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Cryo-EM structures of Candida albicansCdr1
reveal azole-substrate recognition and
inhibitor blocking mechanisms

Ying Peng 1,4, Yan Lu1,4, Hui Sun 1,4, Jinying Ma 2,4, Xiaomei Li 3,4,
XiaodanHan 1,4, ZhixiongFang1, JunmingTan 1, YingchenQiu1, TingtingQu 1,
Meng Yin 1 & Zhaofeng Yan 1

In Candida albicans, Cdr1 pumps azole drugs out of the cells to reduce intra-
cellular accumulation at detrimental concentrations, leading to azole-drug
resistance. Milbemycin oxime, a veterinary anti-parasitic drug, strongly and
specifically inhibits Cdr1. However, how Cdr1 recognizes and exports azole
drugs, and how milbemycin oxime inhibits Cdr1 remain unclear. Here, we
report three cryo-EM structures of Cdr1 in distinct states: the apo state
(Cdr1Apo), fluconazole-bound state (Cdr1Flu), and milbemycin oxime-inhibited
state (Cdr1Mil). Both the fluconazole substrate and the milbemycin oxime
inhibitor are primarily recognized within the central cavity of Cdr1 through
hydrophobic interactions. The fluconazole is suggested to be exported from
thebinding site into the environment through a lateral pathwaydrivenbyTM2,
TM5, TM8 and TM11. Our findings uncover the inhibitory mechanism of mil-
bemycin oxime, which inhibits Cdr1 through competition, hindering export,
andobstructing substrate entry. Thesediscoveries advance our understanding
of Cdr1-mediated azole resistance in C. albicans and provide the foundation
for the development of innovative antifungal drugs targeting Cdr1 to combat
azole-drug resistance.

Globally, over one billion people suffer from fungal infections, causing
over 1.5 million deaths annually1. Regrettably, fungal diseases are fre-
quently overlooked by public health authorities, resulting in many
avoidabledeaths1. Azole drugs including triazoles and imidazoles, are a
common class of antifungal drugs that disrupt fungal growth by inhi-
biting the production of ergosterol through the inhibition of P450-
dependent lanosterol 14-α-demethylase2. They are widely used as first-
line options for treatment of fungal infections, particularly systemic
fungal infections3. However, prolonged therapeutic use of azole anti-
fungals can lead to drug resistance, restricting treatment options and
causing more deaths4,5.

A key strategy of azole-drug resistance for fungal pathogens is to
reduce intracellular accumulation to non-lethal levels by actively

pumping azole antifungals out of the cells6–9. In C. albicans, the most
commonly encountered fungal pathogen10, efflux pumps, including
ATP-binding cassette (ABC) transporters (Cdr1 and Cdr2) and the
major facilitator superfamily (MFS) transporter Mdr1, are responsible
for azole drug resistance5,11(Fig. 1a). Cdr1 and Cdr2 belong to the
pleiotropic drug resistance (PDR) family, specifically the PDR5
subfamily12,13. They are capable of transporting azole antifungals such
as fluconazole, itraconazole, and ketoconazole, as well as structurally
and functionally unrelated compounds such as rhodamine 6G, terbi-
nafine, and cycloheximide14–18. Despite the high sequence similarity of
92% between Cdr1 and Cdr2, it is Cdr1 that plays a primary role in
determining azole resistance17. Recently, the structures of Cdr1 homo-
logue Pdr5 from non-pathogenic fungus Saccharomyces cerevisiae have
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provided the structural insights into the PDR5 subfamily19. However,
owing to the critical absence of azole-bound structures, themechanism
by which the efflux pump Cdr1 recognizes and exports fluconazole
remains unclear.

Inhibiting the efflux pumps is one principal approach to combat
drug resistance20,21. Several chemicals, such as FK506, enniatin B,
beauvericin, D-octapeptide RC21v3, milbemycins and their oxime
derivatives, have been approved to inhibit the pump activity of Cdr1,
and thereby effectively combat drug resistancewhen combinedwith
the widely used fluconazole21–23. Among them, milbemycin α25
exhibited potent inhibition for both C. albicans Cdr1 and Cdr2,
except for Pdr521. Milbemycin A3/A4 oxime derivatives, an FDA-
approved anti-parasite drug for animals (e.g., dogs and cats), have
strong synergistic effects with fluconazole and reversed azole
resistance in azole-resistant clinical C. albicans isolates23. However,
the inhibitory mechanism of milbemycin oxime for the efflux pump
Cdr1 remains unclear, hindering our ability to develop novel Cdr1
inhibitors.

In this work, we used single-particle cryoelectron microscopy
(cryo-EM) to determine the structures of C. albicans Cdr1 in three
distinct states: the apo state, the fluconazole-bound state, and the
milbemycin oxime-inhibited state, with resolutions of 3.38 Å, 3.30 Å,
and 3.08 Å, respectively. These structures reveal the mechanism
of recognition and exportation of fluconazole, a representative
azole antifungal drug, and elucidate the inhibitory mechanism
of anti-parasite drug milbemycin oxime. This work provides
the basis for comprehending Cdr1-mediated azole resistance in
C. albicans and pioneering the development of innovative antifungal
drugs that target the Cdr1 efflux pump to combat azole-drug
resistance.

Results
Functional characterization and structural determination of C.
albicans Cdr1
The full-length C. albicans Cdr1 was transformed into S. cerevisiaewith
a knockout of Pdr5 (Cdr1 homologue in S. cerevisiae) and the cell
density was observed under different fluconazole concentrations. The
overexpression of Cdr1 in Pdr5-deficient S. cerevisiae significantly
conferred fluconazole resistance, resulting in an IC50 of 56.6 µg/mL
(Fig. 1b). In contrast, the absenceofCdr1made the cellshighly sensitive
to fluconazole, with amuch lower IC50 of 0.31 µg/mL (Fig. 1b). The IC50

of overexpressed Cdr1 was approximately 180 times higher than that
of cells lacking Cdr1, confirming that Cdr1 plays a significant role in
conferring fluconazole resistance (Fig. 1a). Notably, the fluconazole
resistance decreased dramatically in a dose-dependent manner with
milbemycin oxime (Fig. 1c). As the fluconazole concentration
increased from 1 µg/mL to 10 µg/mL, the IC50 of milbemycin oxime
decreased from 0.034 µg/mL to 0.009 µg/mL (Fig. 1c), which is con-
sistent with previous findings that milbemycin oxime exhibits a
synergistic effect with fluconazole23.

To investigate the mechanism of Cdr1-mediated fluconazole
resistance and its inhibition by milbemycin oxime, we next sought to
determine the presentative Cdr1 structures in three distinct
states, including the apo state, the fluconazole-bound state, and the
milbemycin oxime-inhibited state. The purified wild-type Cdr1 in
glyco-diosgenin (GDN) detergent exhibited homogeneity (Supple-
mentary Fig. 1a) and displayed ATPase activity with a Vmax value of
37.13 nmol/min/mg (Supplementary Fig. 1b). Subsequently, the pur-
ified Cdr1 in GDN detergent was incubated with no ligand (apo), the
triazole substrate (fluconazole), or the inhibitor (milbemycin oxime)
before cryo-EM sample preparation. Following standard cryo-EM
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Fig. 1 | Functional and cryo-EM studies of C. albicans Cdr1. a A schematic dia-
gramof effluxpumps inC. albicans. Cdr1, Cdr2 andMdr1 can expel azole antifungal
drugs.Milbemycin inhibits Cdr1 andCdr2 efflux activity. The green arrows indicate
the direction of azole drug efflux. b Fluconazole-sensitivity assay by measuring
OD600nm under different fluconazole concentrations. The IC50 value for the empty
vector is 0.31 µg/mL (left figure), while Cdr1 overexpression raises the IC50 value to
56.6 µg/mL (right figure). Data are presented as mean values ± SD; n = 3 indepen-
dent experiments. cMilbemycin oxime-sensitivity assaymeasuringOD600nm under

different milbemycin oxime concentrations, with fluconazole concentrations of
0 µg/mL, 1 µg/mL, and 10 µg/mL. The IC50 values for 1 µg/mL and 10 µg/mL fluco-
nazole are0.034 µg/mLand0.009 µg/mL, respectively. Data are presented asmean
values ± SD; n = 3 independent experiments. dOverall structures of Cdr1Apo, Cdr1Flu

and Cdr1Mil. TMD1 and NBD1 are depicted in sky-blue, while TMD2 and NBD2 are in
orange. PIP2, fluconazole, and milbemycin oxime are colored by yellow, red, and
green, respectively. The green shading represents plasma membrane region.
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sample preparation and data processing procedures, we recon-
structed cryo-EMmaps for the apo state, the fluconazole-bound state,
and the milbemycin oxime-inhibited state to an overall resolution of
3.38 Å, 3.30Å, and 3.08Å (Supplementary Figs. 1–4), respectively. For
simplicity, the three structures were referred as Cdr1Apo, Cdr1Flu and
Cdr1Mil (Apo for apo state, Flu for fluconazole, and Mil for milbemycin
oxime) (Fig. 1d).

The three cryo-EMmap densities exhibit high quality, enabling us
to de novo build models for most regions in different states (Supple-
mentary Figs. 1–5). In comparison to Cdr1Apo, both Cdr1Flu and Cdr1Mil

present additional densities with high quality within the central cavity,
corresponding well to fluconazole and milbemycin oxime A4 (Sup-
plementary Fig. 5d, e), respectively. Furthermore, we observed a
strong phospholipid-like density, consistent with a PIP2 molecule, in
the exoplasmic membrane leaflet (Supplementary Fig. 6). This lipid-
like density was not observed in Pdr519. Interestingly, quadruple
mutation R624A/H706A/N758A/K761A did not significantly alter the
OD600nm value (Supplementary Fig. 6d–f), suggesting that this lipid-
like molecule might not be critical for fluconazole resistance. Cdr1Apo

exhibits a significant structural similarity to Pdr5Apo, with a root-mean-
square deviation of 0.814 Å (Supplementary Fig. 7a). In this work, our
primary focus is to address two critical, as-yet-unsolved questions in
the field: the mechanism of recognition and exportation of repre-
sentative azole-substratefluconazole, and the inhibitorymechanismof
anti-parasite drug milbemycin oxime for the efflux pump Cdr1.

Specific recognition of fluconazole by Cdr1
To ensure the accurate identification of the fluconazole density, the
protein sample for Cdr1Flu remained identical to that of Cdr1Apo,
obtained from the same purification batch, except for the addition of
the fluconazole ligand for Cdr1Flu. In the Cdr1Flu map, a distinctive

shamrock-shaped density was identified and precisely matched with a
fluconazole molecule (Supplementary Fig. 7b). In contrast, no corre-
spondingdensitywas observed at the sameposition in theCdr1Apomap
(Supplementary Fig. 7b). In the Cdr1Flu structure, transmembrane
domain 1 and 2 (TMD1 and TMD2) enclose a cavity that opens toward
the intracellular side, a conformation referred to as the inward-open
state (Fig. 2a, b). Fluconazole, a member of the triazole family, binds at
the top of this cavity, surrounded by TM1, TM2, TM5 of TMD1, and
TM8, TM11 of TMD2 (Fig. 2b). This binding position is consistent with
alanine scanning mutagenesis in these helices, particularly in TM2,
which has been shown to increase susceptibility to azole drugs24.
Notably, the binding position of fluconazole in Cdr1Flu differs from that
of the dye molecule rhodamine 6G (R6G) in Pdr519, where R6G is
positioned beneath fluconazole (Supplementary Fig. 7c).

The shamrock-shapedfluconazole ismainly surroundedby a large
number of hydrophobic residues, forming a hydrophobic cavity
(Fig. 2a, c). This hydrophobic cavity comprises Met525 and Leu529
from TM1, Phe551, Phe552, Leu555, Phe556, Phe559 from TM2, Leu665
and Val668 from TM5, Phe1233, Met1234, Ile1237 from TM8, and
Thr1351, Phe1354, and Leu1358 fromTM11 (Fig. 2c). In addition to these
hydrophobic interactions, Asn1240 of TM8 and Thr1355 of TM11 con-
tribute to three pairs of hydrogen bonds with one of 1,2,4-triazol-1-yl
group, while Asn1359 of TM11 forms van derWaals interaction with the
other 1,2,4-triazol-1-yl group (Fig. 2c). Single mutations within the
cavity exhibit varying effects on fluconazole sensitivity and resistance.
For instance, single mutations such as L529A, F551A, F552A, L555A,
F559A, V668A, L1358A, and N1359A result in significant sensitivity to
fluconazole (Fig. 2d). F1233A and F1354A decrease fluconazole resis-
tance, while M525A, F556A, L665A, M1234A, I1237A, N1240A, T1351A,
and T1355A maintain resistance under our experimental conditions
(Fig. 2d). Notably, double mutations M1234A/I1237A, N1240A/T1351A
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Fig. 2 | Fluconazole recognition by TMDs of Cdr1. a Sectional view displaying the
electrostatic surface of Cdr1Flu. Red-colored fluconazole resides at the top of the
hydrophobic central cavity. b Side (left figure) and bottom (right figure) views of
Cdr1Flu. Fluconazole is surrounded by TM1b, TM2a and TM5a from TMD1(sky-blue),
TM8 and TM11a from TMD2 (orange). c Coordination of fluconazole by TMDs of
Cdr1Flu. Residues from TMD1 are colored by sky-blue, while those from TMD2 are

colored by orange. Magenta dashes indicate hydrogen bonds. d Relative OD600nm

values for wild type and mutants under a 10 µg/mL fluconazole concentration. The
y-axis represents the relative OD600nm values as a percentage of the control (no
drug). Three independent experiments were conducted for both wild type and
mutants. Data are presented as mean values ± SD; n = 3 independent experiments.
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and N1240A/T1355A lead to pronounced sensitivity to flucona-
zole (Fig. 2d).

To investigate whether drug sensitivity is influenced by protein
expression levels, we conducted western blot analysis on various Cdr1
mutants (Supplementary Fig. 7e). The results showed that most of
these mutations exhibited expression levels similar to the wild type,
except for the N1240A/T1351A mutant (Supplementary Fig. 7e). This
N1240A/T1351A double mutation resulted in nearly undetectable
expression (Supplementary Fig. 7e), which likely contributes to its
heightened drug sensitivity. We also assessed the ATP hydrolysis
activity of mutants that exhibited decreased resistance to fluconazole
(Supplementary Fig. 7f). Our study revealed that group 1 mutants
(F551A, F552A, L555A, F559A, V668A, F1233A, F1354A, L1358A, M1234A/
I1237A, and N1240A/T1355A) displayed decreased ATP hydrolysis
activity (Supplementary Fig. 7f). In contrast, group 2 mutants (L529A
and N1359A) did not show this reduction (Supplementary Fig. 7f). For
group 1 mutants, the decrease in drug resistance may be attributed to
impaired fluconazole recognition as well as reduced ATP hydrolysis
activity. Conversely, for group 2 mutants, the decrease in drug resis-
tance appears to beprimarily due to impaired fluconazole recognition.

In addition to fluconazole, Cdr1 also transports other types of
azole drugs, including short-tail azoles (such as miconazole and vor-
iconazole) and long-tail azoles (such as ketoconazole and
itraconazole)14,22,25. These azole drugs are hydrophobic in nature and
have limited water solubility, making them compatible with the
hydrophobic central cavity of Cdr1. When we docked these repre-
sentative azoles into our fluconazole-bound Cdr1 map, we observed
that voriconazole fit well, while miconazole and ketoconazole had
minor clashes (Supplementary Fig. 8). In contrast, itraconazole
exhibited severe steric hindrance due to its long-tail structure (Sup-
plementary Fig. 8). This suggests that the recognition position of
itraconazole differs from that of fluconazole, likely to accommodate
the steric clash. Thus, we conclude that Cdr1 primarily recognizes
azole drugs through hydrophobic interactions, and various azole
drugs likely have specific recognition positions that match their indi-
vidual structures.

Structural comparisonoffluconazole-boundCdr1 and vanadate-
trapped Pdr5
The previously reported structure of vanadate-trapped Pdr5 (Pdr5AOV)
adopts an outward-facing conformation, facilitating the release of the
substrate19. The high structural and functional similarities between
Cdr1 and Pdr5 suggest that the Pdr5AOV is a reliable representative of
the outward-facing state of Cdr1. Structural alignment between Cdr1Flu

and Pdr5AOV reveals that the two nucleotide-binding domains (NBDs) in
Pdr5AOV come closer together upon binding ATP/ADP-Vi, thereby pro-
moting an outward conformational change in their transmembrane
domains (TMDs) (Fig. 3a). TM1b and TM11a draw closer and seal the
substrate entry channel, thereby preventing the reverse passage of
fluconazole into the inner membrane leaflet (Fig. 3b and Supplemen-
tary Fig. 9a). Similarly, the lower sections of TM1b, TM2b, TM8, and
TM11 shift inward, thus obstructing the retrograde movement of flu-
conazole into the cytoplasm (Fig. 3c and Supplementary Fig. 9b).

Next, we carefully examined conformational changes within the
vicinity of the fluconazole binding region. In the outward-facing con-
formation, the fluconazole binding cavity ceases to exist, as some
residues that originally interacted with fluconazole in the inward-
facing structure move inward (Fig. 3d and Supplementary Fig. 9c, d).
Phe556, Phe559, Asn1240 and Thr1355 cause steric clash with fluco-
nazole in outward-facing conformation (Fig. 3d). TM2, TM5, TM8, and
TM11undergo an inwardmovementwithin thefluconazole binding site
(Fig. 3e), leading to the extrusion of fluconazole. In particular, TM2
undergoes a significant shift (Fig. 3d, e). Phe552 in TM2 remains at the
top of fluconazole, thereby impeding the translocation pathway along
the axis between TM2 and TM11 (Fig. 3d–f). However, the upper

regions of TM2a, TM5a, and TM8 move outward, while that of TM11
shifts inward (Fig. 3f), collectively forming an exit channel that enables
the release of fluconazole into the environment via a side path-
way (Fig. 3g).

Specific recognition of milbemycin oxime by Cdr1
In the Cdr1Mil map, a strong density that was not observed in theCdr1Apo

map, was founded in the central cavity, which corresponded to the
milbemycin oxime molecule (Fig. 4a and Supplementary Fig. 7d). The
excellent density for milbemycin oxime enabled unambiguous
assignment of the compound (Supplementary Figs. 5e and 7d). Like
fluconazole, milbemycin oxime is also accommodated within the cen-
tral cavity surrounded by TM1, TM2, TM5 of TMD1, and TM8, TM11 of
TMD2 (Fig. 4a, b). Unlike fluconazole, which adheres to the top of the
cavity, milbemycin oxime occupies the entire cavity (Figs. 2a and 4a).

Milbemycin oxime, belonging to the 16-membered ringmacrolide
family, exhibits strong hydrophobic characteristics with poor water
solubility. Consistent with this property, in the structure of Cdr1Mil,
milbemycin oxime is primarily coordinated by a large number of
hydrophobic residues fromTM1, TM2, TM5, TM8and TM11 (Fig. 4b, c).
In addition to hydrophobic interactions, milbemycin oxime forms
hydrogen bonds with the carbonyl oxygens of residues Thr661, as well
as the side chains of Thr661 and Asn1240 (Fig. 4c). It is reported that
the mutants of G521R in TM1 and T1355N in TM11 which are located in
the central cavity, exhibited milbemycin resistance26. In our Cdr1Mil

model, the G521R mutation could cause steric clashes, preventing
milbemycin oxime from binding to the cavity, while the T1355N
mutation could lead to conflicts between the hydrophilic side chain of
asparagine and the hydrophobic backbone of milbemycin oxime
(Supplementary Fig. 10a, b). Despite the high structural and functional
similarities between Cdr1 and Pdr5, milbemycin oxime, much like
milbemycin α2521, selectively inhibits Cdr1 rather than Pdr5 (Supple-
mentary Fig. 10c). Structural comparison between Cdr1 and Pdr5
reveals that TM5a of Pdr5 moves toward the central cavity, causing
steric clashes with milbemycin oxime (Supplementary Fig. 10d).
Additionally, the side chain of Phe566 in Pdr5 is also involved in steric
clash with milbemycin oxime (Supplementary Fig. 10d). These may
explain why milbemycin oxime selectively inhibits Cdr1 instead
of Pdr5.

Although the overall architecture of Cdr1Mil is similar to that of
Cdr1Apo, with an RMSD of 0.511 Å over Cα atoms, conformational
changes in local regions between Cdr1Mil and Cdr1Apo are evident
(Fig. 4d and Supplementary Fig. 10e–g). The bottom region of TM1b
moves toward the central cavity due to the attraction of milbemycin
oxime (Fig. 4d). Compared toCdr1Apo, Phe517 of Cdr1Mil moves closer to
the spiroketal group with an ethyl substituent of milbemycin oxime,
mainly mediated by hydrophobic interactions (Fig. 4d). This may
explain the conformational changes in the bottom regionof TM1b. The
movement of TM1b induces nearly rigid movement in TM1a and the
associated NBD1 (Fig. 4d and Supplementary Fig. 10e–g). Other than
these regions, the rest parts remain almost unchanged between Cdr1Mil

and Cdr1Apo (Supplementary Fig. 10e).

Inhibitory mechanism of milbemycin oxime
Structural comparison of Cdr1Mil and Cdr1Flu sheds light on our
understanding of the inhibitory mechanism of milbemycin oxime for
Cdr1. Milbemycin oxime partially overlaps with fluconazole, resulting
in a steric clash between the two compounds (Fig. 5a). This incom-
patibility between milbemycin oxime and fluconazolemay explain the
inhibitory effect of milbemycin oxime, to some extent. Additionally,
structural alignment of Cdr1Mil and Pdr5R6G also reveals a steric clash
between milbemycin oxime and R6G (Fig. 5b). Given the substantial
and expansive size of milbemycin oxime, which completely occupies
the central cavity, it has the potential to act as a broad-spectrum
inhibitor for Cdr1.
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If milbemycin oxime acts solely as a competitor of fluconazole
within the central cavity, it might be exported by Cdr1 as a substrate
and, thus, may not exhibit potent inhibition23 (Fig. 1c). This suggests
that milbemycin oxime may hinder exportation. Indeed, the ATPase
activity assay revealed thatmilbemycin oxime inhibitedATPhydrolysis
to 25.7% (Fig. 5c), indicating its potential to hinder the outward con-
formation required for exportation. As mentioned earlier, milbemycin
oxime engages in numerous hydrophobic interactions with the resi-
dues in the central cavity surrounded by two TMDs of Cdr1, which
suggests that milbemycin oxime may act as molecular glue to con-
strain conformational changes even after ATP binding. In contrast,
ATPase activity decreases slightly upon the addition of fluconazole
(Fig. 5c), which is consistent with the lack of the substantial con-
formational change following fluconazole binding (Supplementary
Fig. 7a). Remarkably, in the presence of a mixture of fluconazole and
milbemycin oxime, ATP hydrolysis decreases to 34.1%, slightly higher

than that observed with milbemycin oxime alone (Fig. 5c). This
suggests that milbemycin oxime exhibits a higher binding affinity to
the central cavity compared to fluconazole. Indeed, the microscale
thermophoresis (MST) assay showed that milbemycin oxime bound
more strongly to Cdr1 than fluconazole, with dissociation constants
(Kd) of 147 nM and 61.4 µM (Supplementary Fig. 11), respectively.
Consequently, milbemycin oxime competes with substrate binding
and inhibits the transport activity of Cdr1 by blocking ATP hydrolysis.

Like Pdr5, Cdr1Flu adopts an inward-facing conformation with the
substrate entry channel opened towards the cytoplasm and inner
leaflet of the membrane (Figs. 2a, 5d)19. Despite the apparent narrow-
ness of the entrance region, it displays a certain degree of flexibility, as
evidencedby theB factor analysis (Fig. 5d), whichenables substrates of
certain sizes to have the potential to pass through the channel. In
contrast, when milbemycin oxime is introduced, conformational
changes occur, leading to the closure of both the cytoplasmic and
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inner-leaflet entrances (Fig. 5e). Moreover, the entrance region of
Cdr1Mil appears to be relatively rigid, as suggested by the B factor
analysis (Fig. 5e). Consequently, milbemycin oxime effectively hinders
substrates from entering the central cavity, thereby serving as another
mechanism of inhibiting Cdr1. In summary, milbemycin oxime inhibits
Cdr1 through a multifaceted mechanism involving competition, hin-
drance of exportation, and obstruction of substrate entry.

Discussion
In C. albicans, Cdr1 acts as an efflux pump to effectively remove azole
compounds from fungal cells. This prevents their accumulation to
harmful levels, ultimately leading to azole-drug resistance. Despite the
molecular cloning of C. albicansCdr1 dating back to 199527, the precise
mechanism underlying how this efflux pump recognizes and trans-
ports azole drugs have remained elusive for nearly three decades. In
this work, we have successfully determined the structural details of
fluconazole-bound Cdr1. Complemented by structural, biochemical
and functional analyses, our study provides a comprehensive under-
standing of how Cdr1 recognizes and transports fluconazole, a repre-
sentative short-tail azole drug. This work shed lights on a 30-year-old
puzzle regarding how Pdr5 subfamily (including Cdr1) mediates azole
resistance.

Considering the limited availability of antifungal drugs to treat
multi-drug resistant fungal infections, understanding the inhibitory
mechanism for Cdr1 is crucial for the development of novel Cdr1
inhibitors aimed at addressing drug resistance. In this work, we report
the high-resolution structure of milbemycin oxime-inhibited Cdr1,
providing insight into Cdr1’s interaction with an inhibitor. Our findings
suggest that milbemycin oxime inhibits Cdr1 through three distinct

mechanisms: competitive binding with fluconazole, inhibition of
ATPase activity, and closure of the entry channel. Furthermore, the
structural insights gained from the milbemycin oxime-inhibited Cdr1
may offer valuable clues regarding the inhibitorymechanisms of other
macrolide inhibitors, such as FK506, enniatin B, and beauvericin21–23.
These findings open up new possibilities for the development of
effective inhibitors targetingCdr1, ultimately aiding in the fight against
azole-drug-resistant fungal infections.

The structural and functional results mentioned above imply a
model of fluconazole recognition, exportation and inhibition by mil-
bemycin oxime (Fig. 6). In its resting state, Cdr1 maintains an inward-
open conformation, allowing the entry of hydrophilic substrates from
the cytoplasm or hydrophobic substrates from the inner membrane
leaflet. As fluconazole enters the hydrophobic cavity, ATP molecules
act as molecular glue to promote the dimerization of the two NBDs.
This dimerization of two NBDs subsequently triggers outward con-
formational changes in the two TMDs, which, in turn, facilitate the
expulsion of fluconazole. Following the hydrolysis of the nucleotide in
NBD2, the transporter reverts back to its inward-facing conformation,
initiating the next cycle of substrate transport. Milbemycin oxime,
upon entering the hydrophobic cavity, induces a conformational
change that closes the entrances. It competes for binding at the central
hydrophobic cavity, obstructing fluconazole and other substrates
from entering this central region. Additionally, the closure of the
entrances effectively blocks the entry of fluconazole and other sub-
strates into this central region. Furthermore,milbemycin oxime acts as
a molecular glue to lock the two TMDs, thereby inhibiting ATPase
activity andpreventing the transportation process. Themechanismsof
Cdr1-mediated fluconazole resistance and its inhibition bymilbemycin
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oxime that we have revealed here will serve as a catalyst for future
investigations to combat antifungal drug resistance.

Methods
Cloning, expression and purification
The Cdr1 gene was amplified from the genome of C. albicans SC5314
strain and then cloned into the p416GAL1 vector using ClonExpress
Ultra One Step Cloning Kit (Vazyme Biotech), incorporating a
C-terminal tandem twinstrep II and flag tag. This same method was
employed to generate all Cdr1 variants. Cdr1 was transformed into S.
cerevisiae INVSc1 strain by the lithium acetate method28. Yeast cells
were initially cultured in synthetic uracil-dropout medium (SD-Ura,
Coolaber) at 30°C, with agitation at 200 rpm, for 24 h. Subsequently,
they were added into YPG medium (containing 1% Yeast, 2% Peptone,
and 2% D-Galactose) for an additional 24 h to induce protein over-
expression. Yeast cells were harvested and suspended in a buffer
consisting of 25mM Tris-HCl at pH 8.0, 150mM NaCl with protease
inhibitors, and then disrupted for six rounds by cell disruptor (nano-
1500, ATS). The cell debris was removed by low-speed centrifugation
(4000g) for 10min. After centrifugation at 58000g for 1 h, the

membranes were collected and solubilized by 1% n-dodecyl-α-d-mal-
toside (DDM, Anatrace) and 0.2% cholesteryl hemisuccinate Tris salt
(CHS, Anatrace) for 1.5 h at 4 °C. Insoluble materials were removed by
centrifugation at 58000g for 1 h and the detergent solubilized
supernatant was then applied to Strep-Tactin resin (IBA). The resin was
washedwith buffer containing 25mMTris-HCl at pH8.0, 150mMNaCl,
0.02% glyco-diosgenin (GDN, Anatrace) and eluted with buffer con-
taining 25mM Tris-HCl at pH 8.0, 150mM NaCl, 0.02% GDN, 2.5mM
desthiobiotin. The eluted protein was concentrated and subjected to
further purification through size-exclusion chromatography (Super-
ose 6 10/300 GL Increased, Cytiva). The peak fractions were analyzed
by 15% SDS-PAGE. The purified sample was concentrated and stored at
−80 °C for future use.

Cryo-EM sample preparation and data collection
The Cdr1 protein sample, at a concentration of about 24mg/mL, was
mixed with either 10mM fluconazole or 200μM milbemycin oxime
and incubated on ice for 30min. Aliquots of 3.5μL of the sample were
applied to a glow-discharged holey carbon grid (R1.2/1.3, 400 mesh,
Quantifoil), and then incubated for 30 s and subsequently blotted for
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Fig. 5 | Inhibitorymechanismofmilbemycin oxime. aOverlapped binding poses
of milbemycin oxime and fluconazole. Steric clash explains their competition for
binding to Cdr1. Fluconazole, andmilbemycin oxime are colored by red and green,
respectively. b Overlapped binding poses of milbemycin oxime in Cdr1Mil and R6G
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milbemycin oxime (Mil) or fluconazole with milbemycin oxime (Flu+Mil). The
concentrations of fluconazole and/or milbemycin oxime were ten times greater

than that of the purified Cdr1. These drugs are dissolved in DMSO. Data are pre-
sented asmean values ± SD;n = 3 independent experiments. Stability analysis of the
cytoplasmic and inner-leaflet entrances of Cdr1Flu (d) and Cdr1Mil (e). The left panels
in both figures are shown by B-factor analysis. Higher B-factors are depicted in red,
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panels. The orange arrows indicate the substrate entrance channel.
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4 s at 8 °C and 100% humidity. The grids were subsequently plunge-
frozen in liquid ethane cooled by liquid nitrogen using FEI Vitrobot
Mark IV, and then loaded into an FEI Titan Krios electron microscope
operated at 300 kV. All images were recorded using a K3 direct elec-
tron detector (Gatan) at a nominal magnification of 105000x (physical
pixel size: 0.837 Å/pixel) using AutoEMation software29 for Cdr1Apo and
Cdr1Flu or 81000x (physical pixel size: 1.088 Å/pixel) using EPU soft-
ware for Cdr1mil. For Cdr1Apo and Cdr1Flu, all micrographs were dose-
fractionated to 32 frames with a total exposure time of 2.56 s and total
dose of 50 e/Å2. For Cdr1Mil, all micrographs were dose-fractionated to
32 frameswith a total exposure timeof 3.2 s and total dose of 55 e/Å2. A
defocus range of −1.5 to −2.1 µm was used for all micrographs.

Cryo-EM image processing
For the Cdr1Flu dataset, beam-induced motion of 2007 movies were
corrected byMotionCor230. Defocus parameters were estimated using
CTFFIND431. A total of 2,382,785 autopicked particles underwent
multiple rounds of 2D and 3D classification within RELION32 to create a
high-quality 3D reference. The original particles were divided into four
datasets, and for each dataset, 3D classification was performed using
the previously reconstructed 3D reference. The best class from each
dataset was selected and merged, resulting in a total of 723,501

particles. Following 3D classification, 3D refinement, CTF refinement,
and post-processing, a high-quality map was reconstructed at a reso-
lution of 3.30Å, based on the ‘gold standard’ Fourier shell correlation
(FSC) = 0.143. Local-resolution estimations were performed by
ResMap33.

For the data processing of Cdr1Apo and Cdr1Mil, 3950 and 3985
dosed-weighted micrographs were imported into cryoSPARC34 to
determine CTF parameters through patch-CTF. Initial particles were
picked based on the template from Cdr1Flu. Three rounds of 2D clas-
sification were performed to select good particles for ab-initio recon-
struction, resulting in 690,501 and 652,297 particles for Cdr1Apo and
Cdr1Mil, respectively. An initial map with distinct features was gener-
ated and served as a reference for subsequent heterogeneous refine-
ment, leaving 206,300 and 329,525 particles for Cdr1Apo and Cdr1Mil,
respectively. After applying non-uniform refinement, CTF refinement
and local refinement, we eventually obtained the cryo-EM maps of
Cdr1Apo and Cdr1Mil at resolutions of 3.38 Å and 3.08 Å, respectively,
based on the ‘gold standard’ Fourier shell correlation (FSC) = 0.143.

Model building
TheCdr1model, as predictedbyAlphafold35, andfluconazolemolecule
were fitted into Cdr1Flu cryo-EM map in Chimera36 and adjusted
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cavity, induces a conformational change that closes the entrances (purple arrow). It
competes for binding at the central hydrophobic cavity, obstructing fluconazole.
Additionally, the closure of the entrances effectivelyblocks the entryoffluconazole
into this region (blocked dash purple arrow). Furthermore, milbemycin oxime acts
as a molecular glue, locking the two TMDs, inhibiting ATPase activity, and pre-
venting the transportation process.
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manually by Coot37 based on the density. The resulting model then
underwent real space refinement in Phenix38. For the Cdr1Apo and
Cdr1Mil, the models were built in Coot using Cdr1Flu structure as the
initial model and refined in real space by Phenix. The restraints files of
milbemycin oxime and PIP2 were generated by AceDRG39 in CCP4 and
eLBOW40 in Phenix. The geometries of all models were evaluated by
MolProbity41. Cryo-EM data collection, refinement and validation sta-
tistics are presented in Supplementary Table 1.

Drug-sensitivity assay
Pdr5 in S. cerevisiae BY4741 strain was knocked out using
LEU2 selection marker. Cdr1 wild-type and mutants were constructed
using p416GAL1 plasmid and subsequently transformed into the
ΔPdr5 strain. The yeast cells were initially inoculated in fresh SC-Ura
mediumwith 2% glucose for 24 h and then resuspended at anOD600nm

value of 0.01 in fresh SC-Ura medium with 2% galactose and varying
drug concentrations. Drug susceptibility was assessed by measuring
the OD600nm after culturing at 30°C for 48 h. Each result was analyzed
using GraphPad Prism 8.0 software.

ATP activity assay
ATPase activity was assessed by measuring the release of inorganic
phosphate (Pi) according to the Malachite Green Phosphate Detection
Kit (Beyotime Biotechnology, China). Briefly, 4μM of fluconazole or
milbemycin oxime were incubated with 0.4μM of purified Cdr1 in ice
for 30min. Reactions were carried out at 37 °C for 30min in a 50-μL
system containing 50mMHEPES 7.4, 150mMNaCl, 0.02% GDN, 2mM
ATP/MgCl2. For various Cdr1 mutants with deceased drug sensitivity,
1.0μMof purified Cdr1mutants were incubated with 2mMATP/MgCl2
at 37 °C for 30min in a 50-μL systemcontaining 50mMHEPES (pH7.4),
150mM NaCl, and 0.02% GDN. The reaction mixture was then diluted
with 50μL of ddH2O before adding 35μL of chromogenic reagent and
stopped by adding 10μL citric acid. The mixture was incubated for an
additional 20min at room temperature. Eachdata point wasmeasured
at 630nm by BioTek Synergy H1 microplate reader. The data were
subsequently analyzed using GraphPad Prism 8.0 software.

Western blotting analysis
Cdr1 wild-type and mutants were transformed into the S. cerevisiae
BY4741 ΔPdr5 strain and induced with 2% galactose. The cells were
normalized based on OD600nm, then disrupted and extracted using 1%
DDM and 0.2% CHS for 2 h at 4 °C. The samples were loaded onto the
8% SDS-PAGE gels. After electrophoresis, the separated proteins were
transferred onto a PVDFmembrane. Themembrane was blocked in 5%
skimmed milk at 4 °C overnight and then incubated with an anti-Flag
mouse monoclonal antibody (Abmart, catalog number M20008,
5000-fold dilution) for 1 h at room temperature. After three washes
with TBST buffer (25mMTris at pH 7.5, 150mMNaCl, and 0.1% Tween
20), the membrane was incubated with a goat anti-mouse secondary
antibody (Abmart, catalog numberM21001, 5000-fold dilution) for 1 h
at room temperature. Following additional washes with TBST buffer
and a final wash with TBS buffer (25mM Tris at pH 7.5, and 150mM
NaCl), the membrane was detected using a ChemiDoc MP (Bio-Rad)
with the enhanced chemiluminescence method.

Microscale thermophoresis (MST)
Cdr1 fused with EGFP at the C-terminus was purified in phosphate-
buffered saline (PBS) with 0.02% DDM. The binding affinity of Cdr1
with fluconazole was assessed by incubating 50 nM Cdr1 with fluco-
nazole at 16 different concentrations, ranging from 1mM to
0.0000305mM, in PBS buffer with 0.02% DDM for 20min at 25 °C.
Similarly, the binding affinity of Cdr1 with milbemycin oxime was
assessed by incubating 100nM Cdr1 with milbemycin oxime at 16
different concentrations, ranging from 10 µM to 0.000305 µM, in PBS
buffer with 0.02% DDM for 20min at 25 °C. Samples were loaded into

capillaries, and MST analyses were conducted using a Monolith NT.115
(Nano-Temper Technologies GmbH) at 25 °C with 40% LED power and
40% MST power. Each assay was repeated three times, and Kd values
were calculated using MO. Affinity Analysis v.2.3 software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Density maps of the Cdr1Apo, Cdr1Flu and Cdr1Mil are available through
the EMDBwith entry codes EMD-60908, EMD-60909 and EMD-60910,
respectively. Models of the Cdr1Apo, Cdr1Flu and Cdr1Mil are deposited in
the Protein Data Bank (PDB) with entry codes 9IUK, 9IUL and 9IUM,
respectively. Previously reportedPdr5 structures used in this study are:
7P03, 7P05, and 7P06. Sequences of mutagenesis primers in this study
are included in Supplementary Data 1. Source data are provided with
this paper.
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