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The plant aluminum (Al)-activated malate transporter ALMT1 mediates the efflux of malate to chelate the Al in acidic soils and
underlies the plant Al resistance. Here we present cryo-electron microscopy (cryo-EM) structures of Arabidopsis thaliana ALMT1
(AtALMT1) in the apo, malate-bound, and Al-bound states at neutral and/or acidic pH at up to 3.0 A resolution. The AtALMT1 dimer
assembles an anion channel and each subunit contains six transmembrane helices (TMs) and six cytosolic a-helices. Two pairs of
Arg residues are located in the center of the channel pore and contribute to malate recognition. Al binds at the extracellular side of
AtALMT1 and induces conformational changes of the TM1-2 loop and the TM5-6 loop, resulting in the opening of the extracellular
gate. These structures, along with electrophysiological measurements, molecular dynamic simulations, and mutagenesis study in
Arabidopsis, elucidate the structural basis for Al-activated malate transport by ALMT1.
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INTRODUCTION

About 40%-50% of the potentially arable lands in the world are
covered with acidic soils, where aluminum (Al) toxicity is a major
limitation for crop growth.! Al ions are solubilized at pH below 5
and damage crops by inhibiting root growth and consequently
impairing the uptake of water and nutrients.? To overcome Al
toxicity, plants have developed various Al-resistance strategies,3
with the secretion of organic acids from root apices being
considered as the predominant means.**> The malate, citrate, and
oxalate are released into the soil to chelate the Al ions, thus
preventing Al uptake into root cells>* The gene Aluminum-
activated Malate Transporter (ALMT1), which was first cloned from
an Al-resistant wheat (Triticum aestivum) line, encodes an anion
channel (TaALMT1) that is responsible for the Al-activated malate
extrusion from root tips.® Soon, ALMT1 from other plant species
such as Arabidopsis thaliana (AtALMT1), Brassica napus (BnALMT1),
Glycine max (GmALMT1), and Secale cereal (SCALMT1) were also
identified as Al-activated malate-permeable channels, suggesting
a general Al-resistance mechanism.”™"

The Arabidopsis thaliana ALMT family contains 14 members
(Supplementary information, Fig. S1),'' among which only
AtALMT1 is involved in Al resistance. Al enhances the malate
extrusion by AtALMT1 in two ways. First, it directly interacts with
AtALMT1 and induces conformational changes that lead to the

increase of transport activity within minutes.”'? Second, Al up-
regulates AtALMT1 expression, via both transcriptional activators
(e.g., STOP1) and repressor (e.g., WRKY46).">"* Because of ALMT1’s
essential role in Al resistance, efforts have been made to reveal the
molecular basis for the Al activation by electrophysiological,
structural, and phylogenetic analyses;>'>'® however, the Al
binding site and its activation mechanism remain largely unknown.

In addition, the ALMT family has been shown to play important
roles in the regulation of anion homeostasis,'”'® stomatal aper-
ture,'®™* fruit qualisy,24 grain filling,*> and y-aminobutyric acid
(GABA) signaling.?®?” For example, in guard cells AtALMT6 and
AtALMT9 are localized on the tonoplast and conduct the malate and
chloride currents,'®?%?? respectively, whereas AtALMT12 on the
plasma membrane mediates the efflux of malate.?’** The three
ALMTs participate in the regulation of stomatal opening and closure
by adjusting guard cell volume."" The ALMT family members share
conserved primary sequences (Supplementary information, Fig. S1),
implicating similar architectures of anion channels. At present, no
structure of ALMT family members has been reported, and our
understanding of their overall architecture and structural basis for
anion selectivity is limited.

To reveal the structures and Al-activated malate transport
mechanisms of ALMT1, we have performed comprehensive
structural and functional studies of AtALMT1. We have captured
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Table 1. Summary of the AtATLM1 structures reported in the study.
Structure Ligand pH
ALMT1 apo/pH5 apo 5
ALMT1 apo/pH7.5 apo 7.5
ALMT1 malate/pH7.5 malate 7.5
ALMT1 ayphis Al 5
ALMT 1 ys0a/Al/pHS Al 5
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The overall structure of ALMT1,,,/0ns- @ 3D reconstruction and carton representations of the AtALMT1 anion channel with each

subunit individually colored. Numbers indicate transmembrane helices. b Structure of one subunit in the same orientation as the green-
colored subunit in a. ¢ Schematic representation of the domain arrangement in one AtALMT1 subunit. Domains are individually colored in b
and c. d The internal structural repeat relating TM1-3 and TM4-6 by a pseudo-two-fold axis parallel to the membrane. TM4-6 is aligned to

TM1-3 by a rotation of about 170°.

AtALMT1 structures in the apo, malate-bound, and Al-bound
states. These studies present structures of a new anion channel,
demonstrate the structural basis for malate transport, and
decipher the Al activation mechanism.

RESULTS

Functional characterization of AtALMT1 in HEK293 cells

To investigate the electrophysiological properties of AtALMT1, we
expressed AtALMT1 in HEK293 cells and measured channel
activity by whole-cell patch clamping. In this setting, the pipette
solution contains malate at pH 7.4 and the bath solution includes
Al ions at pH 4.5. As previously shown, AtALMT1 exhibited basal
activity in the absence of Al (Supplementary information, Fig. S2a).”
Extracellular Al increased the inward current density in a dose-
dependent manner, with a half-maximal value (ECsy) of 98.17 +
3.53 uM (Supplementary information, Fig. S2a). No similar current
was recorded in the cells transfected with the empty vector in the
presence of Al (Supplementary information, Fig. S2a). Therefore,
the recombinant AtALMT1 expressed in HEK293 cells forms a
malate-conducting channel stimulated by extracellular Al.

Structure determination and overall structures of AtALMT1

Under physiological conditions, AtALMT1 is activated by extra-
cellular Al at acidic pH and exports cytosolic malate at neutral pH.
So we first determined the apo-state AtALMT1 structures at 3.2 A
resolution at pH 5 (ALMT1,50/015) and at 3.4 A resolution at pH 7.5
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(ALMT1 ,50/pH7.5) (Table 1; Supplementary information, Figs. S3, 54,
and Table S1). Both the ALMT1,50/pns and ALMT1,50/pH75
structures were of high quality with the well-resolved transmem-
brane domain (TMD) and the cytosolic domain (CTD), allowing us
to build de novo models of residues Met1-Glu216 and
Asp222-Met405, covering 81% of the full-length protein (Supple-
mentary information, Figs. S3f, 54f). The structures of ALMT1,50/pHs
and ALMT1,50/pH7.5 are essentially the same, with a root mean
square deviation (RMSD) value of 0.8 A over 800 Ca atoms
(Supplementary information, Fig. S5a).

The ALTM1450/pHs channel is a homodimer, with dimensions of
75x60x90A (Fig. 1a). Each subunit consists of one N-terminal
amphipathic a-helix running at the inner surface of the membrane
(NO), six transmembrane helices (TM1-6), and six a-helices (H1-6)
in CTD (Fig. 1a—c). Twelve transmembrane helices from two
subunits assemble into the ion-conducting pore. TM2 and TM5
form the pore-lining helices at the center while TM1, TM3, TM4,
and TM6 are on the periphery (Fig. 1a; Supplementary informa-
tion, Fig. S5b). In the TMD, an internal structural repeat was
identified, relating TM1-3 and TM4-6 by a pseudo-two-fold axis
parallel to the membrane (Fig. 1¢c, d). The Ca atoms of the 80
residues from TM4-6 can be superimposed onto those from
TM1-3 by a rotation of about 170°, yielding an RMSD value of
2.9 A (Fig. 1d), although they only share 10% sequence identity.
Following TM6, the H1-6 helices form an a-helix bundle and
comprise the CTD (Fig. 1b, c). While most cytosolic helices are
straight, H2 bends at Asp241 by about 40°. H2, H3, H6, and the
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see Supplementary information, Fig. S2a, c.

H5-6 loop at the dimer interface contribute to the cytosolic
dimerization, which is mediated by extensive hydrophobic
interactions, salt bridges, and hydrogen bonds (Supplementary
information, Fig. S5c-f).

Structural basis for the malate recognition and transport
The ion-conducting pore of ALMT1,p0/00s is funnel-shaped,
opening to the cytosolic side with a diagonal atom-to-atom
distance of ~14 A at the inner surface of the membrane (Fig. 2a).
Multiple positively charged residues including Lys76 and Arg125
reside on the cytosolic surface of the pore and probably favor the
recruitment of malate (Supplementary information, Fig. S5g).
Buried deeply in the middle of the membrane, one pair of Arg80
from two TM3 and one pair of Arg165 from two TM6 point to the
center of the pore with diagonal atom-to-atom distances of ~10 A
(Fig. 2b). The orientation of the Arg80 side chain is fixed by
hydrogen bonds of Arg80-Tyr136 and Arg80-Thr61, whereas the
conformation of the Arg165 side chain is maintained by the
cation-T interaction between Arg165 and Trp57 (Supplementary
information, Fig. S5h). The two pairs of positively charged Arg
residues are highly conserved across the ALMT family and they
may play an important role in anion binding and conducting
(Supplementary information, Fig. S5i). The extracellular gate of
ALMT1,p0/p1s is closed mainly by intra- and inter-subunit
hydrophobic packing involving residues >'FGI°® in the TM1-2
loop and TM2 N-terminus, and Phe153 in the TM5-6 loop (Fig. 2c).
Below the extracellular gate (the first constriction), Met56 and
Trp57 in TM2 from the two subunits likely form a second
constriction point along the pore axis (Fig. 2c).

To reveal how AtALMT1 recognizes its substrate, we determined
the malate-bound AtALMT1 structure at 3.1 A resolution at pH 7.5
(ALMT1 malatesprizs) (Table 1; Supplementary information, Fig. S6
and Table S1). While no major conformational differences were
observed between ALMT1 majate/prz.s and ALMT1,50/017.5 (Supple-
mentary information, Fig. S6f), strong densities at the contour level
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of 4 o were identified between the pair of Arg80 and the pair of
Arg165 in the map of ALMT1 ,jate/p7.5 (Fig. 2d). In comparison, in
the map of ALTM1,50/pH7.5, densities at this site were much weaker
at the contour level of 4 o (Fig. 2e). As the shape and size of the
densities resemble one malate molecule, we modeled a malate
there in one ALMT1apate/phzs Channel (Fig. 2d). The putative
malate forms interactions with both the pair of Arg80 and the pair
of Arg165. Thus, the two pairs of Arg residues stabilize the binding
of malate.

The ALMT1 naiatespr7s Map has a C2 symmetry, whereas the
malate molecule has no symmetry. During 3D reconstruction,
malate molecules in different orientations were averaged, result-
ing in low-quality densities for malate. To confirm the malate
binding site, we performed molecular dynamics simulations in an
equilibrium state without an electrochemical gradient, mimicking
the structure determination condition (Supplementary informa-
tion, Fig. S7). Throughout a 200 ns simulation, the deviations of the
malate mass center from its original binding site are maintained at
~1.5 A, suggesting that the malate binds stably between the two
pairs of Arg residues (Supplementary information, Fig. S7b).

To verify the function of the two pairs of Arg residues, we
recorded the currents of wild-type (WT) and mutant AtALMT1
expressed in HEK293 cells. No detectable current was recorded on
the cells expressing the R165A mutant, indicating that the mutant
channel lost malate-conducting function (Fig. 2f; Supplementary
information, Fig. S2c). While the R80A mutant maintained the Al-
sensitivity (Supplementary information, Fig. S2c), its channel
conductance was significantly reduced (Fig. 2f; Supplementary
information, Fig. S2c). These electrophysiological results support
the essential roles of the two Arg residues in transporting the
malate.

The Al binding sites

To reveal the Al activation mechani§m of ALMT1, we determined the
Al-bound AtALMT1 structure at 3.6 A resolution at pH 5 (ALMT1 yppis)
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Fig. 3 The Al binding site Spj,. a The extracellular view of the Sa; site in the ALMT1yig0a/apHs Structure. b The Suq site in the map of
ALMT1me0a/apHs- The densities around the Sy, site and Ala60 are shown at the contour level of 4 6. No density is observed around the Saj,
site. ¢ Al at the Spy; site is coordinated by Asp49, Glu156, Asp160, and two putative acetates. The green mesh show densities at the contour
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dependent extracellular Al activation of WT and mutant AtALMT1. Data are reported as means + SEM of at least five independent biological
replicates. e The channel conductance of WT and mutant AtALMT1 measured at —180 mV. Data were analyzed by one-way ANOVA test. **P <

0.01, ***P < 0.001. Also see Supplementary information, Fig. S2a, e.

(Table 1; Supplementary information, Fig. S8 and Table S1). Strong
densities at the contour level of 10 ¢ were observed between the
pair of Met60 in the center of the ion-conducting pore in the map of
ALMT1 pns (Supplementary information, Fig. S9a, b). By contrast, no
densities appear at the equivalent site in the map of ALMT1,50/0Hs
(Supplementary information, Fig. S9c). Therefore, we modeled one Al
ion at this site (site Saq). The putative Al is coordinated by the
sulfhydryl groups of the pair of Met60 (Supplementary information,
Fig. S9a, b).

To test whether the Al activates AtALMT1 by binding at the Sa;
site, we recorded whole-cell currents on HEK293 cells expressing
AtALMT1 with mutations on the putative Al coordination residue
Met60. Both M60A and M60L mutants generated Al-induced
currents with concentration-response curves similar to that of WT
AtALMT1 (Supplementary information, Fig. S9d, e), indicating that
mutations at Met60 do not change the Al activation of the
channel. We performed sequence alignment and found that the
putative Al coordination residue Met is replaced with a Leu
residue in TaAALMT1 (Supplementary information, Fig. S9f), which is
directly activated by extracellular Al° Thus these data suggest that
besides Sy there is additional Al-binding site(s) in AtALMT1.
However, the low quality of densities at the TM1-2 loop and
TM5-6 loop in the extracellular region of ALMT14pns prevented
us from accurately defining the second Al-binding site (Supple-
mentary information, Fig. S10g).

To identify additional Al-binding sites, we further determined
the Al-bound structure of the AtALMT1 mutant M60A at 3.0 A
resolution in pH 5 (ALMT1meoa/aiprs) (Table 1 and Fig. 3a;
Supplementary information, Fig. S10 and Table S1). The
structures of ALMT1meoa/arpns and ALMT1, 005 are essentially
the same, except that ALMT1eoa/ai/pHs l0ses the Syjq site due to
the substitution of Met60 by an Ala (Fig. 3b), which also validates
our assignment of the Sp; site in WT ALMT1a,pns. The
ALMT 1 pmg0a/apHs Map is of high quality in the extracellular loop
regions (Supplementary information, Fig. S10h), allowing us to
assign the second Al binding site (Sap) (Fig. 3¢). Saiz sits between
the TM1-2 loop and the N-terminal end of TM6. The Al at Sa; is

SPRINGER NATURE

surrounded by several negatively charged residues namely
Glu156 and Asp160 from TM6, and Asp49 from the TM1-2 loop
(Fig. 3¢). In addition, the strong nearby densities indicate that the
Al is also coordinated by two negatively charged ligands but not
ClI" whose densities should be much weaker. We putatively
modeled two acetate molecules, the major anion in the protein
solution besides Cl™ (Fig. 3c).

To test whether the Sy, site is the bona fide Al activation site,
we recorded whole-cell currents on HEK293 cells expressing
AtALMT1 mutants D49A, E156A, and D160A. Mutations on the
three Al coordination residues all significantly reduce the
channel’s Al sensitivity (Fig. 3d). In the presence of 1 mM Al at —
180 mV, the three mutants displayed much lower channel
conductance compared with the WT AtALMT1 (Fig. 3e). These
data confirm that Al activates AtALMT1 by binding at the Sy, site.
Similarly, in a previous study, the mutation on Glu187 in TaALMT1,
which is equivalent to Glu156 in AtALMT1, also reduced the Al
sensitivity of TaALMT1."®

The Al activation mechanism

Since the M60A mutant maintains the Al sensitivity (Supplemen-
tary information, Fig. 59d, e) and the ALMT1ygoa/apHs Structure
shares a similar conformation at the extracellular gate with the
ALMT1 aypHs Structure (Supplementary information, Fig. S10g-i),
the higher-resolution ALMT10a/a1/pHs5 Structure can be compared
with ALMT1,0/p15 to illustrate the Al activation mechanism. The
structural comparison reveals that the Al binding at the Su; site
induces two major conformational changes involving the TM1-2
loop and TM5-6 loop at the extracellular gate of ALMT1 (Fig. 4a).
First, in the ALMT1peon/aipHs Structure, the TM5-6 loop and its
connecting TM5 C-terminus and TM6 N-terminus move outwards
from the pore central axis by 2-4 A (Fig. 4b). This movement is
induced by the direct chelation of the Al ion at the Sy, site by
Glu156 in TM6. Second, the TM1-2 loop and the TM2 N-terminus
undergo considerable structural rearrangements (Fig. 4c). Speci-
fically, the TM2 N-terminus with residues **IN>* and its preceding
B-turn “°DYFG>? lose their secondary structures; meanwhile,

Cell Research (2022) 32:89-98
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another B-turn *®TDYF' is formed, along with a 5-10 A outward
movement of “*DYFG>? (Fig. 4c). The structural rearrangements of
the TM1-2 loop and the TM2 N-terminus are likely caused by the
outward movement of the TM5-6 loop, which pushes the B-turn
**DYFG>? outward, away from its original position (Fig. 4d). The
Asp49 in the refolded B-turn “®TDYF' stabilizes the new
conformation of the TM1-2 loop by forming direct coordination
with the Al ion at the Sy, site (Fig. 4c).

In the ALMT1,50/015 Structure, the extracellular gate is closed off
due to hydrophobic packing by residues >'FGI°® in the TM1-2 loop
and TM2 N-terminus, and Phe153 in the TM5-6 loop (Fig. 4e). The
shortest diagonal atom-to-atom distance between the pair of lle53
is ~5 A (Fig. 4e). In the ALMT1 Me0A/Al/pHs Structure, upon Al binding
at the Sp; site, the outward movements and structural rearrange-
ments of the TM1-2 loop, TM2 N-terminus, and TM5-6 loop enable
the ion-conducting pore to dilate at the extracellular gate (Fig. 4f).
The packing interactions between >'FGI°* in the TM1-2 loop and
Phe153 in the TM5-6 loop are disrupted, resulting in an enlarged
extracellular facing cavity (Fig. 4g-j). The shortest diagonal atom-
to-atom distances increase to about 13-15 A between the pair of
lle53 and the pair of Phe153 (Fig. 4f). Thus, with Al bound at the
Sai2 site, the extracellular gate of ALMT1ygon/arpHs Opens and is
poised to release cytosolic malate (Figs. 4g-j and 5; Supplementary
information, Video S1).

Upon Al binding at the Sp); site, the second constriction formed
by the pair of Met56 and Trp57 remains almost unchanged. The
distance between the amine groups in the Trp57 side chains is
about 5-6 A (Fig. 4e, f). Since the amine group of the Trp57 side
chain can be protonated in an acidic solution, it is possible that
the malate can pass through this constriction. Alternatively, under
physiological conditions, AtALMT1 may need to undergo further
conformational changes at the second constriction to conduct the
malate.

Cell Research (2022) 32:89-98

In vivo validation of key residues in the Al-activated malate
transport

Through structural, computational, and electrophysiological analyses,
we reveal the ion-conducting pathway and identify two pairs of Arg
residues essential for malate recognition. To confirm the function of
two pairs of Arg residues, we generated Arabidopsis thaliana
transgenic lines with the AtALMT1 R80A or R165A mutation. The
two mutant lines exhibit similar root growth and malate secretion as
the WT in the absence of Al (Fig. 6a, b). Under Al treatment, both
R80A and R165A lines display significantly reduced root growth,
showing a similar phenotype as the almt] loss-of-function mutant
(Fig. 6a, b). Additionally, the Al-induced malate secretion from the
R80A or R165A mutant also dramatically decreased (Fig. 6¢c). These
observations thus further validate the essential role of these two Arg
residues in the Al-activated malate extrusion in vivo. Similarly, to verify
the Al activation site Sa,, we also generated Arabidopsis thaliana
transgenic lines with the AtALMT1 mutations on the Al coordination
residues Glu156 or Asp160. Both E156A and D160A lines exhibit
significantly decreased root growth and malate secretion under Al
treatment in comparison with WT Arabidopsis (Fig. 6d-f). Therefore,
the in vivo data supports the essential role of the two acidic residues
Glu156 and Asp160 in the Al-activated malate extrusion.

DISCUSSION

A new anion channel structure

We have elucidated the molecular architecture of AtALMT1, which
represents a new anion channel structure. In AtALMT1, one ion-
conducting pore is formed by twelve transmembrane helices from
two subunits, with an internal structural repeat relating TM1-3
and TM4-6 by a pseudo-two-fold axis parallel to the membrane in
each subunit. Along the ion-conducting pathway, two pairs of Arg
residues are involved in the malate recognition. These structural
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Fig. 5 A proposed Al-activated malate transport mechanism of AtALMT1. Two pairs of Arg residues (R80 and R165) along the ion-
conducting pathway are involved in the malate recognition. Under the acidic condition, the Al binds at the extracellular side and is
coordinated by three acidic residues (Asp49, Glu156, and Asp160), inducing conformational changes of TM1-2 loop and TM5-6 loop, resulting
in the outward movement of lle53 residues and opening of the extracellular gate. Also see Supplementary information, Video S1.

features make AtALMT1 different from other anion channels in
oligomerization or substrate anion recognition. For example, the
dimeric assembly of AtALMT1 differs from the hexameric assembly
of volume-regulated anion channel LRRC8A?® and pentameric
assembly of type A y-aminobutyric acid (GABA,) receptor.?’
Moreover, in other anion channels such as the CLC chloride
channel and Ca®>™-activated chloride channel TMEM16A which
form homodimers, there is an independent anion conducting
pathway in each subunit, instead of one single anion conducting
pathway between the two subunits.>°3? In comparison with
AtALMT1, the essential role of positively charged pore-lining
residues in the anion selectivity is also revealed in LRRC8A,*® but
not observed in GABA, receptor,?® CLC,>® or TMEM16A.3%732

Among the five AtALMT1 structures we determined, only the two
Al-bound structures, namely ALMT1 5515 and ALMT1ye0a/a1/pHs: are
in an open state, while the rest three, including ALMT1,,0/p1s,
ALMT100/ph7.5, and  ALMT1ajate/pHzs, are in a closed state.
AtALMT1 displays basal activity in the absence of extracellular Al
(Supplementary information, Fig. S2a).” It would be interesting to
try to capture an open-state or partially open-state structure of
AtALMT1 in the absence of extracellular Al at different pH to see
whether this constitutively opening mechanism is the same as the
Al-activated opening mechanism. These AtALMT1 structures also
provide a starting point for a systematic analysis of ion selectivity of
the ALMT family. Some ALMT members, such as TaALMT1,
ZmALMT2, AtALMT9, and AtALMT6 display selectivity among
organic and inorganic anions;'”2%*%%3 yet the structural basis for
their ion selectivity remain unknown. Whether the conserved two
pairs of Arg residues contribute to the anion selectivity of ALMTs
awaits further investigation. In the future, high-resolution ALMT
structures in complex with different anions, along with electro-
physiology and molecular dynamics simulations, will elucidate the
structural basis for ion selectivity of ALMTs.

The observation of S,; site in vitro

In AtALMT1 structures, we observed two Al binding sites: the Sy, site
sits in the center of the ion-conducting pore and is coordinated by a
pair of Met; the Sy, site is localized at the extracellular side between
the TM1-2 loop and the TM6 N-terminus and is surrounded mainly by
three acidic residues. Structural and electrophysiological analyses
show that Su; instead of Say; is the Al activation site. Then one may
ask whether Su; really exists and what its function is. Three lines of
evidence support the identification of the Sp; site. First, the cryo-EM
map density at Sp; is extremely strong, with a decent peak at the
contour level above 10 o, which is unlikely introduced by the C2
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symmetry (Supplementary information, Fig. S9b). Second, structural
comparison of ALMT1a,pns and ALMT1 50,015 shows that no such
density exists in the apo-state structure ALMT1,50/15 in the absence
of Al (Supplementary information, Fig. S9c). Third, in the map of
ALMT1me0a/arpHs Where the Al coordination residue Met60 at Sy is
mutated to an Ala, the density corresponding to the Al at Saj
disappears due to the loss of Al coordination residues (Fig. 3b).
Therefore, we verified the observation of the Sp; site in our
ALMT1ypns Structure. But the Spy site may only be observed
in vitro and Al unlikely binds at this site in vivo. Suy; site resides in the
pore center and theoretically Al binding at Sa; would inhibit the
malate conductance (Supplementary information, Fig. S9a, b).
However, the malate conductance of AtALMT1 is not inhibited by
the extracellular Al and both mutations of M60A and M60L do not
change the Al-activated currents (Supplementary information, Fig. S9d,
e), which suggest that Al is unlikely to gain access to the Sy, site from
the extracellular side under our recording condition. In ALMT1 yps
structure, the extracellular gate is closed off by hydrophobic packing
and Al can only bind at the Su); site from the intracellular side during
our sample preparation in vitro. Moreover, the Sp; site is not
conserved for the ALMT family because some Al-sensitive ALMT1
members do not have a Met residue at the equivalent position
(Supplementary information, Fig. 59,%** which further tones down
the potential function of the Sy site.

The CTD of ALMT1

AtALMT1 and TaALMT1 share 42% sequence identity, and both are
activated by extracellular Al within minutes’ Previous electro-
physiological studies showed that the CTD of TaALMT1 is important
for its Al responsiveness in addition to the N-terminal region before
the transmembrane domain.’>'® In AtALMT1 structures, the CTD
participates in the dimeric assembly of the homodimer channel
(Fig. 1a; Supplementary information, Fig. S5c—f), and no Al binding
site is observed in the CTD. The CTD may regulate ALMT1 activity by
adjusting the dimeric assembly. Mutations in the CTD may disrupt
this correct dimeric assembly and further affect the extracellular Al
binding site.

Conclusions

In the current study, we have determined the structures of AtALMT1
in the apo closed, malate-bound closed, and Al-bound open states
up to 3 A resolution (Table 1; Supplementary information, Table S1).
These structures reveal that the AtALMT1 channel is a homodimer
with a molecular mass of ~110kD. We have identified two pairs of
Arg residues in the pore center that are critical for malate recognition
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Fig. 6 In vivo validation of the Al-activated malate transport by AtALMT1. a Root growth of WT, almt1, and R80A and R165A mutant lines of
Arabidopsis thaliana under control and Al treatment for 10 days. Bar, 1 cm. b Comparison of relative root growth of WT, almt1, and R80A and
R165A mutant lines under control and Al treatment. Data were analyzed by one-way ANOVA test. Error bars indicate SD (n = 16-25, ****P <
0.0001, ns, not statistically significant). ¢ Comparison of root malate secretion of WT, aimt1, and R80A and R165A mutant lines under control
and Al treatment. Data were analyzed by ordinary one-way ANOVA. Error bars indicate SD (n=4-7, ****P <0.0001, ns, no significant
difference). d Root growth of WT, almtl, and E156A and D160A mutant lines under control and Al treatment for 10 days. Bar, 0.5 cm.
e Comparison of relative root growth of WT, almt1, and E156A and D160A mutant lines under control and Al treatment. Data were analyzed by
ordinary one-way ANOVA. Error bars indicate SD (n = 20, ****P < 0.0001, ns, no significant difference). f Comparison of root malate secretion of
WT, almt1, and E7156A and D160A mutant lines under control and Al treatment. Data were analyzed by ordinary one-way ANOVA. Error bars
indicate SD (n = 3, ****P <0.0001).

and transport. In addition, we have demonstrated that Al binds at the of 0.5mL/min. The peak fractions were collected and concentrated to

extracellular side between the TM1-2 loop and the TM6 N-terminus, 5 mg/mL (ALMT,50/pHs) fC3>7r ;gngle—particle cryo-EM analysis (Supplementary

and induces the opening of the extracellular gate (Fig. 5; Supple- information, Fig. S3a, b).”"*" ) o

mentary information, Video S1). These mechanistic insights into the For the sample of AtALMT1 in pH 7.5, the protein purification followed

molecular basis for the Al-activated malate transport by AtALMT1 can e same protocol, except that the buffer D in the step of SEC was changed
. . . S : . to buffer C. The peak fractions were collected and concentrated to 4.5 mg/

explain the highly efficient malate secretion in Al-resistant plants in

. .- . X . mL (ALMT, for single-particle cryo-EM analysis (Supplementar
response to the Al stress in acidic soil. This study also provides the inforfrnatioramfmé?g.755)4a, b). Fgr t';e sampley of AtALM¥1 béunzpto malatz

structural basis for the rational design of the gain-of-function (ALMT1 malate/pr7.5), the peak fractions after SEC in buffer C were mixed with
mutants of ALMT1 to enhance the Al-dependent malate secretion malate to a final concentration of 10 mM. After incubation at 4°C for 30
and Al-resistance in crops. min, the mixture was then concentrated to about 4.5 mg/mL for cryo-EM
sample preparation (Supplementary information, Fig. S6a). For the sample
of AtALMT1 bound to AP (ALMT1 pp15), the eluted sample in buffer C was
MATERIALS AND METHODS further purified by SEC with buffer E (50 mM NaAc-HAc, pH 5, and 150 mM
Expression and purification of AtALMT1 NaCl), the pea.k fracthns were r;mxed with A!CI3 toa ﬁqal concentration of
The full-length AtALMT1 gene (NCBI: NP_172319.1) that encodes the 1 mM. After incubation at 4°C for 30min, the mixture §ample was
AtALMT1 transporter was cloned into a pEZT-BM vector with a C-terminal concentrgted to a.bout .6 mg/mL for cryo-EM sample preparation (Supple-
strep-tag.>® AtALMT1 was heterologously expressed in HEK293S GnTI™ mentary information, Fig. S8, b). For the sample of ALMT1weoa/aiprs, the
cells using the BacMam system (Thermo Fisher Scientific). The P3 protein preparation foI_Iowed the same protocol of ALMT1ypis (Supple-
baculovirus derived from sf9 cells following the standard protocol was mentary information, Fig. 5102, b).
used to transfect HEK293S GnTl™ cells when the cell density reached
3-3.5x 10° cells/mL. For 800 mL cultures of HEK293S GnTI™ cells, 70 mL P3 Cryo-EM data acquisition
virus was added, supplemented with 10 mM sodium butyrate after 8-12h The cryo-EM data of AtALMT1 was collected at the Center of Cryo-Electron
incubation on an orbital shaker at 37 °C in the presence of 8% CO,>® Cells Microscopy at Zhejiang University. 3 pL aliquots of AtALMT1 were placed
were cultured for 48 h before they were harvested by centrifugation at on glow-discharged holey carbon grids (Quantifoil Cu R1.2/1.3, 300 mesh),
3000x% g for 20 min at 4 °C. which were blotted for 3s under 100% humidity at 4°C before being
The cells were re-suspended in lysis buffer A (20 mM Tris-HCl, pH 7.5, plunged into liquid ethane using a Mark IV Vitrobot (FEI). The grids were
150 mM NaCl) supplemented with a protease inhibitor cocktail (2 ug/mL loaded onto a Titan Krios microscope (FEI) operated at 300 kV with a K2

DNase |, 0.5 pg/mL pepstatin, 2 ug/mL leupeptin, 1 ug/mL aprotinin, and 1 Summit direct electron detector (Gatan). SerialEM software was used for
mM Phenylmethylsulfonyl fluoride) and homogenized by sonication on ice. automated data collection following standard procedures. A calibrated
The AtALMT1 protein was extracted with 1.5% (w/v) n-Dodecyl-3-o- magnification of 49,310x was used for imaging, yielding a pixel size of
Maltopyranoside (DDM, Anatrace) by gentle agitation at 100 rpm for 3 h at 1.014 A on images. Data were dose-fractionated to 40 frames with a dose
4°C. The supernatant was collected after centrifugation at 46,000x g for rate of 8 e”/pixel/s and a total exposure time of 8 s, corresponding to a total

60 min at 4 °C and then incubated with Strep-Tactin Sepharose resin (IBA) dose of about 64 e /A2

at 4°C for 1.5h. The collected resin was rinsed with buffer B (buffer

A+ 0.05% (w/v) DDM) for 10 column volumes. The detergent was then .

changed to 0.06% (w/v) glyco-diosgenin (GDN) and AtALMT1 protein was Image processing . . 39
eluted with 10 mM desthiobiotin in buffer C (buffer A 4 0.06% GDN). The The motion correction was performed using the MotionCorr2 program,
protein sample was further purified by size-exclusion chromatography and the CTF parameters of the micrographs were estimated using the
(SEC) with a Superose 6 10/300 GL column (GE Healthcare) equilibrated GCTF program. 4{'\” subsequent steps of image processing were carried
with buffer D (50 mM MES-NaOH, pH 5, and 150 mM NaCl) at a flow rate out with RELION.
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For the sample without any exogenous compound in pH 5, about 1000
particles were manually picked from the micrographs for 2D classification
initially. Class averages representing projections of AtALMT1 in different
orientations were selected and used as templates for automated particle
picking from the full data set of 4026 micrographs. The extracted particles
were binned 3 times and subjected to a 2D classification, and a total of
1,692,846 particles were selected for three rounds of 3D classifications
using the initial model generated by RELION as the reference. After the
third round of 3D classification, 187,470 particles from one 3D class were
selected for 3D reconstruction, yielding a 3.2 A resolution map after 3D
refinement with C2 symmetry and particle polishing (ALMT1,p0/pHs)
(Supplementary information, Fig. S3c). For the samples in pH 7.5 or bound
to APT or malate, data processing was performed following similar
procedures (Supplementary information, Figs. S4c, S6b, S8c and S10c). The
resolutions were estimated by applying a soft mask around the protein
density and the gold-standard Fourier shell correlation was set as 0.143
(Supplementary information, Figs. S3e, S4e, S6d, S8e and S10e). RELION
was used to calculate the local resolution maps.*'

Model building, refinement, and validation

De novo atomic model building was performed in Coot 3.0*? based on the
3.2 A resolution map of the ALMT1,50/pHs. Amino acid residues assignment
was achieved based on the clearly defined density for bulky residues (Phe,
Trp, Tyr, and Arg). Models were refined against summed maps using
phenix.real_space_refine,”® with secondary structure restraints and non-
crystallography symmetry applied. The initial EM density map allowed us
to construct an AtALMT1 model containing residues Met1-Glu216 and
Asp222-Met405, covering 81% of the full-length protein. The ALMT1,50/0h5s
model works as a reference for building models with ligands. The statistics
for the models' geometries were generated using MolProbity.** All the
structure figures were prepared in PyMol*® or Chimera.*®

Plant materials and growth conditions

Arabidopsis thaliana plants were grown in a controlled environment
growth chamber programmed for a 16 h-light/8 h-dark cycle with a
daytime temperature of 23 °C and a night temperature of 21 °C. The almt1
knockout mutant (SALK_009629) was kindly provided by Prof. Chao Feng
Huang (Shanghai Center for Plant Stress Biology, Chinese Academy of
Sciences). ALMT1 mutant lines were generated by transforming the full
length of the mutagenized ALMTT genes under the control of the native
promoter (2175 bp) into the almt1 knockout mutant.

For aluminum treatment on root growth, a soaked gel medium was used
as described previously with minor modification.*” 1/6 Murashige & Skoog
(MS) agar medium was first prepared by dissolving MS salts (PhytoTech,
M524) in the ddH,0 (0.72 g/L) plus 0.5% sucrose and 0.8% agar (Sigma-
Aldrich, A7002). The medium was then soaked with a half volume of the
same nutrient solution at pH 3.6 for control or with the solution containing
1mM AICl; for Al treatment. After 1 day of soaking, the solution was
removed, and seeds were sowed and grown on the agar medium in plates
for 7 days. The seedlings were then photographed, and the root lengths
were measured. Relative root growth, which was calculated as the
percentage of root length with Al treatment divided by that under control
treatment, was used to evaluate Al sensitivity.

Determination of malate exudation

For measurement of malate secretion, Arabidopsis seeds were germinated
and grown on %2 MS agar medium containing 0.5% sucrose and 0.8% agar.
After 7 days’ growth, the seedlings were transferred to a six-well plate
(100 seedlings per well) and pretreated with 0.5mM CaCl, solution
containing 1% sucrose for 2 h at pH 4.5, and then were treated with 4 mL
of the same solution with or without 50 uM AICl; for 24 h with constant
shaking on a rotary shaker (50 rpm) at room temperature in darkness.
Malate concentrations in exudation media were determined by a NAD/
NADH cycling-coupled enzymatic method as described previously.*®

Electrophysiology

The AtALMT1 cDNA was cloned into pEZT vector with a green fluorescent
protein (GFP)-strep-tagged at the C-terminus. All single-site mutants were
confirmed by DNA sequencing. 0.8 ug of the plasmid was transfected into
human embryonic kidney 293 cells containing the SV40 T-antigen (HEK293T)
cells that were grown as a mono-layer in 35 mm tissue culture dishes (Corning)
(to ~70% confluence) using Lipofectamine 3000 (Thermo Fisher Scientific). 8 h
after transfection, cells were dissociated by 0.25% trypsin treatment (Gibco)
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and kept in a complete serum-containing medium (90% DMEM and 10% FBS)
(Sigma) and replated onto microscopy slides (Fisher) and incubated in a cell
culture incubator (Thermo Fisher Scientific) with 5% CO,**~' Patch-clamp
recording was established 24 h after transfection, and a whole-cell configura-
tion was used to measure macroscopic currents of AtALMT1 or its mutants
overexpressed in HEK293T cells. The standard bath solution (extracellular side)
contained: 150 mM 2-(N-morpholino) ethanesulphonic acid (MES), 1.8 mM
CaCly, 2 mM Kdl, 0.1 mM LaCls;, pH 4.5 (adjusted with KOH) and osmolarity at
300 mOsmol (adjusted with 3 M p-sorbitol). To test whether AtALMT1 can be
activated by extracellular Al at pH 5, we also measured the currents with bath
solution at pH 5 (Supplementary information Fig. S2b). The pipette solution
(intracellular side) contained: 105 mM Na,-malate, 10 mM HEPES, pH 74
(adjusted with KOH), and osmolarity at 288 mOsmol (adjusted with 3 M b-
sorbitol).”

Data were acquired using a HEKA EPC10 amplifier at 10 kHz and filtered
offline during data analysis with Igor 5.0 software. Patch pipettes were
pulled from borosilicate glass (Sutter) and to a resistance of 3-5 MQ. After
the patch pipette was attached to the cell membrane, a giga seal (> 2 GQ)
was formed by gentle suction. The whole-cell configuration was formed by
aspiration. The holding potential was set to 0 mV. The current and voltage
relationship (I-V curve) was obtained using voltage pulses ramp from
—200 to +80mV over a 500 ms duration every 5s. AP* was diluted to
different concentrations (1, 10, 50, 100, 500, 1000 uM) using standard bath
solution from a 50mM AICl; stock solution (pH 4.5). Change of the
extracellular solution was performed using an RSC-160 system (Bio-Logic
Science Instruments).

All data points shown in Figs. 2f, 3d, e, and Supplementary information,
Figs. S2, S9d, e are means+SEM. of at least five measurements from
different patches (n =5 independent biological replicates).

The current density was calculated by dividing the current amplitude (pA)
by the membrane capacitance (pF). To analyze A" activation of wild type and
mutant AtALMT1, the currents (/) at —180 mV were used to calculate channel
conductance (G) obtained by dividing the current amplitude (pA) by the
potential difference (AV). The potential difference is referred as the holding
potential (Vhoiding) Minus the reversal potential (V,p).

G= // (Vholding - Vrp)

The true current value is the AP‘t-activated currents of various
concentrations minus the steady AlP*-free current (the blue curves in
Supplementary information, Fig. S2a). The normalized conductance (G/Gy)
at -180mV as a function of AI*" concentration was fitted with the Hill
equation:

G/Go = 1/(1+ ([A1]/ECs0) ")

where G is the conductance of wild type AtALMT1 at 1 mM Al, ECs; is the
half-maximal effective concentration and n is the Hill coefficient.

Fluorescence imaging

0.8 ug plasmids of wild type and mutant AtALMT1 fused with C-terminal GFP
were transfected into HEK293T cells. 24 h after transfection, the bright-field
images were directly collected using a halogen lamp and the GFP fluorescence
was excited by the mercury lamp light source with a 475/25 nm excitation filter
on an inverted fluorescence microscope (Olympus [X83) using a 40x air
objective (NA 0.95). The emission was monitored at 510 nm using a CCD
camera (HAMAMATSU, C11440). Data were acquired and analyzed using the
ImageJ software.

Membrane protein extraction and western blot analysis

25 mL HEK293S GnTI™ cells were transiently transfected with 25 pug GFP-
strep-tagged WT or mutant AtALMT1 in pEZT-BM vector by 75 ug
polyethylenimine when the cell density reached 3.0 x 10° cells/mL. After
incubation on an orbital shaker at 37 °C in the presence of 8% CO, for 4 h,
25mL complete serum-containing medium (5% FBS) was added,
supplemented with 10 mM sodium butyrate to boost protein expression.
Cells were cultured for 48h at 37°C before they were harvested by
centrifugation at 3000x g for 20 min at 4 °C.

Cells were re-suspended in lysis buffer A, and homogenized by
sonication on ice. The whole-cell lysate was centrifuged at 8000x g for
10 min at 4°C and the supernatant was subjected to a second round of
centrifugation at 38,000 rpm. (Beckman type 50.2 Ti rotor) for 1 h at 4°C to
pellet the membrane. The membrane fraction was resuspended in buffer A
and homogenized with a glass dounce homogenizer. AtALMT1 was
extracted with 1% (w/v) DDM (Anatrace) by stirring at 4 °C for 3 h. The
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supernatant, after extraction, was collected after 40 min centrifugation at
18,000 g at 4 °C. The membrane protein extract was quantified to 10 ug
and resolved by SDS-PAGE, transferred to polyvinylidene fluoride
membranes, and probed with rabbit anti-strep Il antibody (1:2000 dilution;
Abcam; ab76949). The secondary antibody used was goat anti-rabbit
immunoglobulin G (IgG) (1:5000 dilution; Sangon Biotech; D110058)
conjugated to horseradish peroxidase.

Molecular dynamics simulations

The ALMT1alate/prz.s Structure was subjected to molecular dynamics
simulations. The missing residues between E216 and D222 were filled by
the protein preparation wizard in Schrodinger (version 2020-1, Schrodin-
ger, Inc.) package. The atoms of protein, lipids, sodium, and TIP3P waters
were assigned with CHARMM36m force field.>> CGenFF force field was
used for malate molecule, and atom types were determined by both
MATCH and paramchem with low charge penalty (< 10).>*** The whole
system was modeled with VMD plugins. The complex structure was solved
in a TIP3P water cubic box (> 25A buffering for each direction). The
coordinates of POPC lipids were assigned according to the detergent
density. TIP3P waters in the trans-membrane part, or clashed with lipids
and protein were removed. The pore between two subunits of ALMT1 was
filled with TIP3P water models. The whole system was neutralized with
sodium atoms. For the simulation, a periodic box with dimensions 128 x
128 x 160 A was generated for all the 207,315 atoms. The lipid tail was
firstly relaxed by minimization with 5000 steps, and 0.5ns molecular
dynamics simulation with NVT ensemble, during which other atoms were
position restrained with 5 (kcal/mol)/A? force constant. Then water, malate,
sodium, lipid tail, protein side-chain were relaxed with 1.0 ns simulation
with NVT ensemble, while the lipid head, protein backbone were taken as
position restraint. Finally, lipid head and protein backbone were released
from positions restraint by gradient decreasing the force constant to 0.5
(kcal/mol)/A% with a total 7.5ns simulation with NPT ensemble. The
product simulation was run for 200 ns, repeated three times. Structure
equilibration and molecular dynamics production were performed with
NAMD2 and NAMD3, respectively.>®> For each trajectory, 12,500 frames
were selected for further analysis by the VMD program. Malate clustering
was performed based on the RMSD value (<1.0 A) of malate heavy atoms
by the clustering tool plugin of VMD.

Quantification and statistical analysis

All reported resolutions in cryo-EM studies are based upon the 0.143
Fourier Shell Correlation criterion. Error bars in Figs. 2f, 3d, e, 6b, ¢, e, f, and
Supplementary information, Figs. S2, S9d, e represent the standard error of
the mean for at least three independent experiments. Data were analyzed
by one-way ANOVA (analysis of variance) test.

DATA AVAILABILITY

The cryo-EM density maps and coordinates of ALMT1.no/0ns, ALMT1.00/0H7.50
ALMT1 matatesphz.sr ALMT1appns, and ALMTTygon/arprs have been deposited in the
Electron Microscopy Data Bank (EMDB) under accession numbers EMD-32084, EMD-
32085, EMD-32086, EMD-32087, and EMD-32050, and in the RCSB Protein Data Bank
(PDB) under accession codes 7VQ3, 7VQ4, 7VQ5, 7VQ7, and 7VOJ.
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