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There are marked asymmetries in cholesterol concentration
among intracellular membranes, despite vesicular and nonve-
sicular transport that might be expected to equilibrate choles-
terol distribution. Vesicles may have sorting mechanisms to
exclude or incorporate cholesterol,5 and intracellular transfer
proteins may have specificity in targeting. Specificity could
arise from interactions with receptor proteins on target
membranes. Alternatively, membranes may have intrinsic
differences in ability to accept cholesterol,3 because choles-
terol has highest affinity for membranes enriched in sphin-
golipids and saturated phospholipids.6 It is uncertain how
intracellular gradients between compartments are formed and
maintained, and how cholesterol moves with and against
these gradients.

ER Cholesterol Transport
The ER is the crucial regulatory compartment in cholesterol
homeostasis, despite being a cholesterol-poor organelle. The
ER is the primary site of cholesterol synthesis and esterifica-
tion, and recent data indicate that excess free cholesterol may
exert its cytotoxic effects via the ER.7 The surface areas of the
PM and ER are similar in many cells, yet much more
cholesterol is in the PM. Methods to determine the cholesterol
content of various cellular membranes are subject to technical
limitations, but it is commonly cited that 65% to 80% of total
cellular cholesterol is in PM, whereas only 0.1% to 2% is in
ER.3,5,8 ER cholesterol levels can fluctuate widely: perturba-
tions resulting in modest !50% changes in PM cholesterol
result in large 10-fold changes in ER cholesterol.9 Transport
between ER and PM is dynamic, because it has been
estimated that the entire PM cholesterol-pool cycles to the ER
and back with a half-time of 40 minutes.10

SREBPs Regulate Cholesterol Synthesis
SREBP transcription factors are a homeostatic mechanism
whereby cellular cholesterol levels exert negative feedback
on cholesterol synthesis.11 There are 3 SREBP proteins:
SREBP-2 primarily activates genes involved in cholesterol
synthesis, whereas SREBP-1a and SREBP-1c have greater
effects on genes involved in fatty acid synthesis. SREBPs are
synthesized as transcriptionally inactive ER transmembrane
proteins. When cholesterol is abundant, SREBPs remain in
the ER associated with the escort protein SCAP (SREBP
cleavage activating protein) and the ER retention protein
Insig (Figure 1A).12 Low cholesterol causes a conformational
change in the sterol-sensing domain of SCAP,13 dissociating
Insig and allowing SREBP-SCAP to reach the Golgi. Two
proteases in the Golgi release the active form of SREBP,
which translocates to the nucleus to activate transcription of
target genes. Cholesterol synthesis is also regulated posttran-
scriptionally: high cholesterol accelerates degradation of
HMG CoA reductase (HMGR), the rate-limiting enzyme in
cholesterol synthesis, by promoting association of its sterol-
sensing domain with Insig.14 The final enzyme of cholesterol
synthesis, 7-dehydrocholesterol reductase (DHCR7), also has
a sterol-sensing domain15 and may be similarly regulated.

Cholesterol Precursor Transport
In the cholesterol synthetic pathway, cyclization of squalene
generates lanosterol, the first sterol intermediate. Lanosterol

is modified in 19 steps by 9 enzymes to generate cholesterol,
resulting in a number of other precursor sterols, some of
which have physiological functions.16 Like cholesterol, these
precursors may also require intracellular transport. The ER is
the primary site of sterol synthesis,17 but other compartments
like peroxisomes and the PM may be involved. Some cho-
lesterogenic enzymes localize to peroxisomes,18 and there is
conflicting data on cholesterol synthesis in various models of
peroxisome deficiency. In peroxisome-deficient fibroblasts
from humans with Zellweger syndrome, different reports
have indicated decreased or unchanged cholesterol synthesis
rates.19 In mouse models lacking peroxisomal assembly
(PEX) genes, cultured PEX5-deficient cells show wild-type
cholesterol synthesis rates,20 whereas PEX2-defient mice
showed tissue-specific increases and decreases in cholesterol
synthesis.19 Therefore, loss of peroxisomes fails to globally
inhibit cholesterol synthesis, but in these models peroxisomal
enzymes mislocalize to the cytosol, where their activity and
regulation may be altered.19 The PEX2-deficient mice also
showed reduced plasma and liver cholesterol levels, as well
as dysregulation of various genes involved in cholesterol
metabolism, suggesting that peroxisomes play some unde-
fined role in cholesterol homeostasis. The PM may also play
a role in cholesterol synthesis, because in some cell types
precursor sterols reach the PM with cholesterol but at
different rates.21 Precursors like zymosterol in the PM rapidly

Figure 1. Endoplasmic reticulum (ER) cholesterol transport.
Pathways that are likely vesicular are indicated by solid arrows,
whereas candidate nonvesicular pathways are indicated by
dashes. A, SREBPs and their associated regulators, SCAP and
Insig, are ER proteins that constitute a homeostatic mechanism
to regulate cholesterol synthesis and uptake (see text). Choles-
terol synthetic enzymes (synth) also localize to the ER. B, A
subset of cholesterol synthetic enzymes also localize to peroxi-
somes (perox), and cholesterol precursor sterols reach the
plasma membrane (PM) and return to the ER. This indicates that
precursor sterols shuttle among ER, PM, and peroxisomes. C,
Newly synthesized cholesterol moves from ER to PM via a
major Golgi-independent nonvesicular pathway, whereas a
minor vesicular pathway through the Golgi also contributes. D,
Cholesterol esterification by ACAT occurs in the ER. The result-
ing cholesterol esters are stored in cytosolic lipid droplets and
are hydrolyzed by neutral cholesterol ester hydrolase (nCEH). E,
PM cholesterol returns to ER for esterification via multiple path-
ways, with some vesicular involving the Golgi apparatus or
endosomes (endo), and some nonvesicular. F, Other cholester-
ol-metabolizing enzymes also localize to ER, including choles-
terol 7!-hydroxylase (Cyp7) and cholesterol 25-hydroxylase
(25OH). The oxysterol-binding protein (OSBP) of unknown func-
tion localizes to the Golgi.
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ments in hepatoma cells are consistent with such an LXR
agonist derived from cholesterol synthesis. In these cells,
despite abundant exogenous lipoprotein-derived cholesterol,
inhibition of endogenous cholesterol synthesis by HMGR
inhibition decreases expression of an LXR element reporter
or an LXR-target gene, and this is relieved by addition of the
HMGR reaction product mevalonate.61,62 Other important
oxysterols are also generated in the ER: the initial and
rate-limiting enzyme in classic bile acid synthesis, cholesterol
7!-hydroxylase (Cyp7A1), resides in the ER (Figure 1F).63
The oxysterol binding protein (OSBP) binds 25-

hydroxycholesterol and other oxysterols, but its function is
unknown.64 OSBP overexpression decreases ACAT activity
and increases cholesterol synthesis,65 suggesting an effect on
the ER regulatory pool, either by sequestration of oxysterols
or by some undefined regulatory mechanism. OSBP is not an
ER protein, because it normally localizes to the cytoplasm but
translocates to Golgi on oxysterol treatment.66 OSBP may
function in cholesterol metabolism, because its Golgi local-
ization and phosphorylation state are altered by experimental
treatments affecting ER and cellular cholesterol.67–69

Excess ER Free Cholesterol and ER Stress
The feedback mechanisms described allow the ER to handle
excess cholesterol by decreased synthesis and increased
esterification. The ER may also accommodate some excess
free cholesterol via its large surface area and ability to
synthesize phospholipids, thus maintaining an acceptable
cholesterol-to-phospholipid ratio.46,70 When cultured mouse
macrophages are loaded with free cholesterol, via treatment
with acetylated LDL and an ACAT inhibitor, the phospho-
lipid biosynthetic response is overwhelmed and apoptosis
ensues.46 The relevance of this apoptotic pathway in human
atherosclerosis remains uncertain, because cytotoxicity is not
observed in similarly treated cultured human macrophages.71
In mouse macrophages, it was initially proposed that excess
PM cholesterol triggers this apoptotic response,72 but a recent
report strongly implicates ER cholesterol.7
Cholesterol-loaded mouse macrophages trigger the un-

folded protein response (UPR),7 in which ER stress signals
are transduced to the nucleus to affect gene transcription.73
The UPR is classically activated by unfolded ER proteins,
and the mechanism whereby excess free cholesterol activates
the UPR is uncertain. It is thought that cholesterol-induced
dysfunction of ER calcium pumps affects calcium-dependent
chaperones and consequently ER protein folding.7 UPR-
induced genes generally either preserve ER protein secretory
function or trigger apoptosis if stress is too severe, but some
UPR target genes are involved in lipid metabolism and other
processes.74 We have shown that the putative cholesterol-
transfer START protein StarD5 is also transcriptionally
activated by ER stressors (R.S. and J.B., unpublished data).
The link between cholesterol and ER stress-mediated apopto-
sis in macrophages opens a new field of atherosclerosis
research and underscores the importance of cholesterol trans-
port pathways to and from the ER.

Endosomal Cholesterol Transport
Cellular uptake of LDL particles via the LDL receptor is a
classic example of receptor-mediated endocytosis.75,76 There

are 4 general compartments in the endocytic pathway, defined
by different protein and lipid compositions: (1) early or
sorting endosomes; (2) the endocytic recycling compartment
(ERC) or recycling endosomes; (3) late endosomes; and (4)
lysosomes. Although the itinerary of the LDL receptor in this
pathway is well-described, the fate of LDL-derived choles-
terol is the subject of much investigation.

Cholesterol Transport in Early and Recycling Endosomes
LDL bound to cell surface LDL receptors is internalized via
clathrin-coated pits, and these vesicles shed their coats and
fuse with early endosomes (Figure 2A). The lower pH in
early endosomes promotes dissociation of LDL from LDL
receptors. The LDL receptors and other recycling proteins
then localize to early endosomal tubular extensions, which
bud off of vesicles that fuse with the ERC.75 In the same
manner, some amount of early endosomal membrane free
cholesterol, from both LDL and endocytosed PM, may also
sort to the ERC. Hydrolysis of LDL cholesterol esters to free
cholesterol is widely thought to occur in late endosomes and
lysosomes, but the acid lipase enzyme was recently localized
to an earlier acidic compartment (Figure 2B), so LDL
cholesterol ester-derived free cholesterol may be generated
soon after endocytosis.77
Vesicles from the ERC return LDL receptors and other

recycling proteins and lipids to the PM. The ERC is a

Figure 2. Endosomal cholesterol transport. A, LDL particles are
taken-up via receptor-mediated endocytosis by LDL receptors
(LDLR), and the resulting vesicles deliver their contents to early
endosomes. B, Recent data indicate that the acid lipase enzyme
resides in an acidic early endosomal compartment, catalyzing
hydrolysis of LDL-derived cholesterol esters to free cholesterol.
C, LDL receptors and some cholesterol move to the endocytic
recycling compartment (ERC), from which they return to PM.
This vesicular ERC-to-PM transport is blocked by overexpres-
sion of Rab11, whereas the reverse pathway from PM-to-ERC is
rapid and nonvesicular. D, Cholesterol transport from early to
late endosomal compartments is by a conventional direct route.
E, Niemann-Pick C (NPC) disease is characterized by cholester-
ol accumulation in late endosomes, caused by mutations in
NPC1 and NPC2. Other late endosomal proteins like MLN64,
MENTHO, and ORP1 may also play a role in cholesterol efflux
from late endosomes. F, Most late endosome-to-ER cholesterol
transport involves the PM as an intermediate, because it is
inhibited by depletion of PM cholesterol. The proximal
endosome-to-PM step likely involves vesicles moving antero-
grade through the Golgi apparatus, and the distal pathway from
PM to ER is also vesicular. G, The PM-independent pathway
from late endosomes to ER could be vesicular or nonvesicular.
The redistribution of cholesterol from endosomal compartments
to other cellular locations is poorly understood.
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ABCA1: Tangier Disease / HDL deficiency



Terri J. Allen et al. Diabetes 2015;64:3981-3983
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ABCA1 & ABCG1: Diabetes / Atherosclerosis
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ABCG5/ABCG8: Sitosterolemia / Hypercholesterolemia

(Mymin et al, Circulation, 2003)

Coronaries
Coronary 

arteriesAortic
Xanthoma

Aortic valve of heart

• ↑ Plant sterols
• ↑ Cholesterol
• Premature coronary atherosclerosis

5 year-old with 
sudden death

Healthy Sitosterolemia

Sitosterol
(mg/dL) 0.3 ± 0.3 35 ± 16

(50-120x)

Cholesterol 
(mg/dL) 187 ± 29 258 ± 29

(Salen et al, JLR, 1985)

TABLE 1. Plasma sterol concentration 

Patient Age Sex Cholesterol Cholestanol Campesterol Campestanol Sitosterolb Sitostanol 

Y7 mg/dl 

Ki. C. (n = 10)” 
Ke. C. (n = 10) 
T .  C .  (n = 10) 
R.  C. (n = 10) 
c .  L. 
M. M. 
L. H. 0. 
R. H. 
P. M. 
P. z. 
M. 2. 
R .  S. 
L. B. 
J.  B. 

24 F 
18 F 
22 F 
16 M 
52 M 
7 M  
32 F 
30 F 
41 F 
22 M 
20 M 
32 F 
24 F 
38 F 

245 f 39 
202 f 25 
233 f 12 
249 f 39 

134 
202 
207 
368 
169 
324 
271 
256 
482 
336 

6.7 1.1 
4.7 f 1.0 
3.8 f 1.4 
7.5 f 2.4 

1.6 
1.2 
2.5 
3.6 
1.2 
3.9 
3.8 
3.1 

4.9 
1 1  

12 f 1.1 
8 f 3.1 
10 f 5.1 
13 f 1.5 

13 
12 
10 
29 
18 
27 
19 
15 
24 
20 

2.3 f 0.4 
1.4 f 0.2 
1.9 f 1.0 
2.6 f 0.9 

1.5 
1.6 
1.9 
9.0 
7.0 
3.0 
2.0 
1 .o 
4.0 
1.2 

20 f 2.3 
14 f 4.1 
21 f 8.3 
20 f 5.5 

27 
26 

65 
42 
60 
42 
29 
56 
45 

28 

4.2 f 1.1 
2.2 f 0.7 
5.4 f 2.5 
3.9 f 1.1 

3.0 
3.1 
2.0 
8.0 
4.0 
6.0 
4.0 
3.0 
6.0 
3.2 

Mean f SD 258 f 96 4.2 f 2.7 16 f 7 2.9 f 2.3 35 f 16 4.1 f 1.7 
% of Total sterols 80.5 1.3 5.0 0.9 1 1  1.3 
% of Respective A5-derivative 1.6 18 13 

Control (10) 187 f 29 0.4 f 0.2 0.3 f 0.3 

“Ten consecutive monthly determinations; average of two measurements given for remaining subjects. 
’Small quantities of stigmasterol (24-ethyl-5,22-cholestadien-3~-ol) accompanied campesterol and sitosterol but 

only amounted to 1-3% of the sitosterol mass. 

In separate experiments, the A5-sterols, cholesterol, 
campesterol, and sitosterol were separated from their 5a- 
dihydro derivatives cholestanol, 5a-campestanol, and 5a- 
sitostanol by argentation thin-layer chromatography, and 
were then quantitated as their trimethylsilyl ether deriva- 
tives by gas-liquid chromatography on 180 cm x 4 mm 
glass columns packed with 3% QF-1 (Applied Science 
Lab, State College, PA). The retention times relative to 
5a-cholestane of the trimethylsilyl ether derivatives are: 
cholesterol 1.73, cholestanol 1.85, campesterol 2.52, 5a- 
campestanol 2.66, sitosterol 3.03, and 5a-sitostanol 3.17. 
It is necessary to separate the unsaturated sterols from 
their Sa-saturated derivatives by argentation thin-layer 
chromatography because only small differences exist 
between the unsaturated and 5a-saturated sterol peak 
retention times on QF-1 (2). However, quantitative results 
by the two independent methods agreed within * 10%. 

Lipoproteins were separated by the method of Havel, 
Eder, and Bragdon (14). After separation of the low densi- 
ty and high density lipoprotein fractions, the proportions 
of free and esterified sterols were measured in each frac- 
tion (11). 

RESULTS 

Plasma concentrations of campesterol and sitosterol 
(Table 1) were markedly elevated in all fourteen clinically 
affected subjects, consistent with previous findings that 
this is the major biochemical determinant in establishing 
the diagnosis of this condition (1-10). Plasma cholesterol 

levels were elevated in seven of fourteen subjects, which 
was a finding of importance. Approximately 80% of the 
unsaturated sterols were cholesterol and 16% were plant 
sterols. Of the remaining plasma sterols, cholestanol con- 
centrations were increased in all subjects and the mean 

T i m e ,  m i n  

Fig. 3 Gas-liquid chromatograms of underivatized sterols present 
in plasma of control, cerebrotendinous xanthomatosis, and sitosterol- 
emic patients that illustrate the separation of the A5-unsaturated sterols 
from their 5a-saturated analogs on SP 1000 column. 
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Structural Biology

• Understanding biology by examining three dimensional (3-D) molecular 
architectures and their changes.

• Learning life in action with the eyes of atoms: chemical and physical 
properties of biological matters.

• Structures of biological molecules determine their functions.

Central dogma:
Sequence ➜ Structure ➜ Function



Nucleotides (DNA)

Proteins (tubulin/microtubule)

A major key concept in human 
physiology (or any organism) is 
how all the biological matters work 
in the bodies. From systems (such 
as gastrointestinal), organs, 
tissues, to cells, all comes down to 
operations of biological 
macromolecules, such as DNA or 
proteins.

As we discuss the molecular 
interactions, we are looking at 
reactions that happen among 
thousands of atoms that make up 
individual macromolecules.

This is the spirit of this course. We 
are looking at how proteins work 
in our bodies and how they 
contribute to the physiological 
functions at “atomic” resolution.



How ”Tiny” Can We See?

From human’s eyes to analytical 
instruments, we are all limited to 
how small objects we can see.

For cells, we can easily observe 
under a light microscope and with 
more detailed information using 
electron microscopes.

To see objects at atomic 
resolution, so far, we know X-ray 
crystallography, transmission 
electron microscopy, and NMR 
spectroscopy can enable such 
high-resolution imaging.

This course will selectively focus 
on these three methodologies that 
enable vast protein structure-
function studies so far.
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ABC and ATP usage are part of story!
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Structural diversity: bacterial point of view

(Thomas & Tampé, Curr Opin Struct Biol, 2018)



Structural diversity: mammalian point of view

(Thomas & Tampé, Curr Opin Struct Biol, 2018)



• High-degree of structural diversity in the 
transmembrane domains of ABC transporters.

• The structural variability (likely) determines the 
functional diversity of ABC transporters.

• Transport mechanism is (likely) individually 
distinct.

So, …



G5G8 bicelle preparation
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RMSD (Ca) ~ 2Å
(~28% sequence identity)

TMD: transmembrane domain
NBD: nucleotide-binding domain

ECD: extracellular domain
CnH: connecting helix
CpH: coupling helix

Domain features Structural similarity:

(Lee et al, Nature, 2016)

ABCG5/G8: X-ray Crystallography



ABCG5/G8, ABCG1, ABCA1: Single-particle Cryo-EM
  18 

 19 

Supplementary figure 2. Cryo-EM analysis of the ABCG5/G8-Fab complex. (A) 20 

Representative cryo-EM micrograph and (B) 2D class averages. (C) Flow chart of data processing. 21 

Details can be found in the Image processing section. (D) Local resolution estimated by ResMap. 22 

(E) The gold-standard FSC curve for the cryo-EM map. (F) FSC curves for the refined model 23 

versus the summed 3.5 Å map (black curve), the refined model versus half map 1 (green curve) 24 

and the refined model versus half map 2 (red curve).  25 

NATURE METHODS | VOL.13 NO.1 | JANUARY 2016 | 23
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For decades X-ray crystallography reigned as the 
dominant technique for obtaining high-resolution 
information about macromolecular structure. 
Single-particle cryo-EM was traditionally used 
to provide insights into the morphology of large 
protein complexes that resisted crystallization, 
albeit at substantially lower resolutions than 
crystallography. Though the overall strategy has 
not changed appreciably over the years, very recent 
technological advances in sample preparation, 
computation and especially instrumentation are 
now allowing researchers to use cryo-EM to solve 
near-atomic-resolution macromolecular structures. 

The first step: sample preparation
A cryo-EM experiment begins with a purified pro-
tein sample. The protein solution is applied to a spe-
cial sample grid consisting of tiny holes in a film 
(conventionally made of amorphous carbon) sup-
ported by a metal frame. Ideally the protein parti-
cles distribute evenly within the grid holes in a vari-
ety of orientations. The grid is then plunged into a 
cryogen such as liquid ethane, flash-freezing it and 
trapping the particles in a thin film of vitreous ice. 
In addition to capturing the protein structure at 
the moment of freezing, this process protects the 
sample to some degree from radiation damage and 
prevents evaporation of buffer in the high-vacuum 
conditions of a transmission electron microscope.

Researchers have explored various ways to 
improve sample preparation, including optimizing 
protocols for purifying fragile protein complexes, 
automating the preparation of sample grids and 
improving the grids themselves. Such seemingly 
incremental optimizations can together have a large 
impact on the success of a cryo-EM experiment.

From 2D images to 3D model
The moniker ‘single-particle’ cryo-EM comes from 
the fact that 2D electron micrographs are snapped of individual 
protein particles on the sample grid. Because very low elec-
tron doses must be used in order to avoid damaging radiation-
sensitive samples, such 2D projections are too noisy to allow 
structures to be resolved in atomic detail. The signals can be 
improved, however, by averaging of a large number of individual 
particles.

Particles are often frozen in random orientations on the sam-
ple grid, so averaging is not a straightforward process. This is 
beneficial, however, because many different 2D views of a pro-
tein are needed to reconstruct its 3D structure. Sophisticated 
image-processing methods are used to align the images and 
merge the data. Next, an initial 3D map is constructed. This map 

is iteratively refined and validated using dedicated 
software tools. Finally, the protein sequence is fitted 
into the 3D map to build a 3D model of the protein.

In the past, millions of individual particle images 
were required to solve a high-resolution structure. 
Now, however, the development of highly sensitive, 
direct-detection cameras is making it possible for 
structures to be solved from far fewer particle images, 
helping to save both time and precious samples while 
also  providing higher resolution. 

The dawn of direct detectors
In the early days of cryo-EM, the 2D particle images 
were recorded on photographic film. Film provided 
relatively high resolution but in practice was tedious 
to use. Many researchers in the field thus switched to 
charge-coupled device (CCD) cameras for the conve-
nience of a digital readout, but the resolution achiev-
able with such cameras was relatively poor.

The recent development and commercialization of 
direct-detection cameras have been major advances 
for cryo-EM. Whereas CCD cameras convert elec-
trons into photons in order to record images, direct 
detectors do just what their name suggests: they 
detect the electrons directly. This allows particle 
images to be collected with much greater sensitivity 
than with a CCD camera. 

Direct detectors are also fast, which allows images 
to be recorded in ‘movie’ mode. Exploiting this ability, 
researchers have devised methods to correct for the 
image blurring that occurs as a result of tiny electron 
beam–induced movements of samples during imag-
ing. This new mode of data collection has been key 
for obtaining near-atomic-resolution information.

Heterogeneity: a blessing and a curse
Whereas crystallization typically locks a protein 
into its most stable orientation, proteins in cryo-EM 
samples are free to move around until the moment of 

flash-freezing. Because cryo-EM is a single-particle technique, 
such conformational transitions can be captured and studied, 
and ultimately lead to deeper biological insights about protein 
function and mechanism.

However, such conformational heterogeneity can also 
make high-resolution 3D reconstruction a major challenge. 
Computational algorithms have come a long way in enabling 
heterogeneous data sets to be classified into structurally homo-
geneous subsets, but there is still much room for improvement.
Allison Doerr
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Single-particle cryo-electron microscopy
 A brief overview of how to solve a macromolecular structure using single-particle cryo-electron microscopy (cryo-EM).
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ABCG5/G8, ABCG1, ABCA1: Single-particle Cryo-EM

(Qian et al, Cell, 2017)(Zhang et al, Comm Biol, 2021) (Skarda et al, JMB, 2021)

(Fig. 2A, B). The NBD in ABC transporters is responsible for
ATP hydrolysis, which provides the energy for the transfer of
substrates across the membrane. We investigated whether these
antibodies may affect the ATPase activity of ABCG5/G8. Sur-
prisingly, mAb 2E10 inhibits the ATPase activity with an IC50 of
49.4 nM, but mAb 11F4 potentiates ATPase activity with an EC50
of 67.2 nM (Fig. 3A). To understand the structural basis of the
effect of each antibody, we further analyzed the antibody epitope
on ABCG5/G8.

Fab 2E10 interacts with both the RecA and the helical domains
of the NBD from ABCG8 (Fig. 3B). The total buried surface area
between Fab 2E10 and ABCG8 is ~1640 Å2, with the heavy chain
accounting for about three quarters of the interactions. On the
Fab 2E10 side, all three complementarity-determining regions
(CDRs), CDR1–3, from the heavy chain and CDR1 and CDR3
from the light chain are involved in the antigen recognition. Most
noticeably, Tyr31, Ser55, His57, and Asn59 from the heavy chain
form four hydrogen bonds with residues from the RecA domain

(Supplementary Fig. 7A, B). Asp101 from the heavy chain and
Trp92 from the light chain form a salt bridge and a hydrogen
bond, respectively, with the helical domain (Supplementary
Fig. 7A, B). Cryo-EM studies of ABCG2 suggested that the
helical domain, upon binding of ATP, rotates 35 degrees around
the RecA domains to form the closed NBD dimer14. The fact that
mAb 2E10 interacts with the RecA and helical domain
simultaneously likely restricts this relative motion, thus hindering
the completion of the ATP hydrolysis cycle. As a result, mAb
2E10 significantly reduces the ATPase activity of ABCG5/G8.

The epitope of Fab 11F4 is mostly on the NBD of ABCG8 and
only includes a small footprint on the NBD of ABCG5 (Fig. 3C).
The total buried surface area between Fab 11F4 and ABCG5/G8 is
~2000 Å2, with the heavy chain and light chain contributing
evenly to the interaction interface. All six CDRs from both the
heavy chain and light chain are involved in interactions with
ABCG5/G8. Fab 11F4 approaches ABCG5/G8 from the bottom of
the heterodimer, away from the TMD, and close to the NBD

Fig. 2 Structure of ABCG5/G8 in complex with Fab 2E10 and Fab 11F4. A Cryo-EM map of ABCG5/G8 complexed with Fab 2E10 and Fab 11F4 in saposin
A nanodisc. B Overall structure of ABCG5/G8 complexed with Fab 2E10 and Fab11F4. Heavy chain and light chain of Fab 2E10 are colored in red and light
red, respectively. Heavy chain and light chain of Fab11F4 are colored in green and light green, respectively. C Structural details of ABCG5/G8 nucleotide-
binding domains. Middle: the nucleotide-binding domains of ABCG5/G8 viewed from the cytosol (top) and membrane (bottom) sides. Top left: registry
correction of amino acid residues, 28–56, in ABCG8 (blue, this study). Amino acid residues 24–44 from the crystal structure of ABCG5/G8 (PDB 5DO7)
are shown in gray for comparison. Bottom left: registry correction of amino acid residues, 306–362, in ABCG8 (blue, this study). Amino acid residues
306–355 from the crystal structure of ABCG5/G8 (PDB 5DO7) are shown in gray for comparison. Top right: bottom view of ABCG5/G8 shows that the
NPXDFXXD motifs from both ABCG5 and ABCG8 occupy the center location of a three-helix bundle and make the symmetric dimer interface between the
NBDs. Bottom right: separation between ABCG5 signature motif and ABCG8 Walker A motif and between ABCG8 signature motif and ABCG5
Walker A motif.
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Figure 1. Functional and structural characterization of ABCG1. (a) Schematic of cholesterol removal from
peripheral tissues to HDL as part of reverse cholesterol transport. Cholesterol is shown as golden ovals. (b) ATPase
activity of purified wild type ABCG1 and ABCG1EQ reconstituted in liposomes containing BPL. Curves were fitted
using non-linear regression to the Michaelis-Menten equation in GraphPad Prism. Data points indicate means, n = 3,
error bars denote standard deviations. (c) Cryo-EM density map of ABCG1EQ shown at two thresholds: A lower level
(colored white) visualizes the protein and the detergent micelle, a higher level (colored pink and light blue) visualizes
the two ABCG1 monomers. NDBs denote nucleotide binding domains, TMDs denotes transmembrane domains. (d)
Ribbon diagram of ABCG1 structure. Left, the two ABCG1 monomers are colored pink and light blue. Right, one of the
monomers is colored in rainbow, running from blue (N-terminus) to red (C-terminus). (e) Topology of ABCG1
monomer depicting N- and C-termini, numbered TM helices, the connecting helix (CnH), the coupling helix (CpH), and
the disulfide bridge in EC3. The bracket indicates the location of a deletion in the linker region for ABCG1 isoform 4.
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Supplemental Figures

Figure S1. Biochemical and Cryo-EM Analysis of the Human ABCA1, Related to Figure 1
(A) Representative size exclusion chromatogram (SEC) and SDS-PAGE of the hABCA1 in DDM and CHS.

(B) Euler angle distribution of the final 3D refinement of overall map.

(C) Local resolution maps calculated using RELION 2.0.

(D) The gold-standard Fourier shell correlation curves for the overall (blue) and ECD (red) maps.

(E) FSC curves of the refined model versus the overall 4.1 Å map that it was refined against (black); of the model refined in the first of the two independent maps

used for the gold-standard FSC versus that samemap (red); and of themodel refined in the first of the two independentmaps versus the second independentmap

(green). The small difference between the red and green curves indicates that the refinement of the atomic coordinates did not suffer from overfitting.
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Shared structural fold in ABCA and ABCG
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Asymmetric Cholesterol Distribution by ABC 
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that this phenomenon is not cell type–speci!c. It is conceivable that "opping of cholesterol (transport from the 
inner to outward lea"et) by exogenously expressed ABCA1 causes asymmetric cholesterol distribution in the PM, 
which makes cells resistant to SLO pore formation.

Among the ABC proteins that transport hydrophobic substrates, ABCA1 and ABCG1 suppressed SLO pore 
formation, whereas ABCB1 and ABCA7 did not (Fig. 6). ABCG1 exports cholesterol and SM to HDL19,34,35, and 
together with ABCA1 contributes to the asymmetric distribution of cholesterol in the PM5. ABCA7 does not 
transport cholesterol, but it is a close homolog of ABCA1 and transports phosphatidylcholine in an apoA-I–
dependent manner20. ABCB1 is a multidrug exporter that interacts with cholesterol but does not export it21,36. 
$ese results suggest that the inhibitory e%ect of these proteins on SLO pore formation is dependent upon their 
cholesterol transport activity.

While this study was under revision, Courtney et al. reported9 that phospholipid head groups and acyl chain 
saturation of phospholipids impact binding of the cholesterol probe DAN-D4, which Liu et al. used to demon-
strate the asymmetric cholesterol distribution5. Furthermore, DAN-D4 binding was highly sensitive to proteins 
in the medium9. $erefore, the capacity of microinjected DAN-D4 to bind the cytoplasmic lea"et of the PM was 
speculated to be severely diminished in live cells. However, Liu et al. reported the increased binding of the probes 

Figure 6. Cholesterol-transporting ABC proteins inhibit SLO pore formation. (A) HEK293 cells transiently 
transfected with plasmids encoding GFP, ABCA1-GFP, ABCA7-GFP, ABCB1-GFP, or ABCG1 were treated 
with SLO and DAPI (original images are shown in Fig. S3). (B) DAPI-stained and -unstained GFP-positive cells 
were counted, and proportions were calculated. Average values are shown with S.E. For each sample, images 
were acquired at !ve positions in the dish. **P < 0.001 compared with control (GFP). n.s. P > 0.05 compared 
with control (GFP). (C) Cholesterol content in the outer lea"et of the PM was analyzed by FACS with PFO-D4 
labeled with Alexa Fluor 647. FreeStyle293-F cells with "uorescence intensity greater than 50,000 were de!ned 
as GFP-positive, and others as GFP-negative. Original data are shown in Supplementary Fig. 3.

Figure 7. Schematic illustration of cholesterol distribution in the PM. $e PM contains three di%erent types 
or pools of cholesterol: (I) SM-associated cholesterol in the outer lea"et; (II) SM-free cholesterol in the outer 
lea"et; and (III) cholesterol in the inner lea"et. ABCA1 "ops cholesterol from the inner to the outer lea"et of the 
PM. $e enhanced asymmetric distribution of cholesterol caused by exogenously expressed ABCA1 suppresses 
SLO pore formation. (Ogasawara et al, Sci Rep, 2019)
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Further Structural Analysis → Hydrophobic valve/gate & …

(Khunweeraphong et al, FEBS Lett, 2020)



Cholesterol-binding pocket(s):
different models, different proposals

The NBD from opposing ABCG5 and ABCG8 of the cryo-EM
structure stay connected in the nucleotide-free state. Similar
contact was also observed in the previously reported crystal
structure of ABCG5/G811 and the cryo-EM structures of
substrate-bound inward-facing, nucleotide-bound outward-
facing, and inhibitor-bound ABCG212–15. While the significance
of a NPXFDXXD motif in cellular cholesterol transport assay was
first described in ABCG124, our structure illustrates the molecular
details of the interactions within this motif. Two pairs of highly
ordered salt bridge interactions between the opposing
NPXFDXXD motifs are arranged in a zipper-like fashion
(Fig. 2F). These salt bridges help to maintain the two NBDs in
close contact during the transport cycle and reduce the entropy
penalty for the NBD to cycle between open and close con-
formation. We speculate that, by stabilizing the NBD contact, the
overall efficiency for both ATPase activity and transporter cycle is
increased. It is worth noting that similarly connected NBD is
found in bacterial ABC exporters such as MalFGK225–28. In our
structure, Fab 11F4 simultaneously engages both NBDs from
ABCG8 and ABCG5 and increases the ATPase activity. Inter-
estingly, the cryo-EM structure of ABCG5/G8 reveals that the N-
terminus of ABCG8 crosses over to the NBD of ABCG5 and is
also part of the dimer interface (Fig. 2C). Genetic studies iden-
tified that a point mutation Asp19His in ABCG8 increases risk of
gallstones, which is formed by supersaturated cholesterol in
bile10,29,30. The first residue in ABCG8 observed in the cryo-EM
structure is Phe28. While the exact location of Asp19 is not
resolved in the structure, it is interesting to note that several
acidic patches in ABCG5 are in proximity to Phe28. It is thus
likely that Asp19His mutation might increase the ATPase and
transporter efficiency by stabilizing the dimer interface.

Both the crystal and cryo-EM structures of ABCG5/G8
represent a nucleotide-free, inward-facing conformation for sterol
transport. In the crystal structure of ABCG5/G811, electron
density features representing a possible cholesterol moiety were
identified in a “vestibule” formed by transmembrane helices
(TMH) 1–2 of one TMD and TMH 4–6 of the opposing TMD11.
We searched these TMH regions in the cryo-EM map but did not
find noticeable features. Recently, the cryo-EM structure of
ABCG2 solved in the presence of its substrate E1S (PDB: 6HCO)
showed that the substrate-binding cavity is defined by hydro-
phobic residues from the TM2 and TM5 of opposing

protomers12. Surprisingly, the TMD in the cryo-EM structure of
ABCG5/G8 superposes very well with the TMD of substrate-
bound ABCG2, with RMSD of 2.1 Å over 440 residues. Because of
the evolution conservation between ABCG2 and ABCG5/G8 and
similar hydrophobic nature of their substrate, we speculate that
the same pocket defined in ABCG2 might be used by ABCG5/G8
for sterol binding (Fig. 4A). While most of the pocket-lining
residues are similarly hydrophobic amino acids (Fig. 4B), there
are a few key differences between ABCG2 and ABCG5/G8. As
shown in the sequence alignment, in contrast to the branched side
chain residues in ABCG2, several key positions in ABCG5 and
ABCG8 are replaced with either phenylalanine or tyrosine
(Fig. 4C). Both phenylalanine and tyrosine have large aromatic
side chains that shapes the binding site to accommodate flat
molecules, such as cholesterol. While ABCG2 is a poly-specificity
transporter that can bind structurally diverse substrate, ABCG5/
G8 is highly specific for sterols, particularly plant and shellfish
sterols5,8,31. These key residue differences in the substrate pocket
are probably the basis for construction of a more selective pocket
that prefers the flat four-ring steroid core structure.

The transport cycle of ABCG2 was elucidated by multiple high-
resolution cryo-EM structures, which provides a foundation to
understand the ATP-driven substrate transport by ABCG family.
Given the overall similar molecular architecture and sequence
similarity (48 and 44% sequence similarities between ABCG2 and
ABCG5 and ABCG8, respectively)32, we believe that ABCG5/G8
adopts a similar mechanism for sterol transport as ABCG2. Here,
we illustrate how the two antibodies affect the ATPase activity by
engaging specific conformations of ABCG5/G8 in a schematic
drawing (Fig. 5). In the resting state (state I), the TMDs are facing
inward, exposing a cavity for substrate binding. Substrate binding
induces conformational changes to form the closed NBD dimer
(state II). When ATP binds to the closed NBD dimer, RecA
domains rotate around the pivot point formed by the salt bridges,
and the helical domains rotate to the neighboring RecA domain
to sandwich the ATP molecular by the Walker A and signature
motifs. These rotational movements are essential to deliver a
“power stroke” to the TMDs to extrude the substrate to either the
extracellular space or the outer leaflet of the membrane (state III).
Then, ATP hydrolysis breaks the connection between RecA and
helical domains from the opposing half transporters. Finally, the
NBDs open by rotating back around the pivot point formed by

Fig. 4 Putative cholesterol-binding pockets in ABCG5/G8. A Cross-section of the transmembrane region of ABCG5/G8 shows a putative cholesterol-
binding pocket (rectangle in dashed line). B Zoom-in view of the putative cholesterol-binding site shows that it is constructed by TM2 and TM5 of ABCG5
and ABCG8. Amino acid residues likely important for cholesterol binding are shown as sticks. C Sequence alignments of TM2 and TM5 between ABCG2,
ABCG5, and ABCG8. Amino acid residues likely important for cholesterol binding are marked by an asterisk.
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cholesterol efflux pathway, although no such sites have been
captured in the structural models available to date (SI Appendix,
Fig. S9 D–F). In G5G8, the 3′-hydroxyl group of the sterol
substrate is oriented toward the hydrophilic regions of sites 1 and
2 (Figs. 2A, 3B, and 7B). Sterols in site 1 may pivot to the
midpoint of the translocation pathway (site 2) without flipping
during the export process.
G5G8 and G1 share structural features in common, suggesting

that these two transporters translocate sterols across membranes
using similar mechanisms. First, they both have similarly posi-
tioned aromatic plugs, which in G1 modulates the core size of
the cholesterol translocation pathway (Figs. 6D and 7C). Second,
they have four buried salt bridges among the CnH–CpH–E helix
bundles, which are required for coupling the energy generated
from ATP hydrolysis to the conformational changes of TMDs
(Fig. 7D).

Unique Features of G8
Our previous study revealed a striking asymmetry in the ATPase
activities of the two NBSs: Only the Walker A (P loop) and
Walker B motifs of G5 and the signature motif of G8 are re-
quired for ATP-driven cholesterol export in vivo (22). Notably, a
conserved lysine in the P loop, which is essential for engaging
ATP (Lys124 of G1 and Lys92 of G5), is substituted by an ar-
ginine (Arg111) in G8. This mutation is not present in the de-
generate sites of any of the other mammalian ABC transporters
that have been sequenced (Fig. 8A).

The P loop of G8, which is located in NBS1 of G5G8, is shifted
laterally by ∼10 Å relative to the P loops of G5 or G1. This shift
is predicted to introduce a steric hindrance for ATP binding
(Fig. 8 B and C). A broader comparison of this degenerate
ATPase with other ABC transporters supports the notion that
the change seen in NBS1 of G5G8 is distinct (Fig. 8D). Of the
other 29 full-length or heterodimeric ABC transporters in the
mammalian genome, 21 have one active and one degenerate
NBD. In almost all cases, the glycine in the signature sequence is
mutated or the “catalytic” glutamate in the Walker B motif is
changed to aspartate (e.g., TAP1 and MRP1) or serine (e.g.,
CFTR) (41). These changes do not alter the overall structure of
the NBS; ATP binding is retained but ATP hydrolysis is abol-
ished (37). The changes are highly conserved in these trans-
porters, indicating ongoing evolutionary pressure on the
sequence of the degenerate NBD. In contrast, the sequence
change in the P loop of the degenerate NBS of G5G8 dramati-
cally alters the fold (Fig. 6B) and results in a marked decrease in
ATP binding (22).

Cholesterol Transport by G1 and G5G8
How do rigid hydrophobic sterols get exported across the mem-
brane by these two ABC transporters? Molecular dynamics sim-
ulations predicted that within 100 ns of simulation, sterol leaves
site 2 of G5G8 in an orientation such that the 3′-hydroxyl group
faces the extracellular space (Movie S1). When the transporter is
in the inward-facing conformation, a cavity in the cytosolic leaflet
engages the sterol substrate (site 1). The substrate may traffic from
site 1 to the more hydrophobic site 2 in the center of the TMHs
(Figs. 3A and 8E). It remains unclear how sterol trafficking in the
channel in the TMHs is related to ATP binding or hydrolysis. G1
assumes a closed conformation when ATP binds the NBS, which
collapses site 1 while simultaneously pushing the neutral sterol
substrate to the extracellular cavity, where it binds extracellular
lipid acceptors or enters the outer hemileaflet of the bilayer. Upon
extracellular cholesterol release and ATP hydrolysis, the trans-
porter returns to the resting state, ready to transport another
cholesterol molecule (35, 42–44). Further structural analysis of
G5G8 will be required to determine how ATP hydrolysis can
rearrange the TMHs so that it flips from an inward- to an
outward-facing state, as has been found to occur in other ABC
transporters.

Materials and Methods
Generation of Anti-Human G5G8 Antibody. Immunoglobulin G (IgG)-2C7, a
mouse monoclonal anti-human G5G8 antibody, was prepared by fusion of
SP2-mIL6 mouse myeloma cells with splenic B lymphocytes obtained from
BALB/c mice (n = 2). Mice were immunized with one primary and eight
boosts of purified recombinant human G5G8 heterodimers (50 μg) in 10 mM
Hepes (pH 7.5), 100 mM NaCl, 0.1% n-dodecyl-β-D-maltopyranoside (DDM),
0.05% cholate, and 0.1 mM tris(2-carboxyethyl)phosphine (TCEP) combined
with the Sigma Adjuvant System. Hybridoma culture supernatants were
screened by enzyme-linked immunosorbent assay (ELISA) and coun-
terscreened by dot blot to select ELISA-positive, dot blot–negative clones.
One such hybridoma, designated IgG-2C7 (subclass 1, k), was subcloned by
serial dilution three times and purified from hybridoma culture supernatant
by gravity-flow affinity chromatography on protein G Sepharose 4 Fast
Flow columns.

Protein Expression and Purification. The complementary DNA (cDNA) of hu-
man ABCG1 (GenBank accession no. BC029158.1) was cloned into pFastBac
with an N-terminal Flag tag. The G1WT protein was expressed using
baculovirus-mediated transduction of Sf9 insect cells (ATCC). At 48 h post
infection, the cells were disrupted by sonication in buffer A, containing 20 mM
Hepes (pH 7.5), 150 mM NaCl, with 1 mM phenylmethanesulfonylfluoride and
5 μg/mL leupeptin. After low-speed centrifugation, the resulting supernatant
was incubated in buffer B with 1% (weight/volume; wt/vol) lauryl maltose
neopentyl glycol (LMNG; Anatrace) for 1 h at 4 °C. The lysate was centrifuged
at 18,000 rpm for 30 min, and the supernatant was loaded onto a Flag-M2
affinity column (Sigma-Aldrich). After washing three times, the protein was
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Fig. 7. Structural comparison of cholesterol-bound G5G8 with G1. (A)
Overall structural comparison of cholesterol-bound G5G8 with cholesterol-
bound G1EQ. (B) The extracellular view showing that TM1 of G8 is involved in
binding cholesterol. (C) The structural comparison of the core residues in
G5G8 with that in cholesterol-bound G1EQ. Aromatic and hydrophobic resi-
dues in TMDs of G5G8 are indicated; the view and residues in G1 are con-
sistent with that in Fig. 6D. (D) Structural comparison of buried salt bridges
in cholesterol-bound G5G8 and G1EQ. The three-helix bundle is labeled, and
the salt bridges are indicated by dashed lines.
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Structural comparison with ABCG5/G8 and
prediction of ABCG4 structure

While ABCG1 and ABCG5/G8 share a conserved
TMD fold (Figure S5(a) and (b)),27,28 TM2 and
TM5a’ in ABCG1 were slightly further apart than
TM2 in ABCG8 and TM5a in ABCG5. In contrast
to ABCG1, the central cavity in both ABCG5/G8
structures is partially collapsed. In consequence,

docking CHS molecules from our ABCG1 structure
result in steric clashes with bulky side chains of
ABCG5/G8 (Figure S5(c)). The lack of space in
the ABCG5/G8 binding cavity can explain why nei-
ther of the published structures have identifiable
sterol binding pockets.27,28 Furthermore, the struc-
ture of the hydrophobic gate in ABCG5/G8 is differ-
ent from those in ABCG1 or ABCG2. While the
backbone structure is similar, the side chains of only

Figure 2. Probable cholesterol binding cavity. (a) Vertical slice through a surface representation of ABCG1EQ
structure. The coloring of the surface is according to charges (red denotes negatively charged residues, blue denotes
positively charged residues). Bound CHS is shown as green sticks. The inset shows the view from the cytosolic side
of the membrane. Membrane side entrances are indicated with arrows. (b and c) Structure of TMDs shown as Ca
trace in pink and blue for the two ABCG1 monomers. Bound CHS molecules are shown as sticks, with carbon atoms
colored green. EM density covering bound CHS is shown as a grey mesh. ABCG1 residues within 4!A distance of
bound CHS are shown as sticks.
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Enzymatic Analysis → Allosteric Regulation



Working Model of ABC Sterol Transporters
(Molecular/Atomic)

(Xavier et al, IJMS, 2020)

ABCG5/G8



Working Model of ABC Sterol Transporters
(Molecular/Atomic)

Figure 4. ATPase studies and proposed mechanism. (a) Effect of drugs on ATP hydrolysis activity of ABCG1.
Compounds and their concentrations are indicated, as are the solvents used to dissolve them. Shown are means,
n = 3, error bars denote SD. (b) Dose-response curve of benzamil-modulated inhibition of ATPase activity of
liposome-reconstituted ABCG1. Data points show mean of 3 independent measurements, error bars denote SD. The
calculated IC50 value and the structure of benzamil are shown. (c) Schematic of proposed mechanism of ABCG1-
mediated cholesterol transport (see text for explanation). ABCG1 monomers are colored pink and light blue,
cholesterol is shown as a yellow oval, benzamil as a red oval. State 2 reflects our structure, states 1 and 4 are putative
and based on ABCG2 structures. For state 3 (red brackets), there is currently no structural model. D denotes ADP, T
denotes ATP, Pi denotes inorganic phosphate.
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