series and fitting the time correla-
tion function with an appropriate fit model. There have been
many extensions of FCS that have been used to study mem-
brane domains and compartmentalization. Among them,
stimulated emission depletion-FCS acquires FCS correla-
tion curves at super-resolved spatial scales, allowing the
analysis to be sensitive to nanoscale compartmentalization
on the plasma membrane (23,24). Furthermore, imaging
FCS and binned-imaging FCS (ITIR-FCS and bimFCS)
use a camera-based approach and treat pixels or binned
pixels as the FCS observation value. In these techniques,
the characteristic diffusion time changes with the observa-
tion area as pixels are binned together, and the trend reveals
information about the trapping of proteins on the cell mem-
brane, such as the proteins’ diffusive mode at different
spatial scales (25–29).

Image correlation spectroscopy (ICS) is an imaging
analog of FCS (30). It entails the spatial and temporal cor-
relation of fluorescence fluctuations sampled in an image
time series via fluorescence microscopy and technique
variants measure molecular transport, concentrations, and
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molecular interactions within a cell. The fluorescence
fluctuations in the image series can be analyzed in space
(ICS), time (TICS), or a combination (spatiotemporal ICS
[STICS]). Spatial ICS is commonly used to determine fluo-
rophore densities on the cell membrane, while its two-color
counterpart, image cross correlation spectroscopy (ICCS) is
used to measure the fraction of colocalized molecules
labeled with two different fluorophores imaged at two
different emission wavelengths (31–33). Both TICS and
STICS have been used to measure protein diffusion, flow,
and immobilization fractions on the cell membrane
(34,35). Work by Di Rienzo et al. extended STICS analysis
to classify membrane protein diffusion as free, confined, or
transiently confined by calculating an image-averaged
mean-square displacement (iMSD) of the labeled proteins
as measured from the time-dependent spreading of the
space-time correlation function peak fit variance (36).

In this study, we imaged HEK293T cells expressing
LDLR-mEGFP either in its unligated form or bound with
LDL-DiI ligand. We use STICS/iMSD to measure LDLR’s
lateral mobility and trapping in putative lipid domains on
the cell membrane in normal growth conditions at 37�C,
and how it changes when membrane cholesterol concentra-
tions are altered. Spatial ICS was applied to measure the
LDLR protein’s density at the cell membrane after treatment
with drugs that change membrane cholesterol levels. Two-
channel spatial ICCS analysis was also applied to quantify
the fraction of LDLR-mEGFP bound to LDL-DiI under
different membrane cholesterol concentrations. From these
results, we postulate that LDLR’s membrane environment
changes as a function of the cholesterol concentrations,
and that these membrane environments function to regulate
LDLR’s ability to bind its LDL ligand. We propose that
cholesterol-rich domains act as LDLR reservoirs that
sequester and attenuate LDLR activity when cholesterol
concentrations are high. However, after membrane choles-
terol depletion, LDLR has a higher binding affinity for
LDL particles and the receptor-ligand complexes now
become confined within smaller domains with slower diffu-
sive transport; most likely clathrin-coated pits, where it can
efficiently metabolize the LDL particles via the canonical
clathrin-mediated endocytosis. Once LDL particles inter-
nalize and release cholesterol molecules, cholesterol con-
centrations can be replenished on the cell membrane. This
model accounts for a negative feedback mechanism that reg-
ulates LDLR activity based on membrane cholesterol con-
centrations and may help to maintain cellular cholesterol
homeostasis in mammalian cells.
MATERIALS AND METHODS

Cell culture

The regular tissue culture media to passage HEK293T cells was made from

Dulbecco’s modified Eagle’s medium supplemented with 0.02 M HEPES
buffer solution, 2 mM L-glutamine, 10% fetal bovine serum (FBS), 100

units/mL penicillin/streptomycin, 0.1 mM nonessential amino acids (Gibco,

Waltham, MA). Cells were cultured on 100 mm tissue culture dishes

(VWR, Randor, PA) and maintained in a humidified incubator with 5%

CO2 at 37
�C.
Cellular treatments

Before imaging, cells were plated onto poly-L-lysine-coated 35 mm glass-

bottom plates (Matsunami Glass, Bellingham, WA). At 24 h after plating,

cells were transfected with pRK5 plasmids (Addgene, Watertown, MA)

encoding LDLR-mEGFP protein constructs (Genescript, Piscataway, NJ).

Cells were starved for 24 h before imaging by incubating in regular

culturing medium without FBS added.

For ligand-bound and -unbound receptor imaging experiments, the cell

medium was supplemented with either 2 mM methyl-b-cyclodextrin

(MbCD) (Sigma-Aldrich, St. Louis, MO) to reduce membrane cholesterol

(37) or 0.2 units/mL cholesterol esterase (CE) (Sigma-Aldrich) for 2 h to

augment membrane cholesterol (38). Negative control cells were incubated

for another 2 h in regular FBS-negative media. Unbound receptor was

imaged at the 2 h incubation point. For ligand-receptor complex imaging,

treatment medium was replaced with FBS-negative culturing medium

supplemented with 5 mg/mL fluorescent LDL-DiI complex (Invitrogen

Technologies, Eugene, OR) for 1 h before imaging. For fixed cell experi-

ments, samples were incubated at room temperature with 4% paraformalde-

hyde for 10 min and then washed with Dulbecco’s phosphate buffer solution

three times before imaging (Gibco).
TIRF imaging and analysis

All imaging was performed using a home-built TIRF microscope that was

constructed around an inverted Olympus IX71 microscope base (Olympus,

Tokyo, Japan) equipped with a TIRF 100�, 1.49 NA oil immersion objec-

tive lens (Nikon, Tokyo, Japan). The LDLR-mEGFP fluorescence was

excited using an OBIS 488 nm LS laser and the LDL-DiI was excited using

an OBIS 561 nm LS laser (Coherent, Santa Clara, CA). The excitation and

emission wavelengths were separated using a TRF69901-EM - ET - 405/

588/561 nm Laser Triple Band Set for TIRF application filter cube

(Chroma, Bellows Falls, VT). Fluorescence signals were imaged on an

Andor iXON Ultra 888 EMCCD camera (SnowHouse Solutions, Lac

Beauport, Quebec, Canada). Live-cell experiments were performed at

37�C using a temperature-controlled enclosure around the imaging space.

Fixed-cell experiments were performed at room temperature, and only

one frame was used for analysis from each cell imaged in the fixed samples.
ICS analysis

All image correlation analysis was carried out on standard PC computers

using MATLAB R2019 or MATLAB R2020 (The MathWorks Natick,

MA). Code for ICS analysis can be found at https://github.com/

stevekochscience/Image-Correlation-Spectroscopy. Regions of interest for

ICS analysis were picked around homogenous fluorescence areas of the

image.
General ICS theory

ICS-related techniques, including their spatial (39), temporal (40), two-co-

lor (41), and spatiotemporal (35) variants, have been thoroughly reported

previously. Here, we present a general outline of the techniques used in

this study.

ICS is based on correlation analysis of fluorescence intensity fluctuations

that are recorded within images collected with a fluorescence microscope.

The two-dimensional image acquired at each time point is a result of the
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convolution between a point emitter (in this case, the mEGFP protein

fluorophore or the DiI dye) and the point-spread function (PSF) of the fluo-

rescence microscope. The image pixel size is smaller than the PSF size so

the imaged diffraction spot spreads over several pixels, which encodes

spatial correlation between adjacent pixels. The intensity value of each

pixel in the image matrix will represent the integration of photons (photo-

electrons) collected by the optics and detected by the image detector over

the image acquisition time. The intensity of each pixel will vary based on

the number of emitting fluorescent molecules detected within each PSF-

sized focal volume (30), which is the source of the signal fluctuations, in

addition to fluctuations due to noise sources.

Most of the techniques in this study can be represented as simplified var-

iants of a generalized spatiotemporal correlation function:

ra;bðx; h; tÞ ¼ CCdiaðx; y; tÞdibðx þ x; yþ h; t þ tÞDrDt
Ciaðx; y; tÞDrCibðx; y; t þ tÞDr

(1)

where the angular brackets in the numerator symbolize spatial correlation

followed by temporal correlation, x and h are the spatial lag (pixel shift)
variables and t is the temporal lag (image frame shift). The angular brackets

in the denominator indicate spatial intensity averages (r space) over the re-

gion of interest at times t and t þ t. The subscripts a and b refer to images

collected in different wavelength detection channels on the microscope. In

the case of the analysis being performed on the same channel, we can

simplify a ¼ b, which is an autocorrelation function (30). The fluorescence

intensity fluctuation of each pixel, di(x,y,t), is defined as its difference from

the mean intensity,

diðx; y; tÞ ¼ i ðx; y; tÞ � Ciðx; y; tÞDr : (2)

where i is the intensity of pixel x, y at time t, and the angular brackets repre-

sent the spatial average intensity of the image region of interest at image
frame time t. The different forms of ICS are limits of Eq. 1 with correlations

over different lag variables and one or two detection channels and this will

dictate which fit model is applied, and the parameters (dynamic or static)

extracted from the fit.
Receptor density assays using spatial ICS

Spatial image correlation was used to measure receptor densities in the cell

membrane. This technique depends on a two-dimensional spatial correla-

tion analysis of the image for a fixed time (single frame). Eq. 3 is a discrete

approximation to the spatial autocorrelation function.

rðx;h; 0Þ ¼ 1

XY

XX

X ¼ 1

XY

Y ¼ 1

Cdiðx; y; tÞdiðx þ Dx; yþ Dy; tÞDr
Ciðx; y; tÞD2r

� 1
(3)

Where Dx and Dy are the discrete pixel lag shifts in the correlation calcu-

lation and X and Y are the number of pixels spanning the region of interest
in a single image frame. We fit this correlation function using a nonlinear

least-squares fit of a two-dimensional Gaussian with three free fitting

parameters,

rðx; h; 0Þ ¼ gð0; 0; 0Þexp
�
x2 þ h2

u0
2

�
þ gN: (4)

The fitting variables are the zero-lags amplitude, g(0,0,0), the e�2 decay

radius of the correlation function, u0, and offset gN, which accounts for

incomplete decay of the correlation function due to long-range spatial cor-

relations. The mean number of independent fluorescent particles <N> per

focal area is inversely proportional to the zero lags amplitude g(0,0,0) if im-

age background is corrected for (38). The correlation area can be calculated
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from the u0 radius and, therefore, we can calculate the cluster density (CD)

of fluorescent particles per unit area:

CD ¼ 1

gð0; 0; 0Þ � pu0
2
¼ CND

pu0
2

(5)

Ligand binding assays using ICCS

Spatial ICCS was used to measure the interaction fraction of LDL-DiI par-

ticle binding to LDLR-mEGFP receptors (41). In these assays, cells were

incubated with 4% PFA and imaged sequentially on the TIRF microscope

using different detection channels (a ¼ LDLR-mEGFP detection channel

and b ¼ LDL-DiI detection channel). The normalized spatial cross correla-

tion function is given by Eq. 6:

ra;bðx;hÞ ¼ Cdiaðx; yÞdibðx þ x; yþ hÞDr
Ciaðx; yÞDrCibðx; yÞDr

(6)

We fit Eq. 6 with the same two-dimensional Gaussian from Eq. 4, with

the caveat that the zero-lag variable (gab(0,0,0)) represents the amplitude

of the cross correlation function. The average density of colocalized inde-

pendently fluorescing particles within a beam area is given by Eq. 7.

CNa;bD ¼ gabð0; 0; 0Þ
gaað0; 0; 0Þgbbð0; 0; 0Þ ; (7)

where gaa(0,0,0) and gbb(0,0,0) are the respective best fit autocorrelation

amplitudes in the two independent detection channels. The fraction of
bound receptors (M1) is then calculated by dividing Na,b with the number

density of the receptor, as calculated from the spatial autocorrelation func-

tion of channel a (Eq. 4):

M1 ¼ Na;b

Na;a

(8)

Confinement assays using STICS and iMSD

To find the diffusive mode and diffusion parameters of the LDL receptor in

its bound and unbound forms, we performed an STICS/iMSD analysis on

image series acquired at 20 ms/frame for 50 frames. We start by defining

with the general STICS formula,

ra;bðx; h; tÞ ¼ CCdiaðx; y; tÞdibðx þ x; yþ h; t þ tÞDrDt
Ciaðx; y; tÞDtCibðx; y; t þ tÞDr

(9)

STICS was first described by Hebert et al. (35) and was used to measure

either isotropic diffusion or directed velocity dynamics of fluorescent par-

ticles. More recently, Di Rienzo et al. (36) adapted STICS in the context

of Fick’s second law and the FCS diffusion laws method (42) to determine

the diffusive and confined transport nature of membrane proteins. We fit our

STICS autocorrelation functions with a nontranslating two-dimensional

Gaussian with three fit parameters,

rðx; h; tÞ ¼ gdð0; 0; tÞexp
�
x2 þ h2

s2ðtÞ
�
þ gN; (10)

where gd is the zero-lag variable and decayswith time (gd(t)¼ (4pDt)�1) and

the Gaussian standard deviation term s(t) represents the average two-dimen-
sional iMSD of the fluorescently labeled receptors as a function of time. The

first lag of s2(0) is proportional to the e�2 radius of the microscope’s PSF.
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We recorded the iMSD value for each time lag and fit the iMSD versus

time plots according to three different diffusion models (36). For a protein

that undergoes free diffusion on the cell membrane, the iMSD plot is linear

in time:

s2ðtÞ � s2ð0Þ ¼ 4Dt; (11)

where D is the diffusion coefficient of the labeled membrane protein. If the

membrane protein is totally confined within membrane domains, the mean-
square displacement will approach a horizontal asymptote at longer lag

times:

s2ðtÞ � s2ð0ÞyL2

3

�
1 � exp

�
t

tc

��
; (12)

where L is the length of the confinement area and tc is the characteristic

diffusion time for the protein within the small, confined area, related to
2

the microscopic diffusion coefficient of the protein as Dmicro ¼ L
12tc

.

Finally, the intermediate case involves a local diffusion within the

confinement domains (Dmicro) coupled with a slower and longer spatial

range diffusion, Dmacro, upon escape from domain confinement. This

confined diffusion is modeled by Eq. 13:

s2ðtÞ � s2ð0Þy L2

3

�
1 � exp

�
t

tc

��
þ 4Dmacrot (13)

In this model, the diffusion within the confinement domains is defined by

Dmicro ¼ L2

12tc
þ Dmacro. The Dmacro parameter is correlated to the probabil-
ity of escape from the confinement domains, such that a higher macro diffu-

sion coefficient is related to higher escape probabilities (36). Most image

time series presented in this study fit best with the latter model (Eq. 13)

based on comparison of fit r-squared values.
Principal-component analysis

The purpose of principal-component analysis (PCA) is to minimize the

dimensionality of a complex multivariate data set while preserving its vari-

ance to uncover any underlying trends. If the data set consists of p samples,

denoted by X¼ (x1,., xp), and n observations performed for each sample.

Performing PCA will create a new set of uncorrelated variables, Y ¼ (y1,

., yp), generated by taking linear combinations of the data in X, known

as the principal components. The elements in Y explain successively

decreasing variation in the original data set. The maximization of variance

in PCA stems from the assumption that samples whose observations contain

the greatest variance also contain the dynamics of interest in the system.

Mathematical formalism on the derivation and application of PCA is given

in (43) and (44). PCA on this data set was performed using RStudio, version

1.4.1717, using prcomp with the correlation matrix (45). PCA results are

visualized as a 2D biplot. This is a combination of a score plot (scatterplot

of the contributions of each sample on the plane defined by the selected

principal components) and a loading plot (plot of the observations as

vectors whose magnitude and direction characterize their influence on the

principal components that define the plane).
RESULTS

To examine the plasma membrane regulation of LDLR and
LDL bound to the membrane receptors, we genetically
fused LDLR to monomeric enhanced green fluorescent pro-
tein (mEGFP) on a pRK5 plasmid and transfected it into hu-
man embryonic kidney cells (HEK293T). Importantly, for
LDL-DiI imaging, we are only capturing LDL-DiI that are
bound to the receptors in the cell membrane. LDL particles
are 22–29 nm in diameter (46) and free extracellular LDL
particles would diffuse too quickly to be resolved on our
EMCCD camera based on the finite frame rate and theoret-
ical Stokes-Einstein estimates of the diffusion coefficients.
However, when they bind to receptors in the membrane,
they are slowed down significantly and the ligand-receptor
complex can be imaged using our TIRF microscope and
camera.
LDLR expression levels on the cell membrane are
regulated by cholesterol-dependent domains

LDLR expression on the cell membrane is turned on by a
transcriptional activation pathway mediated by SREBP2
(3,6). Once on the cell membrane, LDLR can be targeted
to degradation by a PCSK9-dependent internalization route
via clathrin-coated pits (47,48), or poly-ubiquitinated by the
IDOL E3 ubiquitin ligase within lipid rafts and internalized
in a multivesicular body mechanism (3,11,49). These path-
ways are intrinsically linked to sterol concentrations within
the cell, with sterol-sensing SREBP2 and LXR transcription
factors controlling LDLR, PCSK9, and IDOL expression.
However, these different LDLR internalization pathways
depend on LDLR localization within different plasma mem-
brane domains that have differing cholesterol concentra-
tions (50), namely, clathrin-coated pits or cholesterol-rich
lipid rafts.

Therefore, we performed experiments to test if the mem-
brane localization of LDLR influenced its expression on the
cell membrane in a cholesterol-dependent way, independent
of transcriptional regulatory factors. To do so, we geneti-
cally introduced the LDLR-mEGFP fluorescent construct
to a pRK5 plasmid. This construct does not contain any
transcriptional binding sites associated with the SREBP2
or LXR pathways and, therefore, regulation of LDLR-
mEGFP expression on the cell membrane should be solely
dependent on post-transcriptional regulatory mechanisms.

First, we imaged LDLR-mEGFP in the absence of its
LDL-ligand and analyzed the images with spatial ICS.
Representative spatial correlation functions are shown in
Fig. S1 and the cell population mean receptor number
densities calculated from the ICS best fit parameters are
shown in Fig. 1. We found that cells with a lower levels of
membrane cholesterol express significantly more LDLR re-
ceptors on the plasma membrane (Fig. 1 A). Treatment with
MbCD causes the targeted disappearance of cholesterol-rich
lipid raft domains (51,52), and directly disrupts IDOL-medi-
ated degradation of LDLR (11).

However, when cells are incubated with LDL-DiI, we find
a significant decrease in the cell surface LDLR population
when also incubated with CE (Fig. 1 B). Adding choles-
terol-rich LDL-DiI particles to the samples is known to in-
crease the cholesterol in the cell and on the cell membrane
(53). Therefore, additional membrane cholesterol provided
by CE treatment along with an abundance of cholesterol be-
ing internalized from the bound LDL particles likely leads
Biophysical Journal 122, 3783–3797, September 19, 2023 3787
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FIGURE 1 Membrane cholesterol regulates LDLR and LDLR-LDL membrane densities. Spatial ICS analysis was performed on (A) unligated LDLR-

mEGFP or (B and C) LDLR-mEGFP/LDL-DiI TIRF microscopy images to measure fluorescent particle densities at the membrane. The cartoon on the

top of each graph illustrates the fluorescent construct that was imaged. (A) Shows unligated LDLR-mEGFP densities after treatment with MbCD or CE.

(B) Shows densities for the receptor in the presence of LDL-DiI (i.e., imaged LDLR-mEGFP/LDL-DiI in the green channel) and (C) shows ligand density

when bound to the cell membrane (i.e., LDLR-mEGFP/LDL-DiI imaged in the red channel). Outliers 5 three standard deviations from the mean were

removed. **p < 0.01, ***p < 0.001 using a single-tail Student’s t-test. n > 30 cells used for each treatment, with 1–3 regions analyzed per cell. To see

this figure in color, go online.
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to an increased number or size of cholesterol-rich regions on
the membrane, and an activation of IDOL-mediated degra-
dation of LDLR. The MbCD treatment showed no signifi-
cant change to the LDLR density for this sample. It is
likely that the cholesterol removed by cyclodextrin was re-
plenished by the increased metabolism of cholesterol-rich
LDL-DiI particles.

From these results, we sought to explore if the number
density LDL-DiI ligand bound to the cell membrane
varies with different cholesterol concentrations (Fig. 1
C). We find that there are 50% more LDL-DiI particles
measured per unit area on the cell membrane when cells
are treated with 2 mM MbCD for 2 h, while 25% fewer
particles bind when the membrane cholesterol is upregu-
lated by CE treatment. This can be attributed to changes
in the receptor density on the cell membrane. However,
it is notable that when cholesterol is depleted on the
cell membrane, there is a higher incidence of LDL bind-
ing, and vice versa. Since LDL internalization accounts
for a significant amount of cholesterol being introduced
into the cell, this reveals an inherent negative feedback
loop of cholesterol metabolism on the cell membrane:
1) high membrane cholesterol, as induced by CE treat-
ment, lowers LDLR concentrations and LDL binding on
the cell membrane, lowering the downstream uptake of
LDL particles; on the other hand, 2) low membrane
cholesterol leads to high LDLR concentrations on the
cell membrane and high LDL-DiI particle binding to the
cell membrane receptors, thereby increasing the amount
of LDL being metabolized by the cell, and replenishing
the membrane cholesterol.
3788 Biophysical Journal 122, 3783–3797, September 19, 2023
LDLR-mEGFP/LDL-DiI binding affinity is inhibited
in cholesterol-rich domains

Following on from the ligand binding experiments shown in
Fig. 1, B and C, we were curious to examine if the changes
in ligand density were due to changes in the receptor con-
centration within the cell membrane or if there was a change
in the receptor-ligand binding affinity. For each fixed cell,
imaging was performed sequentially using a 488 nm excita-
tion laser followed by a 561 nm excitation laser. The images
were overlaid for cells under each experimental condition
(no treatment, MbCD, and CE) and representative images
of the LDLR-mEGFP/LDL-DiI ligated cells are displayed
in Fig. 2 A. Two-color spatial ICCS analysis was performed
on the image pairs (Fig. S2) and we calculated a colocalized
density of 9 particles/mm2 of LDLR-mEGFP/LDL-DiI with
an increase of 33% binding density when treated with
MbCD and a decrease of 60% colocalization when treated
with CE (Fig. 2 B). These values were normalized relative
to the number of receptors detected as calculated via spatial
ICS autocorrelation of the green receptor channel and shows
an average of 8.7% of receptor bound to ligand for the
negative control sample. This value increased to 12.6%
when cells were incubated with MbCD and decreased to
5.7% colocalization when samples were incubated with
CE (Fig. 2 C).

These data indicate that LDLR is attenuated in its LDL-
binding activity in cholesterol-rich conditions on the cell
membrane, while it is more actively binding LDL when
the membrane is in a cholesterol-depleted condition. We
speculate that this may be due to LDLR conformational
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FIGURE 2 Spatial ICCS reveals a membrane cholesterol-dependent regulation of LDLR’s ligand binding affinity. A spatial cross correlation analysis was

performed on cells incubated with LDL-DiI ligand for 1 h and fixed with 4% PFA. LDLR-mEGFP and LDL-DiI were imaged sequentially. (A) Shows a

representative overlay of receptor and ligand images under the different treatment conditions. The data in (B) represent the density of colocalized particles

and (C) the fraction of receptor that is bound to ligand on the cell membrane. Outliers5 three standard deviations from the mean were removed. *p < 0.05,

**p < 0.01, ***p < 0.001 using a single-tail Student’s t-test. n > 30 cells used for all samples, with 1–3 regions analyzed per cell. Scale bars are 10 mm. To

see this figure in color, go online.
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changes as it transits different membrane environments,
such as cholesterol-rich and cholesterol-poor regions of
the cell membrane. This hypothesis could be tested via sin-
gle-molecule Förster resonance energy transfer, but is not
considered in this study.
LDLR membrane transport dynamics are
regulated by cholesterol concentrations in the
cell membrane

Protein residency in different membrane domains often
dictates their lateral mobility. Using STICS and
iMSD, we explored the range of diffusion transport that
LDLR-mEGFP exhibits within the cell membrane under
different conditions of membrane cholesterol expression.
As described in the materials and methods section, we
calculated a space-time correlation function for a region
of interest of the TIRF-based images and measured the
time-dependent broadening of the space-time autocorrela-
tion standard deviation following the iMSD method
(Fig. 3 A). We fit this curve with three models of transport:
free diffusion, confined diffusion, and confined diffusion
with transient escape from confinement domains (Eqs.
11, 12, and 13). We consistently found that the transient
confinement was the best model for LDLR membrane
transport under the treatment conditions we imaged
(Fig. 3 B). In part, the confined dynamics of LDLR likely
arise from some of the receptor population that is trapped
in clathrin-coated pits. However, when we modulate
cholesterol levels using either MbCD or CE, we find that
the size of LDLR domains and the receptor’s lateral
mobility changes and is dependent on membrane choles-
terol levels (Fig. 3 C).

From the iMSD fits we extract three parameters: 1) the
average size of the domain, 2) the Dmicro, which is related
to the short spatial range diffusion within the confinement
domains, and 3) the Dmacro, which is related to the longer
spatial range diffusion, and its value is proportional to the
probability that the receptor will escape its confinement re-
gions (36). Our data show that LDLR in HEK293T cells is
transiently confined within domains that have a median of
279 5 120 nm in diameter. The measured size of the
confinement domains is similar upon augmentation of
cholesterol with CE treatment (295 5 93 nm), and
Biophysical Journal 122, 3783–3797, September 19, 2023 3789
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FIGURE 3 LDLR-mEGFP resides transiently in

cholesterol-dependent domains on the cell mem-

brane. The STICS-iMSD analysis was used to

examine unligated LDLR-mEGFP dynamics. (A)

Displays a representative sample cell and an

example region over which the spatiotemporal

analysis was carried out. (B) Shows a representative

iMSD versus time plot for the first 50 frames of

analysis. It shows an initial steep slope followed

by an inflection point and a smaller magnitude

slope at lag times after the inflection point. This

is a hallmark signature of transiently confined

diffusion. (C) Bar whisker plots of the median

iMSD fit from the measured iMSD confinement pa-

rameters. The solid line represents the median fit

for cells treated with CE (green), MbCD (red), or

the negative control (black), and the shaded region

represents the 95% confidence intervals. (D and E)

Plot the confinement parameters as fit with Eq. 13.

(D) Confinement diameter, (E) Dmacro, and (F) Dmi-

cro. Outliers 5 three standard deviations from the

mean were removed. *p < 0.05, **p < 0.01,

***p < 0.001 using a single-tail Student’s t-test.

n > 37 cells, with 1–3 regions analyzed per cell.

Scale bars, 10 mm. To see this figure in color, go on-

line.
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decreases to a median of 225 5 81 nm when cholesterol is
sequestered from the membrane using MbCD (Fig. 3 D). A
decrease in the domain size suggests that either the average
size of the cholesterol-rich domains is becoming smaller, or
that the receptors are shifting to other smaller membrane do-
mains. Notably, while cholesterol-rich domains have been
documented to span upward of 300 nm in diameter depend-
ing on cell type (9,54), clathrin-coated pits have an upper
size limit of about 200 nm (55,56). Our results are consistent
with the LDLR proteins switching from cholesterol-rich re-
gions to clathrin-coated domains under cholesterol deple-
tion conditions.

The MbCD treatment also leads to a decreased Dmacro co-
efficient (Fig. 3 F), indicating that depleted membrane
cholesterol levels are related to a lower probability that a
given receptor will escape from its domain, so the LDLR
is found within stronger confinement domains. The efficient
internalization of receptors in clathrin-coated domains
require them to have long residency times relative to other
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membrane regions. This slow escape of receptors from cla-
thrin-coated pits has been attributed to clathrin’s ‘‘rugged
energy landscape’’ (57). Therefore, the decrease in domain
escape probability for receptors when cells are depleted of
cholesterol may be attributed to a shift in receptor popula-
tions to clathrin-coated domains in the absence of choles-
terol-rich regions.
LDLR-mEGFP transport and confinement are
more sensitive to membrane cholesterol
concentrations when ligated to LDL-DiI

We were curious to see if LDLR-mEGFP’s membrane
transport and confinement dynamics under different mem-
brane cholesterol conditions were also changing when it
was bound to its LDL-DiI ligand. To do this, the same
experimental and imaging protocol was followed as
shown in Fig. 4 but, additionally, after incubation with
CE or MbCD we incubated with 5 mg/mL LDL-DiI for
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FIGURE 4 LDLR-mEGFP/LDL-DiI complexes

are also detected within confined domains. The

LDLR-mEGFP/LDL-DiI complex membrane

transport was studied using STICS-iMSD analysis.

(A and B) Show a representative image and the

calculated iMSD versus lag time data for a region

of interest. Tau refers to the temporal lag of the

respective ACF. (C) Illustrates the curves with

the median parameters as extracted from the model

representing confined diffusion with transient es-

capes for untreated cells (in black), CE treated cells

(in green), and MbCD-treated cells (in red). Solid

lines represent the fit with the median parameters

and the shaded background represents the 95%

confidence intervals. The data distribution for (D)

the length of the confined region, (E) the Dmicro,

and (F) the Dmacro are shown. Outliers 5 three

standard deviations from the mean were removed.

*p < 0.05, **p < 0.01, ***p < 0.001 using a sin-

gle-tail Student’s t-test. n > 37 cells, with 1–3 re-

gions analyzed per cell. Scale bar, 10 mm. To see

this figure in color, go online.
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1 h at 37�C before the live-cell imaging. For this set of
experiments, we only excited the sample with 561 nm
monochromatic laser light, meaning that only LDL-DiI
particles that were bound to the membrane LDLR were
resolved by the camera. We assume that only the LDL-
DiI particles that are ligated to LDLR in the membrane
are imaged and detected for these samples. The single
DiI emission channel was recorded to preserve the same
imaging frame time resolution on this single camera
TIRF system since it requires sequential imaging and
laser line cycling to capture (nonsimultaneously) in the
two channels.

We found that the iMSD-measured transport modes of
LDLR/LDL-DiI were consistently best fit with the tran-
siently confined diffusive model as the unligated receptor
(Figs. 4, A, B and S3). The median parameters calculated
from the iMSD analysis are shown in Fig. 4 C. Following
the same trend as the receptor in its unligated state, the
diameter of the median confined region (2035 141 nm, un-
treated) decreases by approximately 31% when treated with
MbCD (140 5 78 nm) and increases 20% when treated
with CE (245 5 130 nm) (Fig. 4 D). Similarly, consistent
with the unligated receptor, receptors in cells depleted of
membrane cholesterol have slower long-range diffusion
than control cells (Dmacro; Fig. 4 F). Our model proposes
that MbCD treatment shifts these receptor-ligand popula-
tions to rough energy landscape clathrin-coated domains
while CE segregates LDLR/LDL-DiI populations to choles-
terol-rich reservoirs.

Finally, the Dmicro variable describes the diffusion of the
receptors and the receptor-ligand systems within the do-
mains. If LDLR is transiting different domains, we would
expect the receptor to have lower diffusion coefficients in
regions with higher energy barriers, such as clathrin-coated
pits (57). Fig. 4 E shows that cholesterol depletion decreases
the Dmicro for the receptor-ligand complex, indicating a
Biophysical Journal 122, 3783–3797, September 19, 2023 3791
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FIGURE 5 LDL-binding shifts receptor populations to smaller domains with lower receptor mobility. The membrane regulation of the receptor was tested

either unligated or bound to LDL-DiI ligand. The data shown represent the negative control samples from the STICS-iMSD results from Figs. 3 and 4. Un-

ligated LDLR-mEGFP is imaged in the green channel and the bound LDLR-mEGFP/LDL-DiI is imaged in the red channel. The data plotted compare (A) the

confinement lengths of the receptors, (B) the Dmicro, and (C) the Dmacro. Outliers 5 three standard deviations from the mean were removed. *p < 0.05,

**p < 0.01, ***p < 0.001 using a single-tail Student’s t-test. n > 37 cells, with 1–3 regions analyzed per cell. To see this figure in color, go online.
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possible change in the lipid domain environment of the
receptor.
LDL binding to LDLR shifts receptor populations
to smaller domains with slower transport

We noted that Figs. 3 and 4D–F, show a ligand-dependent
change in the membrane transport and confinement of
LDLR-mEGFP in cells untreated with cholesterol-modi-
fying agents. In a direct comparison between the ligated
and unligated receptor in the negative control cells, our
data show that receptor-ligand complexes are present in do-
mains that are 27% smaller than their unligated counterpart
(Fig. 5 A). Furthermore, the Dmicro of the ligand-receptor
complex is 66% lower (Fig. 5 B). The smaller domain size
and lower diffusion coefficients appear to be indicative of
a change in state from cholesterol-rich domains to cla-
thrin-coated pits after LDL ligand binding. Our iMSD mea-
surements are consistent with ligand binding, shifting the
LDLR-LDL population to clathrin-coated pits, priming the
LDL-DiI ligand for receptor-mediated endocytosis, as is
well established for the LDLR system.

Interestingly, we also find that the probability that the re-
ceptor escapes from the membrane domains is higher when
bound to ligand, as compared with when the receptor is in
its unligated form (Fig. 5 C). This would occur if LDL bind-
ing triggers a change in localization, away from cholesterol-
rich regions, effectively creating a higher escape probability
and larger Dmacro coefficient. This could also explain why
ligand-bound receptors are more sensitive to treatment than
unbound LDLR. Unbound LDLR favors cholesterol-rich
domain localization and adding cholesterol will result in a
minimal increase in these domains. However, if the ligand-re-
ceptor complex’s equilibrium shifts to favor clathrin-coated
pits, there is more available receptor-ligand complex avail-
able to be sequestered within lipid domains as the membrane
cholesterol content increases after treatment with CE.
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PCA reveals trends related to a cholesterol-
dependent regulation of LDLR spatiotemporal
dynamics and expression

We have measured four separate variables (domain diame-
ters, Dmicro, Dmacro, and particle densities) tested under six
different conditions (ligated and unligated receptors treated
with MbCD, CE, or a negative control). From these data, we
have drawn correlations between these variables under
different conditions to understand LDLR expression and
membrane regulation. To illustrate these correlations and
better understand their trends and connections, we analyzed
them using PCA. PCA is a multivariate analysis and dimen-
sion reduction technique that takes data from a matrix of
variables that are tested under different conditions to extract
the relevant information (58).

From the matrix given, PCA generates variables known as
‘‘principal components’’ that are defined as combinations of
the original variables. The first principal component ex-
plains the largest variance, and therefore it contains the fac-
tors that cause the greatest dynamic change in the data. The
second, third, etc., principal components are calculated with
decreasing amounts of variance.

Presented in Fig. 6, we show two identical PCA biplots,
with the experimental conditions grouped in separate ways.
The arrows represent the correlations of the variables while
the point markers are the experimental conditions. Our first
two principal components can explain 99% of the variance
from the data. In Fig. 6 A we separate the data into two
groups, one group representing the conditions for the
ligated receptor (in blue) and for the unligated receptor
(in green). Interestingly, whether or not the receptor is
ligated appears to be explained by the first principal
component; where the ligated conditions are represented
by a positive first principal component and the unligated
conditions are shown in the negative first principal
component.



FIGURE 6 Principal-component analysis (PCA)

illustrates trends in LDLR-mEGFP membrane

regulation. A matrix with the samples along the

rows (ligated LDLR-mEGFP/LDL-DiI or unligated

LDLR-mEGFP negative control or treated with CE

or MbCD), and measured variables for each sample

along the columns (number density [from the

spatial ICS data] or domain size, Dmicro, Dmacro

[from iMSD data]) was constructed. The data

were centered and scaled before performing PCA.

The percent variance explained by a given principal

component is shown on the axes labels. The ob-

servables are shown as loading vectors pinned to

the origin in blue. Their projection on a given prin-

cipal component (PC) axis is representative of the

weight they have on the PC. The angle between a

pair of observables describes the correlation be-

tween them. For angles less than 90�, there is a

positive correlation increasing in strength as 0� is

approached. For angles larger than 90�, there is a

negative correlation increasing in strength as 180�

is approached. At 90�, there is no correlation. The

samples are shown as a score plot via scatter points

in black. In centered and scaled data sets, the

Euclidean distance between sample scores de-

scribes their similarity to one another. The samples

were then grouped according to their experimental

conditions. (A) Groups the samples based on

LDLR-mEGFP’s ligation state. Unligated LDLR

is explained by a negative first PC, highlighted in

green, while the LDLR/LDL complex is explained

by a positive first PC, in blue. (B) The same PCA

biplot as (A) but grouped by treatment conditions.

The group in red shows the samples treated with

CE; shown in orange are the negative control sam-

ples, and in yellow are the samples treated with

MbCD. A decrease in membrane cholesterol con-

tent is associated with a more negative second

PC. To see this figure in color, go online.
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The directions of the arrows correlate with the position of
the markers. In other words, the unligated receptor is
characterized by a larger domain diameter, a more rapid
diffusion within its domain, and a greater number density
compared with the receptor-ligand complex. This illustra-
tion shows how ligand binding affects the spatial and tempo-
ral dynamics of LDLR, and LDL binding is correlated with
variables that we believe to be associated to a transition
from cholesterol-rich domains to clathrin-coated pits with
a smaller domain diameter and a lower intradomain diffu-
sion coefficient.

We then separated the data into three groups related to the
relative cholesterol concentration on the membrane—
whether the cell membrane was augmented in cholesterol
(CE, in red), reduced in cholesterol (MbCD, in yellow), or
untreated (in orange) (Fig. 6 B). Changes in cholesterol con-
centration appear to be well explained by the second prin-
cipal component, where a higher membrane cholesterol
concentration is correlated with a greater second principal
component.
Following the trends, higher membrane cholesterol con-
centrations are indicative of a higher probability of escape
from membrane domains, and larger domain lengths, while
lower membrane cholesterol concentrations are correlated
with a higher number density in both unligated receptors
and receptor-ligand complexes. Corroborating the trends
in the fluorescence fluctuation analysis, low cholesterol con-
centrations are correlated with variables that we believe are
indicative of residence in clathrin-coated pits, such as a
lower domain escape probability (Dmacro) and a smaller
domain size.
A proposed model for membrane cholesterol-
mediated regulation of LDLR

In this study, we have shown that changes in cholesterol
concentration within the cell membrane modulate the trans-
port dynamics and membrane expression of LDLR in its un-
ligated form and when ligated to LDL. Interpreting our
results in context of the previous literature showing LDLR
Biophysical Journal 122, 3783–3797, September 19, 2023 3793



FIGURE 7 A schematic of the negative feedback

loop regulating membrane cholesterol homeostasis

via LDLR domain localization. An illustration of

the proposed model in this thesis. (A) When mem-

brane cholesterol levels are high, LDLR is seques-

tered in cholesterol-rich domains, forming a

reservoir of LDLR that is attenuated in their ability

to bind and metabolize LDL, and increasing ubiq-

uitin-dependent degradation of LDLR. Less LDL

being internalized may lead to membrane choles-

terol levels decreasing, thereby dissociating choles-

terol-rich domains and (B) permitting LDLR to

transit to clathrin-coated pit domains, where they

can efficiently bind and internalize LDL particles.

LDLR-mediated endocytosis of LDL particles

may cause membrane cholesterol concentrations

to increase, reforming the cholesterol-rich domains

found in (A). To see this figure in color, go online.
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transport and confinement in clathrin-coated pits and in lipid
rafts, we postulate that cholesterol-rich membrane domains
form reservoirs of LDLR that are attenuated in their ability
to bind LDL ligand, and that are susceptible to a higher rate
of degradation (Fig. 7 A). When cholesterol concentrations
are high, this mechanism functions to prevent too much
exogenous cholesterol from internalizing via clathrin-medi-
ated endocytosis. However, when cholesterol levels on the
membrane begin to decrease, these cholesterol domains
dissociate and release LDLs, which can then bind their
LDL particle ligands with higher affinity before or after
transit to clathrin-coated domains. Once in coated pit do-
mains they are internalized by the cell via the canonical cla-
thrin-coated pit-mediated endocytosis pathway (Fig. 7 B).

To summarize these findings, we present a four-point
model of LDLR regulation via cholesterol rich domains in
HEK293T cells.

(1) LDLR expression on the cell membrane is regulated by
membrane cholesterol concentrations; whereas high
cholesterol on the membrane targets LDLR to choles-
terol-rich reservoirs such as lipid rafts where it can un-
dergo IDOL-mediated degradation, low cholesterol
concentration targets LDLR to clathrin-coated pits,
where it may be internalized and be degraded or re-
cycled.

(2) Unligated LDLR on HEK293T cells is sequestered
preferentially into cholesterol-dependent domains (as
presented in the discussions of Figs. 3, D and F, and 6).
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(3) LDL-binding shifts LDLR away from cholesterol-rich
domains. A comparison of the ligand-bound and unli-
gated receptors (Fig. 3 versus Fig. 4) shows that bound
receptors are more sensitive to changes in cholesterol,
suggesting a ligand-dependent shift in the equilibrium
state between domains. Furthermore, Fig. 6 shows a
ligand-dependent transition of the receptor to smaller
domains with slower receptor transport, suggesting a
transition to clathrin-coated pits.

(4) LDLR membrane expression and its binding affinity is
attenuated in these cholesterol-rich domains.
DISCUSSION

Cholesterol homeostasis is one of the most extensively stud-
ied human metabolic processes. The feedback mechanisms
associated with the LDLR-dependent regulation of LDL
have been deeply explored at the transcriptional level. In
this study, we present a series of tissue culture experiments
and imaging-based fluorescence fluctuation analyses that
reveal details about the cholesterol-domain-dependent regu-
lation of LDLR on the cell membrane.

Based on this work we hypothesized a model that ac-
counts for an alternative regulatory mechanism for cellular
cholesterol homeostasis featuring a negative feedback loop
that is dependent on membrane cholesterol concentrations.
When LDL particles are internalized, they are trafficked to-
ward lysosomal organelles where the particles are degraded
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into their constituents (59). The canonical regulatory path-
ways for LDLR depend on sterol-sensing elements within
the cell. For instance, the SREBP2 pathway is inactivated
by SCAP, a protein that senses cholesterol concentrations
in the ER membrane (3,60). LXR proteins are also sterol
sensors in the cytoplasm that dampen cellular cholesterol
intake and promote its excretion when levels are too high.
Notably, before cholesterol is trafficked intracellularly, it
must first be transported to the plasma membrane, where
it is then redistributed (59). Therefore, cholesterol domains
on the plasma membrane may act as a fast, front-line sensor,
keeping LDLR in less-active states, while a high degree of
LDL particles are being endocytosed, and then release
LDLR into more active states as membrane cholesterol is
internalized or otherwise depleted.

For a complete discussion of our hypothesized model, we
must discuss its limitations and caveats. As with all fluores-
cence-based experiments, fluorescent proteins may have an
impact on protein function; however, the LDLR fluorescent
protein constructs have been used in HEK293 cells and
similar cultured cell lines and shown not to impair normal
trafficking of LDLR and PCSK9 within the cells (61). We
present a model where LDLR is localized in either choles-
terol-dependent domains or clathrin-coated pits. The plasma
membrane is vast and heterogeneous, and other domains
may be playing a role in LDLR’s mobility and transient
localization. We excluded consideration of LDLR localiza-
tion in membrane-disordered regions (i.e., referring to the
regions of the plasma membrane that are neither ordered
cholesterol domains nor clathrin-coated pits). We rational-
ized this based on the diffusion measurements as calculated
by iMSD (Figs. 3 and 4). We noticed that cholesterol deple-
tion lowers LDLR’s diffusion coefficient within domains as
well as its probability from escaping the domains (Figs. 3, F,
E and 4 F). This was unexpected, as cholesterol is known to
induce rigidity and order to its membrane domains, which
should be accompanied by a lower diffusion coefficient of
its resident macromolecules relative to the disordered
plasma membrane (62,63). From these observations, we
postulated that LDLR may be transitioning from choles-
terol-dependent domains, likely large lipid rafts, to cla-
thrin-coated domains, which are expected to have a larger
diffusive barrier (57). Furthermore, our model assumes
that there are short transit times in the disordered region
of the membrane as LDLR shifts between these two do-
mains, which were likely outside of the time resolution of
our imaging and fluorescence fluctuation measurements.
Another potential limitation with the study is that we as-
sume that LDLR-mEGFP dynamics are in two dimensions.
Previous analysis of FCS measurements on freely diffusing
proteins have revealed that membrane topography may
result in the FCS curves following a trapped-diffusion
model (64,65). We explored the impact that membrane
topography might have in our spatial ICS density measure-
ments and found that deep invaginations (�200 nm) if pre-
sent, would decrease the ICS-measured particle density on
the cell membrane, and that this systematic error becomes
more significant for higher particle densities (Fig. S4).

This model is consistent with our experimental data, but
future work would be needed to confirm some of its postu-
lates. Notably, a series of colocalization experiments of
LDLR-mEGFP with a lipid-raft marker and a clathrin-
coated pit marker could help identify the proportion of re-
ceptors in each domain and how the equilibrium of the re-
ceptors shifts in response to the different cholesterol
concentrations. Further single-particle tracking experiments
may be able to detect LDLR transiting between domains;
however, high statistical sampling would be needed for
such experiments.

Another caveat in the model is that all the experiments
were performed on embryonic kidney cells. This was
because this cell line is known to contain very low levels
of endogenous LDLR (66) and, therefore, we knew that
our imaging and analysis included almost the full population
LDLR that was expressed on the cell membrane. However,
immunoblotting experiments in different studies have
shown that the fraction of LDLR localized to lipid rafts
may be cell type dependent (10,11). Furthermore, most of
the receptor-mediated internalization of LDLR takes place
in the liver (67). It would therefore be of value to perform
these studies in various cell lines, including hepatocytes,
to test if this model holds for LDLR membrane regulation
in other cell types.

A continued exploration of the regulatory mechanisms
that underlie cholesterol homeostasis is invaluable to our un-
derstanding of human health and disease, as well as the
many biological implications that come with the regulation.
Biophysical image analysis techniques have provided a
unique view into how we can begin to understand choles-
terol metabolism from the perspective of its membrane
dynamics and confinement and possible regulatory mecha-
nisms in live cells.
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