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This work presents valuable findings that identify ergosterol binding by the human ABC
transporter ABCG5/G8 and show that ergosterol stimulates its ATPase activity more
strongly than cholesterol, advancing understanding of sterol recognition and transport.
The evidence from single-particle cryo-EM, molecular dynamics simulations, and
biochemical assays is convincing, although additional structures and mutational studies
would strengthen the proposed mechanism. These results provide key insight into the
molecular basis of sterol recognition and regulation of ABCG5/G8 and will be of interest to
researchers studying sterol transport and ABC transporter function.
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Abstract
Sterol homeostasis depends on the coordinated regulation of endogenous cholesterol synthesis,
dietary sterol absorption, and sterol excretion. The heterodimeric ATP-binding cassette sterol
transporter ABCG5/G8 plays an important role in eliminating excess sterols by participating in
reverse cholesterol transport and transintestinal cholesterol efflux. The molecular mechanism of
sterol recognition and transport by ABCG5/G8 remains poorly understood. Here, we determined
the cryo-electron microscopy (cryo-EM) structure of human ABCG5/G8 in complex with ergosterol.
The structure revealed a sterol-binding site at the transmembrane domain (TMD) interface
between the subunits ABCG5 and ABCG8, adjacent to the conserved aromatic clamp motif.
Tyrosine 432 (Y432) on ABCG5, a key residue within the aromatic clamp, lies near the tetracyclic
ring of ergosterol. Additionally, to assess the effect of different sterols on transporter activity, we
performed molecular dynamic simulations and in vitro ATPase assays in the presence of
cholesterol, cholesteryl hemisuccinate (CHS), and ergosterol. Ergosterol exhibited more favorable
interactions with ABCG5/G8 and stimulated ATPase activity more effectively than either
cholesterol or CHS, representing the first biochemical characterization of ABCG5/G8 activity in
response to a non-cholesterol sterol. Furthermore, substitution of Y432 with the canonical
phenylalanine in ABCG family abolished the differential ATPase response to ergosterol, with the
mutant displaying similar activity levels in the presence of ergosterol and cholesterol. Together,
our structural and biochemical findings reveal a conserved sterol-binding site within ABCG5/G8
and demonstrate direct evidence that distinct sterols differentially modulate ABCG sterol
transporter activity and that the degenerative aromatic clamp motif in ABCG5 contributes to
sterol-dependent functional selectivity.

For correspondence:

Jyh-Yeuan.Lee@uOttawa.ca

Competing interests: No

competing interests declared

Funding: See page 16

Reviewing editor: Camilo Perez,

University of Georgia, United States

© 2026, Rezaei et al. This article is

distributed under the terms of the

Creative Commons Attribution

License, which permits unrestricted

use and redistribution provided that

the original author and source are

credited.

Reviewed Preprint
v1 • October 16, 2026
Not revised

https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://doi.org/10.7554/eLife.112898.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
mailto:Jyh-Yeuan.Lee@uOttawa.ca
mailto:Jyh-Yeuan.Lee@uOttawa.ca
mailto:Jyh-Yeuan.Lee@uOttawa.ca
https://doi.org/10.7554/eLife.112898.1.sa4
mailto:Jyh-Yeuan.Lee@uOttawa.ca
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Rezaei et al., 2026 eLife 15:RP112898.  https://doi.org/10.7554/eLife.112898.1 2 of 25

Introduction
Sterols are a diverse class of lipophilic compounds that constitute essential components of
eukaryotic cell membranes (1). Due to their widespread occurrence in nature, sterols are present
in the human diet as a diverse mixture that includes cholesterol, plant sterols, and ergosterol,
derived from animal-, plant-, and fungal-based foods, oils, and insects (2–6). Among these,
cholesterol is essential for human physiology, serving as a structural component of cellular
membranes and as a precursor for steroid hormones and bile acids required for nutrient
absorption, metabolism, and gene regulation (7). In addition to dietary intake, cholesterol is
synthesized endogenously to maintain lipid homeostasis and ensure adequate supply under
conditions of limited dietary intake (8). In humans, dietary cholesterol is absorbed relatively
efficiently, whereas other sterols (xenosterols) are absorbed at much lower efficiencies, resulting
in their markedly lower systemic abundance. This selective absorption represents an early
regulatory checkpoint that shapes circulating sterol composition and contributes to whole-body
sterol homeostasis (9,10).

At the systemic level, sterol homeostasis is maintained through coordinated regulation across
multiple organs, primarily the intestine, liver, and peripheral tissues. Disruption of this balance,
through either excessive intake or impaired clearance, can lead to pathological sterol
accumulation and associated disease states (7,11). A central component of this regulatory network
is the heterodimeric ATP-binding cassette G5/G8 (ABCG5/G8) transporter, which limits the
accumulation of excess cholesterol and non-cholesterol sterols by mediating sterol efflux into the
bile and the intestinal lumen via hepatobiliary secretion and transintestinal cholesterol efflux
(TICE) pathways (12–14). Disruption of ABCG5/G8 function leads to sitosterolemia, an autosomal
recessive disorder characterized by the accumulation of plant sterols, including sitosterol,
campesterol, and stigmasterol, in plasma and tissues. This condition is also associated with
progressive cholesterol accumulation and an increased risk of atherosclerosis (14–16).

Despite the well-established physiological role of ABCG5/G8 in sterol transport, the molecular basis
of its interactions with diverse sterol substrates remains poorly understood, particularly with
respect to non-cholesterol sterols. In this study, we determined the cryo-electron microscopy (cryo-
EM) structure of ABCG5/G8 in a sterol-bound state. Structural analysis and molecular dynamics
(MD) simulations identified an ergosterol-binding site adjacent to a conserved aromatic-clamp
motif (previously named phenylalanine-highway motif) at the interface between the
transmembrane domains (TMDs) of ABCG5/G8 (17). In parallel, we measured the sterol-coupled
ATPase activity of ABCG5/G8 in the presence of cholesterol, ergosterol, or cholesteryl
hemisuccinate (CHS), demonstrating that distinct sterol species differentially modulate transporter
activity. Finally, using site-directed mutagenesis, we showed ABCG5 tyrosine 432 (ABCG5Y432), a
key component of the aromatic clamp motif, as an important determinant of sterol-dependent
regulation of ABCG5/G8 activity.

Results
Cryo-EM and MD analyses identified an ergosterol molecule bound
between the TMDs of ABCG5/G8
In this study, using cryo-EM and single-particle analysis, we determined the structure of detergent-
purified ABCG5/G8 in complex with ergosterol. To obtain a high-resolution structure, we combined
two cryo-EM datasets comprising a total of 21,287 micrographs and 492,931 selected particles. The
final density map achieved an overall resolution of 3.56 Å, according to the gold-standard Fourier
shell correlation (GSFSC) 0.143 criterion (Fig. S2C     ). The 3D reconstruction displayed a high-
quality density sufficient for model building of the TMDs at ∼3 Å resolution (Fig. S3     ), while the
nucleotide-binding domains (NBDs) of both half-transporters were likewise well resolved (Fig.
1A      and Fig. S2D     ).
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Figure 1. Cryo-EM structure of ABCG5/G8 showing a potential sterol-binding site buried between the TMDs
of ABCG5 and ABCG8.

A and B. Cryo-EM map and structure of ABCG5/G8 in the nucleotide-free (ATP-apo) and sterol-bound states. (a and b) The
zoomed-in pictures of sterol-like density observed in between the TMDs of ABCG5/G8, adjacent to ABCG5Y432 and Alanine 429
(ABCG5A429). C. Ergosterol (blue) modeled into the observed cryo-EM density. D. RMSD profiles of ergosterol (blue),
cholesterol (yellow), and CHS (orange) within the ABCG5/G8 binding site during 200 ns MD simulations across independent
replicates.
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Using a previously determined crystal structure of ABCG5/G8 (PDB ID: 8CUB) (17) as a starting
model, we fitted and refined the model to better match the experimental electron density (Fig.
1B     ). Overall, the cryo-EM structure showed a root-mean-square deviation (RMSD) of 0.702 Å
(1083 atoms) compared with the crystal structure. Similar to the crystal structure, ABCG5/G8
adopts an inward-facing conformation, with the TMDs open toward the cytoplasmic side, and
retains an overall conserved architecture and key structural features (Fig. 1B     ). The statistics of
cryo-EM data acquisition, processing, and refinement are summarized in Table S1     , and the
corresponding cryo-EM sample preparation and data processing workflows are shown in Fig. S1     
and S2     .

Following refinement of the model in the cryo-EM map, we identified a distinct and well-defined
electron density located in a cavity at the interface between the TMDs of ABCG5 and ABCG8 (Fig.
1B, a      and b). This density closely resembled the structure of a sterol molecule showing the
sterol-nucleus and a tail feature and was oriented perpendicular to the membrane plane. Although
the shape and size of this density were compatible with a cholesterol molecule, it was unlikely to
represent cholesterol, given that cholesterol was not used at any stage of sample preparation. We
therefore evaluated alternative sterol-like molecules that could potentially occupy this site,
including ergosterol, the endogenous sterol produced by the Pichia pastoris system used for
protein expression, and CHS, which was present during sample preparation.

For comparative analysis, ergosterol, CHS, and cholesterol were individually modeled and refined
into the density (Fig. 1C      and Fig. S4A, a and b     ). Ligand-map cross-correlation coefficients (CC)
of 0.80, 0.55, and 0.75 were obtained for ergosterol, CHS, and cholesterol, respectively. Notably, the
bulky succinate moiety of CHS was poorly accommodated within the observed density.

To further characterize sterol interactions within the binding site, we performed all-atom MD
simulations to evaluate the interactions and stability of cholesterol, ergosterol, and CHS within this
cavity of ABCG5/G8 over 200 ns for all conditions. MD simulations were performed using the most
recent crystal structure (PDB ID: 8CUB) (17), with the missing chains completed using MODELLER.
The protein was simulated in a membrane consisting of cholesterol and palmitoyl oleoyl
phosphatidyl choline (POPC) at a ratio of 5:1 (mol:mol).

Consistent with the experimental data, MD simulations showed that cholesterol and ergosterol
remained relatively stable in their docked poses, fluctuating between 2–5 Å RMSD across
replicates, whereas CHS exhibited substantially greater positional mobility, with RMSD values
reaching approximately 8 Å (Fig. 1D     ). The CHS deviations reflected a distinct translation away
from the protein binding site where the density was observed and toward the cavity exit (Fig.
S4B     ). Together, these observations suggest that CHS is unlikely to represent the bound ligand in
this structure, and our results are more consistent with ergosterol occupying this site.

Structural and computational analyses revealed molecular
determinants of sterol recognition within the ABCG5/G8
transmembrane cavity
The observed sterol density in the cryo-EM map supports a defined binding pose of ergosterol
within the binding cavity. Multiple orientations were evaluated by fitting ergosterol into the cryo-
EM density; however, alternative poses resulted in lower ligand-map CC values and poorer
agreement with the experimental density (Fig. S4C, a and b     ), supporting the assigned pose
shown in Figure 1C     . The sterol-binding pocket exhibits an amphipathic character, consistent
with the mixed polar and hydrophobic properties of sterols and may contribute to the observed
ligand orientation within the cavity (Fig. 2A     ). In this orientation, ergosterol is positioned with its
3β-hydroxyl group facing the dimer interface, where it lies within hydrogen-bonding distance of
ABCG5 serine 538 (ABCG5S538) (Fig. 2B     ). In contrast, the sterol tetracyclic core and hydrocarbon
tail extend toward the surrounding membrane environment, with ergosterol engaging ABCG5
through its α (smooth) face and ABCG8 through its β (rough) face (Fig. S4D     ).
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Figure 2. Structural features of the ABCG5/G8 sterol-binding pocket and molecular determinants of sterol
recognition.
A. Electrostatic surface map of ABCG5/G8. The zoomed-in view highlights the electrostatic potential within the binding pocket
surrounding the observed bound ligand (ergosterol shown in blue). B. Alignment of the cryo-EM structure of ABCG5/G8
bound to ergosterol (ergosterol shown in blue; ABCG5 in pink and ABCG8 in purple) with the crystal structure (PDB ID: 8CUB;
shown in pale yellow), which is apo at this binding site. (a) The alignment highlights conformational changes in residues
forming the potential sterol-binding pocket in ABCG5. Serin 538 (highlighted in the blue box) is positioned 3.5 Å from the
hydroxyl group of ergosterol. (b) The same structural alignment focusing on ABCG8, showing residue movements within the
corresponding binding pocket. C. Per-residue binding free energy decomposition from the MD simulations of ABCG5/G8 in
the presence of ergosterol (blue), cholesterol (yellow), or CHS (orange) over 200 ns MD simulations across independent
replicates.
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Alignment of the cryo-EM structure with our previously determined crystal structure, which is apo
at this binding site (17), revealed that sterol binding induces conformational rearrangements
within the binding pocket (Fig. 2B, a      and b). These changes consisted primarily of side-chain
movements and rotamer rearrangements among residues lining the cavity, with the most
pronounced rotamer changes occurring in ABCG5 residues that form the binding pocket, together
with ABCG8 asparagine 568 (ABCG8N568).

Per-residue binding free energy decomposition from the MD simulations of ABCG5/G8 in the
presence of ergosterol, cholesterol, or CHS revealed substantial energetic contributions from
TMH1 and TMH2 of ABCG5, as well as TMH2 of ABCG8, to sterol stabilization within the binding
pocket. Among the residues analyzed, ABCG5Y432 and methionine 396 (ABCG5M396) consistently
exhibited the most favorable binding free energy contributions for all three sterols, whereas
ABCG8N568 showed the least favorable contribution to ligand binding (Fig. 2C     ). ABCG5Y432 and
ABCG8N568 were previously identified as co-evolving residues, suggesting a conserved functional
relationship between these positions (18).

MD simulation analysis further revealed sterol-dependent energetic contributions for several
residues within the binding pocket (Fig. 2C     ). Overall, the residues exhibited greater variability
in their energetic contributions during CHS-bound simulations than during cholesterol- or
ergosterol-bound simulations. An exception was observed for ABCG5 tyrosine 424 (ABCG5Y424),
which displayed substantially more favorable binding free energy contributions and greater
energetic fluctuations in the presence of ergosterol than in the presence of cholesterol or CHS.
ABCG5Y424 and Y432 are key components of a conserved aromatic clamp motif on ABCG5 (Fig.
S5A     )(17).

Distinct interaction patterns were also observed for ABCG5 isoleucine 395 (ABCG5I395) and
isoleucine 539 (ABCG5I539). Relative to cholesterol- and CHS-bound simulations, ergosterol
exhibited less favorable binding free energy contributions at ABCG5I395 but more favorable
contributions at ABCG5I539 (Fig. 2C     ). Because ABCG5I395 and I539 define the entrance and distal
end of the binding cavity, respectively, this shift in energetic contributions indicates that ergosterol
is less stabilized near the cavity entrance and more favorably accommodated deeper within the
pocket. Interestingly, these residues also showed the most pronounced side-chain rearrangements
upon sterol binding relative to the previously determined crystal structure (Fig. 2B     ) (17).

Assessment of ABCG5/G8 ATPase Activity Reveals Differential
Modulation by Distinct Sterols
Although ABCG5/G8 is known to interact with multiple sterol substrates, previous in vitro
measurements of its activity have been largely restricted to cholesterol and sterol mimetics, like
CHS and bile acids (19–22). In this study, we optimized our previously established colorimetric
citrate bismuth-based ATPase assay to enable activity measurements of wild-type ABCG5/G8
(ABCG5WT/G8WT) in the presence of non-cholesterol sterols, such as ergosterol (19). Using this
approach, we directly measured ABCG5/G8-mediated ATP hydrolysis in the presence of cholesterol,
CHS, and ergosterol. Under identical assay conditions containing 1.5% sodium cholate and 2
mg/mL soy phosphatidylcholine (soy PC), all three sterols stimulated ABCG5/G8 ATPase activity;
however, ergosterol induced a stronger stimulation of ATP hydrolysis compared with cholesterol
and CHS.

Under saturated ATP conditions (5 mM) and 0.25 mM sterols, time-course ATPase assays (0–20
minutes) showed that ATP hydrolysis by ABCG5/G8 was linear over the first 8 minutes. Initial rates
were therefore calculated from the 2–8 minute interval (Fig. 3A     ). In the absence of sterol or CHS,
the basal ATPase activity of ABCG5/G8 was 216 ± 72 nmol·min⁻¹·mg⁻¹ (mean ± SD from three
independent ATPase assays; n=3), similar to previously reported values (19). This activity was
increased by more than 2-fold (n=5) and 1.5-fold (n=4) in the presence of cholesterol and CHS,
respectively. However, there was no significant difference between the rates achieved with
cholesterol and CHS, indicating comparable levels of stimulation at a sterol concentration of 0.25
mM. On the other hand, in the presence of ergosterol, the ATPase activity was increased by more
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than 3.5-fold (n=7). This not only represents a rate enhancement of more than a 1.5 relative to
CHS- or cholesterol-stimulated conditions, but it also represents the highest ABCG5/G8 ATPase
activity reported to date (19–21). As a control, the catalytically impaired mutant ABCG5WT/G8G216D
was tested in the presence of ergosterol and exhibited substantially reduced ATPase activity
compared with ABCG5WT/G8WT under all sterol-stimulated conditions (Fig. 3A     ).

To determine whether residues within the ergosterol-binding cavity contribute to sterol-
dependent activation of ABCG5/G8, we focused on ABCG5Y432 (an important residue involved with
the substrate density in the cryo-EM map) by replacing tyrosine with the conserved aromatic
phenylalanine residue (ABCG5Y432F) found at the equivalent position in other ABCG transporters
(17) (Fig. S5A     ). The ATPase activity of the ABCG5Y432F/G8WT mutant was then assessed in the
presence of ergosterol or cholesterol. For each sterol condition, mutant activity was compared
with ABCG5WT/G8WT under the corresponding condition (Fig. 3B     ). In the presence of ergosterol,
the mutation resulted in a significant 1.8-fold reduction in ATPase activity (n=4), whereas in the
presence of cholesterol, the mutation resulted in a non-significant change (n=3). Importantly, the
mean rates achieved by the ABCG5Y432F/G8WT mutant in either sterol-coupled conditions were
almost identical to one another. ABCG5Y432 seems critical for ergosterol-binding-dependent
activation of the transporter.

Kinetic analysis reveals sterol-dependent modulation of ABCG5/G8
ATPase activity
To further characterize how different sterols modulate ATP hydrolysis, ATP concentration-
dependent kinetic assays were performed in the presence of 0.25 mM ergosterol, cholesterol, or
CHS, with ATP concentrations ranging from 0.25 to 5 mM (0.25, 0.5, 1, 2, 3, 4, and 5 mM). Michaelis-
Menten analysis revealed distinct kinetic parameters, including Vmax, KM, kcat, and kcat/KM, under
each sterol condition (Table 1     , Fig. 3C     ). In the presence of ergosterol, the apparent Vmax, KM,
and kcat were 1505 ± 92 nmol min-1 mg-1, 1.82 ± 0.28 mM, and 3.96 ± 0.24 s-1, respectively. The Vmax
observed with ergosterol was more than twofold higher than that observed with CHS or
cholesterol and approximately fivefold higher than in the absence of sterol. Similar increases were
observed for kcat under ergosterol-stimulated conditions. In contrast, ergosterol resulted in the
highest apparent KM value, corresponding to a 1.5–2.5-fold increase compared with CHS-,
cholesterol-, or no-sterol conditions, indicating reduced apparent ATP affinity. Together, these
results demonstrate that sterols differentially modulate ABCG5/G8 catalytic properties. Ergosterol
primarily enhances ATP hydrolysis by increasing the maximal catalytic rate of the transporter.

Sterol concentration-dependent assays were also performed in the presence of 5 mM ATP and
gradually increasing concentrations of ergosterol, cholesterol, or CHS (Table 1     , Fig. 3D     ). For
cholesterol and CHS, sterol concentrations of 0.25, 0.35, 0.5, 0.75, and 1 mM were tested. Due to the
limited solubility of ergosterol under the assay conditions, particularly in the presence of soy PC,
concentrations of 0.05, 0.1, 0.2, 0.25, 0.3, 0.35, and 0.4 mM were used instead. Under ergosterol-
supplemented conditions, we observed a Vmax of 2819 ± 271 nmol min-1 mg-1, a KM of 0.42 ± 0.07
mM, and a kcat of 7.43 ± 0.71 s-1. Compared to the kinetic parameters achieved in the presence of
cholesterol or CHS, these values represent a 2–3-fold higher Vmax and kcat, whereas KM values
were comparable across conditions (fold difference of 1). The kinetic parameters obtained for CHS
were consistent with our previous report (19).

Discussion
In the present study, we combined cryo-EM structural determination, MD simulations, site-
directed mutagenesis, and ATPase assays to gain mechanistic insight into sterol interactions with
ABCG5/G8. Our cryo-EM structure revealed a sterol-like density located at the TMD interface
between ABCG5 and ABCG8. Structural analysis indicated that this cavity is deeply buried within
the TMDs and possesses a defined opening connecting the pocket to the surrounding membrane
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Figure 3. ATP- and sterol-dependent modulation of ABCG5/G8 ATPase activity.
A. ATPase activity of ABCG5WT/G8WT measured over the 2–8 min interval in the presence of ergosterol, cholesterol, or CHS,
compared with the sterol-free condition and the catalytically inactive ABCG5WT/G8G216D mutant. B. ATPase activity of
ABCG5Y432F/G8WT measured over the 2–8 min interval in the presence of ergosterol or cholesterol, compared with the
corresponding ergosterol- and cholesterol-stimulated ATPase activities of ABCG5WT/G8WT shown in panel A. Statistical
significance in panels A and B was determined using one-way ANOVA with multiple comparisons. ns, not significant; *P <
0.05; ****P < 0.0001. C. ATP concentration-dependent ATPase activity of ABCG5WT/G8WT measured in the presence of 0.25
mM ergosterol, cholesterol, CHS, or under sterol-free conditions. D. Sterol concentration-dependent ATPase activity of
ABCG5WT/G8WT measured in the presence of 5 mM ATP and increasing concentrations of ergosterol, cholesterol, or CHS.
Ergosterol was insoluble above 0.4 mM under the current assay conditions.
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Table 1.
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environment. This suggests that sterol molecules entering the pocket may be transiently stabilized
prior to ATP-dependent conformational rearrangements. A comparable ligand-binding cavity has
also been observed in ABCG2 structures (23).

To identify the ligand corresponding to the observed density, we compared the structural
compatibility of different sterol species with the cryo-EM density. Structural fitting and refinement
showed higher CC values for ergosterol, or cholesterol compared with CHS, indicating that the
structural geometry and physicochemical properties of CHS are less compatible with the observed
density. In addition, MD simulations showed that CHS was less stable in the pose corresponding to
the observed density compared to cholesterol or ergosterol. Together, these results suggest that the
observed cryo-EM density is most consistent with ergosterol.

Interestingly, a previous structural study reported a cholesterol molecule occupying this site after
prolonged incubation with cholesterol (PDB ID: 7R8B) (24). These observations suggest that the
cavity may accommodate multiple sterol species and that sterol occupancy may be influenced by
the sterol composition and saturation state of the surrounding membrane environment.
Therefore, aligned with our MD and structural analysis, the functional effects of different sterols
on ABCG5/G8 activity may arise from their distinct interactions within the binding cavity.
Comparison of the ergosterol-bound structure with the previously reported cholesterol-bound
structure (PDB ID: 7R8B)(24), provided further insight into the molecular basis of differential sterol
recognition within this cavity. The comparison revealed differences in residues involved in sterol
binding and their subtle side chain rearrangements (Fig. S6     ). Specifically, ABCG8 asparagine 564
(ABCG8N564) was shown to contribute to cholesterol binding but does not participate in the
corresponding ergosterol-binding interaction (Fig. S6B     ). Whether this residue contributes to
sterol selectivity through differential interactions with cholesterol and ergosterol remains to be
determined.

Despite the identification of ergosterol as the most likely ligand corresponding to the observed
sterol density, direct evidence for an interaction between ergosterol and ABCG5/G8 had not
previously been reported. Interestingly, previous studies in rats have shown that orally
administered ergosterol is poorly retained, with the majority of the sterol excreted in feces and
only minor amounts detected in circulation (25,26). These findings raise the possibility that
intestinal sterol transport mechanisms may contribute to regulating ergosterol absorption and
bioavailability. To assess whether ergosterol interacts with and modulates ABCG5/G8 activity, we
measured ABCG5WT/G8WT ATPase activity in the presence of ergosterol, cholesterol, and CHS
applying an in vitro assay. ATPase assays revealed that all three sterols stimulated ABCG5/G8
ATPase activity, with ergosterol producing a markedly stronger stimulation compared with either
cholesterol or CHS. Interestingly, cholesterol and CHS induced comparable levels of ATPase
activation despite the distinct and bulkier headgroup of CHS, suggesting that the sterol hydroxyl
group alone is not the determinant of transporter activation.

The differential activation of ABCG5/G8 by ergosterol compared with cholesterol and CHS
encouraged us to investigate the structural determinants underlying this sterol-specific regulation.
The unique positioning of ABCG5Y432 within the sterol-binding cavity suggested that this residue
may represent a key determinant linking sterol recognition to transporter activation. ABCG5Y432 is
located directly beneath the sterane ring of ergosterol within the binding cavity, and MD
simulations identified this residue as one of the most favorable energetic contributors to sterol
interactions (Fig. 2C     ). In addition, this residue forms part of two conserved structural features
within ABCG5, the aromatic clamp and polar relay, which are believed to contribute to the
structural organization and functional regulation of ABCG5/G8 (17,18). This position is conserved
as phenylalanine across most ABCG transporters, including the cholesterol transporters ABCG1
and ABCG4, whereas ABCG5 uniquely contains a tyrosine residue at this site (17,27). The presence
of a hydroxyl group at this conserved aromatic position may provide an additional interaction
capability that contributes to the specialized sterol-sensing properties and functional regulation of
ABCG5/G8. Functional analysis of the ABCG5Y432F/G8WT protein further supported this hypothesis.
While this substitution had minimal effects on cholesterol-stimulated ATPase activity, it
substantially reduced ergosterol-dependent activation, suggesting that ABCG5Y432 contributes to
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the differential modulation of ABCG5/G8 activity by distinct sterol species within this cavity.
Notably, a previous study demonstrated that alanine substitution of this residue severely impaired
biliary cholesterol transport (18). Furthermore, we have previously postulated the differential
sterol-transport mechanisms between ABCG1 and ABCG5/G8. This present study on the
degenerative residue on ABCG5 further strengthen our hypothesis about substrate selectivity of
ABCG sterol transporters by utilizing the conserved aromatic clamp structural motif (17).

Beyond the internal sterol-binding cavity identified in our cryo-EM structure, our previous crystal
structure revealed an additional, distinct sterol interaction site at the surface-exposed interface
between the ABCG5/G8 TMDs (17). In the crystal structure, the sterol density was observed at the
ABCG8-ABCG5 transmembrane interface but was not detected at the opposite ABCG5-ABCG8
interface. Consistently, molecular docking analyses did not identify a favorable sterol-binding pose
at the corresponding site on the ABCG5-facing side (17) (Fig. 4C     ). Structural analysis shows that
residues ABCG5I539 and Leucine 543 (ABCG5L543) and ABCG8 Leucine 458 (ABCG8L458) and
phenylalanine 461 (ABCG8F461) partition the transmembrane cavity into asymmetric subcavities.
The cavity accessible from the ABCG5-ABCG8 interface is larger and can accommodate sterols,
whereas the corresponding cavity on the ABCG8-ABCG5 side is substantially more restricted and
may be less favorable for sterol entry (Fig. 4C     ). Together, these observations support a model in
which sterols may access the internal cavity from the ABCG5-ABCG8 side, where they could be
transiently accommodated before ATP-driven conformational changes promote transport (Fig.
4A     ). In contrast, sterols interacting with the ABCG8-ABCG5 side may preferentially associate
with the surface-exposed site observed in the crystal structure, raising the possibility that this site
contributes to sterol sensing or regulation rather than serving as a direct transport intermediate
(Fig. 4C     ) (28). Together, these two structurally distinct sterol interaction sites suggest an
asymmetric sterol-binding landscape within ABCG5/G8 (17).

An alternative hypothesis is that the surface-exposed binding site may represent an intermediate
site during sterol translocation between the two membrane leaflets (Fig. 4B     ). This interpretation
is consistent with molecular dynamics studies of P-glycoprotein, which have reported cholesterol
“flip-flop” events along the protein surface, suggesting that surface-associated interactions may
facilitate lateral sterol diffusion within the membrane (29). In cholesterol-enriched membrane
environments, where local sterol abundance is elevated and lipid packing is altered, such surface-
associated interactions may become more prevalent, potentially making this site responsive to
changes in membrane sterol composition (29,30). Overall, these observations support a model in
which surface-associated sterol binding may contribute to regulatory interactions, whereas the
internal cavity likely represents the primary pathway for active sterol transport. Further
biochemical and biophysical approaches are required to define the functional relationship
between these sites and determine their broader implications for the transport mechanisms of
homologous ABC transporters.

In conclusion, this study provides structural, computational, and functional evidence identifying a
sterol-binding cavity within ABCG5/G8 and demonstrating that this transporter differentially
responds to distinct sterol species. Furthermore, our findings highlight potential molecular
determinants underlying sterol-specific regulation within ABCG sterol transporters. Our results
further suggest that ABCG5/G8 may contribute to regulating the bioavailability of dietary
ergosterol. Given the reported antioxidant and anti-inflammatory properties of ergosterol, its role
as a precursor for vitamin D₂ biosynthesis in fungi, and growing interest in its therapeutic
potential (3), ABCG5/G8-mediated regulation of ergosterol absorption and bioavailability warrants
consideration during the development and optimization of orally administered ergosterol-based
interventions.
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Figure 4. Proposed functional model of ABCG5/G8 highlighting sterol-binding sites identified in the crystal
structure (PDB ID: 8CUB) (17) and the cryo-EM structure determined in this study.
A. The model depicts sterol efflux through a binding site observed in the cryo-EM structure, with the sterol located between
the TMDs indicated in the red box corresponding to ergosterol. Sterols are proposed to enter from the membrane into the
binding cavity, where ATP binding and hydrolysis drive conformational changes that enable substrate release. B. Model of
cholesterol translocation along the protein surface, illustrating a proposed flip-flop mechanism between membrane leaflets.
The cholesterol molecule shown in the green box corresponds to the bound cholesterol observed in the crystal structure
(PDB ID: 8CUB) (17). C. Surface representation of ABCG5/G8 (top view) showing sterol-binding sites identified in both
structures. The site highlighted in red corresponds to that shown in panel A, while the site in green corresponds to panel B.
Key residues, including ABCG5I539 and ABCG8L458, partition the transmembrane cavity into asymmetric subcavities. The
ABCG5-ABCG8-facing cavity is spacious and accessible to sterols, whereas the ABCG8-ABCG5-facing cavity is more restricted
and is not predicted to accommodate sterol entry.
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Material and Method
Mutant construct generation and cloning
The ABCG5Y432F/G8WT mutant construct used in this study was generated following our previously
published protocol (19). Expression vectors (pLIC) carrying human ABCG5 (NCBI accession
number NM_022436) and ABCG8 (NCBI accession number NM_022437) were previously generated
in our laboratory from the pPICZB vector (Invitrogen). The pLIC-ABCG5 construct contained a
6His_Gly_6His affinity tag on ABCG5. The pLIC-ABCG8 construct contained a C-terminal rhinovirus
3C protease cleavage site followed by a calmodulin-binding peptide (CBP) tag. To generate the
missense mutants in this study, we performed site-directed mutagenesis by using ABCG5WT as the
template. The polymerase chain reaction (PCR) primers (for ABCG5Y432F) used in this study
(Forward primer sequence: 5’ caccccgttcacaggcatgctg 3’, Reverse primer sequence: 5’ cagcatgcctgtg
aacggggtg 3’) were designed by Benchling (31) and ordered from Thermo Fisher Scientific. The
ABCG5WT/ABCG8G216D mutant was generated previously (19).

The PCR was performed using a reaction master mixture containing 1 ug of DNA template
(ABCG5WT), 5 uM of each forward and reverse primers, 1 ul DMSO, 10 ul 10x GC buffer, 1 ul DNTs,
0.5 ul Phusion enzyme (all from NEB) and ddH2O. The thermal cycle program for PCR consisted of
35 cycles, and each cycle comprised 95°C 1 min, 56°C 30 s, 72°C for 8 min. PCR products were
detected by a 0.7% agarose (Bio-Rad Laboratories) gel electrophoresis.

PCR products were treated for 1 hour with DpnI (NEB) at 37°C and analyzed by 0.7% agarose gel
electrophoresis. Mutant plasmids were subsequently transformed into XL1-Blue competent
Escherichia coli cells using a heat-shock protocol according to the manufacturer’s instructions
(Novagen/Agilent Technologies). Colonies were selected on LB agar plates containing 25 ug/ml
Zeocin (Invitrogen/Thermo Fisher Scientific). Some colonies were selected for plasmid
minipreparation using the standard alkaline lysis method as described in Molecular Cloning
protocol by Sambrook and Russell (32). Purified plasmid DNA was sequenced at StemCore
Laboratories, the genomics core facility in Ottawa.

Sequence-verified mutant pLIC-ABCG5Y432F and pLIC-ABCG8WT plasmids were linearized by PmeI
(NEB) digestion and ethanol purified. 5-10 ug of linearized pLIC-ABCG5Y432F and pLIC-ABCG8WT
plasmids were transformed into freshly prepared KM71H Pichia pastoris competent cells by
electroporation. Transformed yeast cells were plated on Yeast Extract Peptone Dextrose Sorbitol
(YPDS) agar plates containing various concentrations of Zeocin and incubated for 3–10 days. The
largest colonies were selected and screened for protein expression. Protein expression of both
ABCG5 and ABCG8 was evaluated by western blot analysis using anti-His tag and anti-ABCG8
antibodies (Invitrogen) respectively. (Clarity Western enhanced chemiluminescence (ECL)
substrate used for western blot detection, and 30% acrylamide and ammonium persulfate used for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel casting were obtained
from Bio-Rad Laboratories).

Cell Culture, Microsomal Membrane Preparation, and Protein
Purification
Cell growth and membrane preparation were performed according to our protocol published
previously (17). In brief, yeast cells were grown in 6-L cultures in minimal glycerol yeast nitrogen
base (MGY) and were harvested in sucrose lysis buffer and broken using a bead beater to prepare
approximately 100 mL of microsomal membranes.

Protein purification was performed according to the previously published protocol (17) with
minor modifications, as described below. Membranes were solubilized in an equal volume of
solubilization buffer containing 50 mM Tris-HCl (pH 8.0), 100 mM NaCl (Bioshop), 10% glycerol
(Bioshop), 2% (w/v) β-dodecyl maltoside (β-DDM; Anatrace), 0.5% (w/v) cholate (MilliporeSigma),
0.25% (w/v) cholesteryl hemisuccinate Tris (CHS-Tris; Anatrace), 5 mM imidazole (Bioshop), 5 mM
β-mercaptoethanol (β-ME) (MilliporeSigma), 2 μg/mL leupeptin, 2 μg/mL pepstatin A, and 2 mM
PMSF (all from Bioshop) for 2 hours at 4 °C. Following ultracentrifugation at 30,000 rpm for 30
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min, the clarified supernatant containing solubilized membrane proteins was incubated overnight
with 20 mL nickel-nitrilotriacetic acid (Ni-NTA) affinity resin (Qiagen). The resin was subsequently
packed into a column and washed with 10 column volumes of Buffer B containing 50 mM Tris-HCl
(pH 7.5), 100 mM NaCl, 0.05% (w/v) cholate, 0.1% (w/v) β-DDM, 0.01% (w/v) CHS, and 25 mM
imidazole. Bound proteins were eluted using Buffer B supplemented with 250 mM imidazole. Peak
fractions were identified using a colorimetric protein assay using Bradford reagent (Bioshop) and
subsequently pooled.

In this study, two ABCG8 constructs were used: an untagged construct, and a construct containing
a C-terminal CBP tag. Samples containing CBP-tagged ABCG8 were subjected to a second affinity
purification step using a 5-mL calmodulin affinity column (Agilent Technologies) when further
purification was required. For this purpose, pooled Ni-NTA fractions were diluted 1:1 with CBP
wash buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.1% (w/v) β-DDM, 0.05% (w/v)
cholate, 0.01% (w/v) CHS, 1 mM CaCl2, and 1 mM MgCl2 (Bioshop), and loaded onto the CBP
column. Following washing, ABCG5/G8 was eluted using buffer containing 50 mM Tris-HCl (pH
7.5), 300 mM NaCl, 2 mM EGTA (MilliporeSigma), 0.05% (w/v) cholate, and 0.01% (w/v) CHS.

All constructs were subsequently concentrated using 100-kDa molecular weight cutoff filters
(Cytiva) and further purified by size-exclusion chromatography on a Superdex 200 10/300 GL
column using an ÄKTA fast protein liquid chromatography (FPLC) system. The gel filtration buffer
consisted of 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.1% (w/v) DDM, 0.05% (w/v) cholate, and
0.01% (w/v) CHS. Peak fractions were pooled and concentrated using 100-kDa molecular weight
cutoff filters. Protein concentration was estimated by SDS-PAGE using bovine serum albumin (BSA)
(MilliporeSigma) standards. Samples were stored for subsequent ATPase assays and cryo-EM
analysis.

Cryo-EM grid preparation, data collection, and processing
For grid preparation, 4 μL of purified ABCG5/ABCG8 (∼1.5 mg/mL) which was incubated overnight
with 2 mM CHS and supplemented with 10 mM AMP-PNP (MilliporeSigma) and MgCl₂ was applied
to glow-discharged Quantifoil R1.2/1.3 300-mesh copper grids (Quantifoil Micro Tools GmbH).
Grids were blotted for 3s at 4 °C and 100% relative humidity and flash-frozen in liquid ethane
using a FEI Vitrobot. Data were collected on a Titan Krios transmission electron microscope
(Thermo Fisher Scientific) operated at 300 kV and equipped with a BioQuantum energy filter
(Gatan) and a K3 direct electron detector (Gatan) at the Cryo-EM facility of Academia Sinica
(Taipei, Taiwan). Dose-fractionated movies were recorded in super-resolution mode at a nominal
magnification of ×105,000, corresponding to a physical pixel size of 0.84 Å. Six-second exposures
were fractionated into 0.2-s frames. The total accumulated dose was ∼50 electrons/Å².

Two datasets comprising a total of 21,287 micrographs were collected for further processing.
Motion correction was performed applying MotionCor2 on-site (33). All subsequent image
processing was performed in CryoSPARC (34). Contrast transfer function (CTF) parameters were
estimated using patch CTF estimation (35). Particles were initially picked using TOPAZ and blob
picking to generate reference-free 2D class averages (34,36). The best 2D classes were selected as
templates for iterative particle picking. Approximately 3 million particles were extracted and
subjected to several rounds of 2D classification to remove junk particles. A final subset of 455,323
particles was selected and subjected to heterogeneous refinement, followed by additional
heterogeneous, homogeneous, non-uniform, and local refinement to improve map quality (34,37).
The final 3D reconstruction reached an overall resolution of 3.56 Å, as determined by the gold-
standard FSC 0.143 criterion (38).

Model building was performed by real-space refinement in Phenix using our previously published
crystal structure (PDB ID: 8CUB) as an initial model. Manual model adjustment and inspection of
electron density were performed using COOT (39). Despite the application of AMP-PNP during
cryo-EM sample preparation, no additional density was observed in the nucleotide-binding sites
(NBSs). Structural figures were prepared using PyMOL and UCSF Chimera (40,41).
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Software used in this project for cryo-EM data processing was
curated by SBGrid (42)
ATPase assay performance and data processing
ATPase activity of purified ABCG5/G8 and its mutants was measured using a colorimetric
inorganic phosphate detection assay that we reported in our previous publication (19). The
protocol with some modifications is as follow: 1 µg of protein was used per reaction with 2 mM
DTT. Lipids and sterols dissolved in chloroform were dried under nitrogen gas in glass tubes and
vacuum-desiccated overnight. Dried lipids (2 mg/mL) were resuspended in assay buffer containing
10% glycerol, 50 mM Tris pH 7.5, 100 mM NaCl, 1.5% sodium cholate, and 0.1% DDM, then heated
and sonicated until clear.

Reactions were assembled at room temperature by mixing protein, DTT, lipid mixture (2 mg/mL
soy PC) (Avanti) and varying concentrations of sterols), and double-distilled water. Reaction
mixtures were subsequently incubated at 37°C and initiated by the addition of 5 mM ATP (or
different concentrations of ATP), 7.5 mM MgCl2, and 10 mM NaN3. Reactions were quenched at
designated time points (0–20 min) by transferring 8 μL of reaction mixture into 25 μL of ice-cold
5% SDS in 5 mM HCl in a 96-well plate. Inorganic phosphate standards (0–200 μM) were prepared
in parallel using 50 mM Tris-HCl buffer (pH 7.5). Released inorganic phosphate was detected by the
addition of 50 μL freshly prepared solution containing 1% ammonium molybdate (Bioshop) and
1.5% ascorbic acid in HCl (MilliporeSigma), followed by incubation on ice for 10 min.
Subsequently, 75 μL of a freshly prepared solution containing bismuth citrate and sodium citrate
(both from Millipore Sigma) in HCl was added, and samples were incubated at 37°C for an
additional 10 min. Absorbance at 695 nm was measured using a plate reader. GraphPad Prism 11
was used to perform nonlinear regression and ordinary one-way ANOVA, with a p-value of ≤0.05
considered significant from three independent experiments. The kinetic parameters were
calculated by nonlinear Michaelis-Menten curve fitting using GraphPad Prism 11 (43).

MD simulations
The ABCG5/G8 structure (PDB ID: 8CUB) was retrieved from the protein data bank with missing
residues modeled using MODELLER (44). All sterols were docked using AutoDock VINA (45). The
docking poses that best matched the experimentally resolved sterol orientations were selected for
further analysis. The CHARMM-GUI web server was used to prepare molecular dynamics systems,
using the recommended protonation states (46,47). The Orientations of Proteins in Membranes
(OPM) database was used to orient the protein within a 118 Å × 118 Å membrane patch composed
of POPC and cholesterol at a 5:1 molar ratio (48). A 13 Å water layer of TIP3P water molecules was
added above and below the membrane, followed by ionization with 0.15 M NaCl. Hydrogen mass
repartitioning was applied to allow for more efficient computational sampling using 4 fs time
steps (49).

All-atom molecular dynamics simulations were performed using NAMD3 (50) with the CHARMM36
and CHARMM36m forcefields (51,52). Systems underwent a three-step minimization and
equilibration protocol. Initially, the membrane was relaxed for 10 ns, followed by an additional 10
ns relaxation of the membrane and solvent components. Lastly, the backbone atoms were
restrained while the remaining components were allowed to relax for 40 ns. This was followed by
225 ns of independent production simulations.

Short-range nonbonded interactions were truncated at 12 Å, with a smoothing function applied
beginning at 10 Å. Long-range electrostatic interactions were treated using the Particle Mesh
Ewald (PME) method (53) with a grid density of 1 Å⁻¹. Water molecules were constrained using the
SETTLE algorithm (54), while bonds involving hydrogen atoms were constrained using the
RATTLE/SHAKE algorithms (55). Pressure and temperature were maintained at 1 atm and 310 K,
respectively, using a Langevin piston barostat and a Langevin thermostat.

RMSD analysis was done using MDAnalysis (56). Per-residue decomposition of binding energy was
done using AmberTools23 (57). NAMD topology files were converted to AMBER topology using the
ParmEd tool. Molecular Mechanics Generalized Born Surface Area (MM-GBSA) was used to
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approximate the binding energy (58). Relevant residues were selected if they averaged ≤ −0.5 or ≥
+0.5 kcal/mol contribution to ligand binding in any trajectory. The first 25 ns of each simulation
were discarded to allow for stabilization of the protein backbone. All analyses were performed
using the remaining 200 ns of each trajectory.

Data availability
The cryo-EM data have been deposited in PDB and EMDB under the accession codes 37WK and
EMD-78562, respectively.
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Reviewer #1 (Public review):

Summary:

In this manuscript by Rezaei F. et al., the authors determine a cryo-EM structure of the
human ABCG5/G8 ABC transporter that was expressed in Pichia Pastoris. The structure was
nearly identical to previous crystal and cryo-EM structures of ABCG5/G8, and displayed a
non-protein density in the central transport pocket between both halves of the transporter.
Since the expression host Pichia pastoris natively makes ergosterol rather than cholesterol,
and cholesterol hemisuccinate (CHS) was added during protein solubilization and
purification, the authors used molecular dynamics simulations to probe the stability of
binding for cholesterol, CHS, and ergosterol in the central pocket where the density was
identified. These simulations suggested that ergosterol, rather than CHS, occupies the central
pocket in the cryo-EM structure.

The authors then went on to investigate the effect of ergosterol on ABCG5/G8 ATPase activity.
Interestingly, ergosterol was more potent than cholesterol or CHS in stimulating ABCG5/G8
ATPase activity. It was further demonstrated that the hydroxyl moiety of Y342 in ABCG5 is
essential to achieve full stimulation of ATPase activity by ergosterol, but not cholesterol. This
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assay highlights a key residue (Y342) in ABCG5 that contributes to differential sterol
sensitivity of ABCG5/G8.

Overall, this is a compelling story with solid biochemical kinetic data that largely support the
interpretation that binding of ergosterol gives rise to the sterol-like density in the transport
pocket of ABCG5/G8.

Strengths:

(1) The finding that ABCG5/G8 responds to ergosterol more strongly than cholesterol is very
interesting. This suggests a plausible role for ABCG5/G8 in regulating absorption of exogenous
sterols from the human diet.

(2) The biochemical kinetics data appear to be quite strong, with appropriate replicates and
statistical analyses in most locations.

(3) The cryo-EM density map appears to be of good quality despite an overall resolution of
~3.6 Å.

(4) The manuscript and figures are well prepared and easy to follow.

Weaknesses:

(1) While I agree with the conclusion that the central density is likely not CHS, how can the
authors be sure that this is not cholate (which was included throughout solubilization and
purification)?

(2) The authors do comment on the role of the hydroxyl on Y432 being important for
differential regulation of the transporter by sterols. However, it was not clear to me how the
hydroxyl of Y342 could contribute to enhanced activity with ergosterol and not cholesterol.
These two molecules are very similar and bind in essentially the exact same location. Could it
be that the additional double bond (creating a conjugated double-bond system) in the B-ring
of ergosterol interacts with Y342 in a favorable manner that is not possible with cholesterol,
which lacks this double bond? It seems like more discussion on the chemical similarities and
differences between ergosterol and cholesterol is warranted in order to potentially explain
why the Y342 hydroxyl moiety is so critical for stimulation with ergosterol but not
cholesterol.

(3) Minor weakness: Enthusiasm for the cryo-EM structure is slightly tempered by the fact
that the structure is essentially identical to a previous ABCG5/G8 cryo-EM structure bound to
cholesterol.

(4) I am a little confused by Figure 1D. If the RMSD is calculating the ligand position relative
to its initial position in the first frame, then shouldn't the RMSD value for all ligands start at
zero when the time is zero? Why does RMSD not start at 0 for all ligands and then gradually
increase as the simulation progresses? Similarly, why is the starting RMSD at time 0 so
different for ergosterol, cholesterol, and CHS?

(5) It would be good to include a "no sterol" control for the experiments in Figure 3B. Is the
basal ATPase activity without sterols the same for WT and Y342F constructs?

(6) In Figure 4D and Table 1 (bottom), ATPase activity is measured as a function of sterol
concentration, and the data are fit using a Michaelis-Menten equation, with Vmax and Km
reported. I do not think that interpreting these parameters as Vmax and Km is appropriate
for this experiment. Although a saturating Michaelis-Menten-type equation can be used to
describe the dependence of ATPase activity on sterol concentration, sterol is not the substrate
being directly measured in the ATPase reaction. Rather, the experiment measures sterol-
dependent stimulation of ATP hydrolysis. Thus, these data are more appropriately described
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as a sterol dose-response or activation curve, and an apparent EC50 would be a more
appropriate parameter to report. A true Km for sterol would require measurement of the
sterol transport reaction as a function of sterol concentration.

(7) It would be good to include statistical analyses of the interaction energy decompositions
from molecular dynamics (Figure 2C) where appropriate. For instance, is the difference
between interaction energies for (G5)-Y424 really different for cholesterol and ergosterol?
The error bar for ergosterol makes it hard to tell if this difference is statistically significant.

(8) The changes in side-chain orientations noted in the paper (Figure 2B) are really very, very
small changes. I am not quite sure that these represent true changes due to ligand binding,
versus small changes in model refinement into intermediate resolution range maps (~3.6Å
cryoEM and ~4Å crystal structure).

(9) The discussion surrounding an alternative sterol binding pocket, and particularly its
involvement in sterol flip-flop (Figure 4B), seems very speculative.

(10) The authors included AMP-PNP and MgCl2 in their sample for cryo-EM, but did not
observe a closed state in 3D classification. Any speculation as to why the open conformation
was obtained, or, more importantly, why AMP-PNP was included at all?

https://doi.org/10.7554/eLife.112898.1.sa3

Reviewer #2 (Public review):

Summary:

Rezaei et al. determined the cryo-electron microscopy structure of human ABCG5/8 in
complex with ergosterol, revealing a conserved sterol-binding site at the transmembrane
domain (TMD) interface, signifying the role of a specific key residue, Y432, in the interaction.
ATPase assays showed the effective stimulation of ATPase activity of ABCG5/8 in the presence
of ergosterol than cholesterol and CHS. The role of Y432 in the interaction with the
transporter and stimulation of its ATPase activity was further supported by a mutagenesis
study.

Strengths:

The study has been supported well with the structural and biochemical data combined with
molecular dynamics simulations. The methods are very well detailed, which is helpful for the
reader.

Weaknesses:

A few more experiments along similar lines (structures and mutagenesis and ATPase
experiments) would have strengthened the molecular mechanism of sterol transport. Also,
the physiological relevance of this sterol-ABCG5/8 structure has not been elaborated or
connected via any experiments.

https://doi.org/10.7554/eLife.112898.1.sa2

Reviewer #3 (Public review):

Summary:

This study provides structural and functional insights into the sterol recognition mechanism
of ABCG5/G8.
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Strengths:

The modeling of ergosterol into the density map is plausible, considering that the protein was
heterologously expressed in yeast, only CHS was added during purification, and MD
simulations rendered CHS binding to this site unlikely. The identified ergosterol-binding site
in the central TMD cavity closely aligns with the location previously observed in a
cholesterol-soaked crystal structure, strongly supporting the notion that this cavity serves as
the primary substrate-transport pocket. Furthermore, mutagenesis of the key Tyr residue
abolishes the ergosterol-specific enhancement of ATPase activity, providing robust functional
support for the structural findings.

Weaknesses:

However, several caveats should be considered when interpreting these results:

First, while local resolution in the TMD region appears sufficient to trace side chains, the
overall resolution of 3.5 Å poses challenges for precisely discerning subtle side-chain
movements or rotamer changes. As the structural comparison with the apo and CRL-bound
forms reveals no major helical shifts-remaining confined to side-chain rearrangements-
caution is warranted when attributing mechanistic significance to these localized variations
without exhaustive functional validation.

Second, a major limitation lies in the mechanistic model proposed by the authors. The
manuscript suggests that the peripheral cholesterol-binding site (CRL) observed exclusively in
previous crystal structures represents an intermediate state of sterol flip-flop. However, the
authors provide no new experimental or computational evidence in this study to substantiate
this hypothesis. Consequently, this model remains speculative and lacks sufficient empirical
backing at this stage.

https://doi.org/10.7554/eLife.112898.1.sa1

Author response:

We thank the editors and reviewers for their careful evaluation of our manuscript and their
constructive comments. We are pleased that the reviewers found the identification of a
sterol-binding cavity in ABCG5/G8, the stronger stimulation of ATPase activity by ergosterol,
and the role of ABCG5Y432 in differential sterol activation to be of interest to the greater
transporter community.

Reviewer #1:

(1) We agree that cholate should be considered, as it was present throughout protein
purification. We acknowledge that at the current resolution, the identity of the bound ligand
cannot be determined unambiguously from the cryo-EM density alone, particularly among
sterol-like molecules of similar size and shape. For this reason, we described the cavity as a
potential sterol-binding site and ergosterol as the most likely ligand and did not rely on the
structure alone to define sterol-protein interactions through this cavity. Here, we combined
ligand fitting, molecular dynamics simulations, site-directed mutagenesis, and in vitro
functional assays to evaluate the role of this cavity in sterol selectivity. In the revision, we will
fit cholate into the density, compare its fit with those of ergosterol, cholesterol, and CHS, and
include MD simulation data for cholate as described for these molecules. Furthermore,
previous studies showed that cholate only contributed to the basal ATPase activity [1, 2], so
we will include ATPase data for the ABCG5Y432F mutant under sterol-free conditions and
compare it with WT under the same conditions, since our assays included cholate.
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(2) In the current manuscript, we discuss how the hydroxyl group of Y432 may provide an
additional interaction capability within the binding cavity. In the revision, we will add a
discussion of the chemical differences between ergosterol and cholesterol, including the
double bond in the B ring and the additional double bond and methyl group in the side chain,
and how these features may favor interactions with the Y432 hydroxyl and aromatic ring.

(3) We agree that the overall fold is similar to previous ABCG5/G8 structures. We want to
clarify that this is the first structural evidence showing a non-cholesterol bound to the central
cavity and its link to sterol-specific activation of the transporter’s catalysis.

(4) The ligand RMSD values were calculated relative to the docked starting poses. Because the
systems underwent equilibration and the first 25 ns of each production simulation were
excluded from analysis, the ligands had already relaxed from their initial poses at the start of
the analyzed trajectories, which explains why the values do not start at zero and differ
among sterols. We will clarify this in the Methods and figure legend in the revision.

(5) We thank the reviewer for this suggestion. The basal activity of WT ABCG5/G8 is currently
shown in Figure 3A. In the revision, we will measure the basal activity of ABCG5Y432F under
the same sterol-free conditions and add both WT and Y432F sterol-free controls to Figure 3B
for direct comparison.

(6) We agree that sterol acts as an activator rather than the directly measured substrate in
this assay. In the revision, we will describe these data (Figure 3D and Table 1) as sterol-
dependent activation curves and report apparent EC50 and maximal activity values in place
of Km and Vmax.

(7) We thank the reviewer for bringing up this important point. In the original submission,
Fig. 2C shows per-residue MMGBSA decomposition as the mean +/- SD of three independent
replicates. We performed a Welch’s t-test for all three pairs with a Benjamini-Hochberg FDR
for all 48 comparisons, the residues which had mentioned were in direction but were not
statistically significant. This remains relevant since our simulations showed that in all
replicates, CHS would move away from the docked site which explains why the standard
deviations for the MMGBSA calculations were so large. We equally re-analyzed each
trajectory from the point where CHS’s RMSD stabilized which equally yielded large SD
binding free energy decomposition, however, no residues passed the BH FDR. For this reason,
we will modify our language within the text to reflect the comparisons between sterol groups
as trends rather than significant differences.

(8) We agree that these side chain differences are small relative to the resolution of the
structures. We will revise the text to describe them more cautiously.

(9) We agree that the proposed role of the surface-exposed site in sterol flip-flop is
speculative. The model is based on the cholesterol molecule observed at the ABCG8 to ABCG5
transmembrane interface in our previous crystal structure (PDB ID: 8CUB) [3]. We discuss this
site as having a possible role in sterol sensing and regulation or in sterol movement between
membrane leaflets, as suggested for other ABC transporters [4]. We acknowledge that neither
role is directly tested in this study. In the revision, we will rephrase this section, clearly
present both possibilities as hypotheses for future investigation, and revise Figure 4B and its
legend to indicate that it represents a proposed model.

(10) AMPPNP and MgCl2 were included to match the conditions under which we previously
obtained a cholesterol-bound structure of ABCG5/G8 [3]. Our aim was to capture the sterol-
bound state of the transporter rather than an ATP hydrolysis or nucleotide-bound closed
state. Consistent with our previous structure, no nucleotide density was observed in the
nucleotide binding sites, and the transporter adopted an inward-facing conformation. We will
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clarify this rationale in the Methods of the revised manuscript and discuss possible role of
nucleotide in this report.

Reviewer #2:

We agree that additional structures and mutants would further strengthen the mechanistic
model, and we will discuss these as directions for future work. We will also expand the
Discussion on the physiological relevance of differential sterol recognition by ABCG5/G8,
including dietary non-cholesterol sterols.

Reviewer #3:

(1) We agree that the observed side chain differences should be interpreted with caution
given the resolution. We will revise the text to avoid attributing mechanistic significance to
these localized variations beyond what is supported by our mutagenesis and functional data.

(2) We agree that the present study does not provide new experimental or computational
evidence that the CRL site represents an intermediate in sterol flip-flop. This model is based
on the cholesterol-bound site observed in our previous crystal structure (PDB ID: 8CUB) [3],
and in the current manuscript we present it as one of two possible roles for this site,
alongside sterol sensing or regulation. In the revision, we will state the basis of the model
more clearly, present both possibilities as hypotheses for future investigation, and revise the
related text and Figure 4B accordingly (see also our response to Reviewer #1, point 9).

We look forward to submitting a revised manuscript that addresses these points.
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