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Abstract

The divalent anion sodium symporter (DASS) family mediates the uptake of Krebs cycle intermediates and sulfate and
influences adiposity, insulin resistance, and metabolism in mammals. While Na*:substrate stoichiometry is known for
several DASS transporters, the location of key Na'-binding sites remains elusive; important information for
understanding the mechanism. In VcINDY, a bacterial DASS protein, we visualized a nonprotein cryo-electron microscopy
(cryo-EM) density in the middle of the transport domain. Its size and coordination suggest that it may represent either a
third Na® ion or a structural water molecule. Using a combination of in vitro binding and transport assays, cryo-EM
structural determination, and molecular dynamic simulations, we show that the density is not a Na* ion. Instead, the
data indicate that the density likely represents a structural water molecule critical for transport domain integrity.
Sequence and structural similarities suggest this feature may be conserved across human DASS transporters such as
NaCT and NaDC3.

Significance statement

Elevator-type transporters translocate substrates across the membrane via rigid-body domain movements. Their architecture is
often attributed to protein-protein interactions alone. However, the role of buried water molecules, which are difficult to experi-
mentally detect, is overlooked, despite the presence of structurally important waters in other membrane proteins. Using
cryo-electron microscopy, binding, and transport measurements, this study identifies a buried structural water molecule in
the bacterial sodium-dicarboxylate transporter VcINDY. The results support a role for this water molecule in maintaining the in-
tegrity of the transporter’s mobile substrate-binding domain. This work highlights water molecules as integral components of
membrane protein architecture and provides a framework for investigating structural waters in other transporters.

fatty acid synthesis (2), regulates fatty acid -oxidation and glycoly-
sis (3-5), is involved in histone acetylation (6, 7), and is a key metab-

Introduction

SLC13 transporters catalyze the Na*-coupled import of physiologic-
ally important anions in humans. The protein family includes NaCT
(SLC13A5), NaDC1 (SLC13A2), and NaDC3 (SLC13A3) that translo-
cate di- and tricarboxylates, and two Na'-sulfate cotransporters,
NaS1 (SLC13Al) and NaS2 (SLC13A4) (1). SLC13 proteins have
been identified in the kidneys, liver, brain, and placenta (1). Their
substrates, in addition to being tricarboxylic acid (TCA) cycle inter-
mediates, are key to several cellular processes in human physi-
ology. The tricarboxylate citrate is a precursor and regulator of

olite in hepatocarcinoma cell proliferation (8). The dicarboxylate
substrates, succinate and a-ketoglutarate, are important signaling
molecules, regulating the fate of naive embryonic stem cells (9),
and inhibiting the proliferation of malignant p53-deficient tumors,
respectively (10). Sulfate-based substrates, on the other hand, are
essential for the biosynthesis of sulfur-containing amino acids and
influence the metabolism of glycosaminoglycans, neurotransmit-
ters, and hormones (11-13). Due to their key roles in homeostasis
and metabolism, disruption of SLC13 function is often pathogenic.
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Many mutations in NaCT cause early-onset epilepsy in infants (14),
and NaDC3 mutations can cause acute reversible leukoencephal-
opathy (15). Knockouts of SLC13 orthologs in mice further strength-
en the key physiological role these transporters play. Disruption of
the NaCT gene protects the mice from obesity and insulin resist-
ance and reduces cancer cell proliferation (8, 16). Deletion of
NaS1 causes hyposulfatemia, hypersulfuria, seizures, reduced fertil-
ity, and growth retardation (11, 13). Furthermore, disruption of
NaCT orthologs in fruit flies and nematodes results in lifespan ex-
tension through calorie restriction (17, 18). Due to their central
role in homeostatic and metabolic maintenance, SLC13 family
members have become attractive targets for the treatment of
age-related metabolic diseases (19-22).

The SLC13 transporters belong to the larger divalent anion so-
dium symporter (DASS) family of transporters, which are wide-
spread in prokaryotes and eukaryotes (23). The DASS family
can be split into two mechanistically distinct clades: the
Na*-coupled cotransporters (DASS-C) and the exchangers
(DASS-E), which are Na* independent (24). However, structural
characterization of bacterial, yeast, and human DASS transport-
ers (including both DASS-E and DASS-C) has revealed a well-
conserved architecture; a dimeric arrangement in which each
protomer consists of a scaffold domain that forms all of the inter-
protomer contacts, and a mobile transport domain that contains
the substrate-binding sites (Fig. S1a and b) (25-29). To facilitate
substrate movement across the membrane, transporters invari-
ably undergo conformational changes between an inward-facing
state (C;) and outward-facing state (C,) that alternately exposes
the substrate-binding site from one side of the membrane to
the other. Structural, biochemical, and computational analyses
of multiple DASS family members have revealed that this alter-
nating access is achieved via an elevator-like mechanism (30),
in which the transport domain undergoes a ~20° in-membrane
rotation, a ~35° cross-membrane tilt, and a ~12 A translation
to transition between C; and C, (23, 24, 27, 28, 31, 32). Such a
large, vertical movement of the transport domain also leads to
the alternative exposure of part of its surface to the extramem-
branous aqueous environment and the hydrophobic lipid bilayer.
While the transport domain displays pseudo-symmetric se-
quence and structural features in the N- and C-terminal halves
of the protein, it remains a mystery how these two halves of
the transport domain are held together during the conformation-
al and chemical environmental changes or whether any cofactor,
such as water, is involved.

In addition to the overall structure and general mechanism,
the locations of the substrate-binding sites are also conserved
in the DASS family. VcINDY from Vibrio cholerae, which is the
DASS-C prototype, couples the co-transport of three Na* ions
to the electrogenic transport of its anionic substrate (dicarboxy-
lates, e.g. succinate) (33, 34). VcINDY’s dicarboxylate-binding site
is formed by the tips of two reentrant hairpins (HP;, and HP;)
and the loops from two discontinuous transmembrane helices
(TM5 and TM10; Table S1 and Fig. S1b and c) (24-26, 35, 36).
Structural analysis of the Na" and Na*/substrate bound states
of VCINDY reveals that two Na® ions are each enclosed in a
clamshell-like structure. Whereas the Nal clamshell is formed
by the L5ab loop and the tip of HP;,, the Na2 clamshell is formed
by the L10ab loop and the tip of HP,; (Fig. S1b). The dicarboxy-
late substrate is coordinated between the tips of HP;,, and HPg;
(24-26, 35, 36). Na":substrate coupling is achieved by there being

a strict requirement for the binding of Na* prior to substrate
binding (31, 34, 35, 37, 38). In the absence of Na*, VcINDY exhibits
a pronounced flexibility in the substrate-binding regions, with an
ensemble of polypeptide configurations precluding substrate in-
teractions. However, Na* binding selects a particular configur-
ation that is suitable for dicarboxylate substrate binding (35).
In contrast, structural characterization of the Na*-independent
DASS-E prototype, LalNDY, reveals the presence of positively
charged residues in locations equivalent to VcINDY’s Nal and
Na2 sites where they function as Na* ion surrogates, precluding
the need for Na* binding (24). In both the cotransporters and ex-
changers, such charge compensation in close proximity helps to
achieve their respective coupling mechanisms.

The thermodynamic coupling of substrate transport to the Na*
gradient in DASS-C transporters is crucial to function.
Understanding how Na* binding influences substrate interac-
tions and protein conformation is essential to fully delineating
the mechanism. Despite this, not all of the locations of
Na*-binding sites in the structurally characterized DASS-C co-
transporters are currently known. Whereas we have shown that
succinate transport is coupled to the transport of three Na*
jons in VCINDY (33), only two Na* ions have ever been observed
in the structures (Fig. S1) (24, 26, 35, 36). Similarly, in published
structures of human NaCT, NaDC1, and NaDC3 (27, 29, 32), which
couple the transport of both trianionic citrate and dicarboxylate
to the cotransport of four and three Na* ions (39), respectively,
only two are visible in the structures, and they occupy equivalent
positions to VcINDY’s Nal and Na2. Recent structural analysis of
human NaS1, which couples the electrogenic transport of SOi‘
to three Na* ions (40), revealed a single bound Na" ion located
in the equivalent of VcINDY’s Nal site (27). Finally, Pho90, from
Saccharomyces cerevisiae, which is homologous to the
sulfate-specific SLC13 members, catalyzes Na*-driven phosphate
transport (28). While the Na*:substrate coupling ratio is unknown
for Pho90, structural analysis suggests two Na* ions are bound,
one in the equivalent of VcINDY’s Na2 site, and the other density
assigned to Na" is located at a site not previously described in
any DASS transporter (28).

Identification of a sodium density in an experimental map, ob-
tained either by X-ray crystallography or cryo-electron micros-
copy (cryo-EM), is challenging, even at a resolution of 1.6-2.0 A
(41-44). Due to their similar scattering power (45), it is often par-
ticularly difficult to distinguish a Na* ion from a water molecule
buried in a protein. The situation becomes even more ambiguous
when one considers the possibility that a structural water can
play an essential role in the stability or integrity of the protein
and the binding site is therefore conserved in the amino acid se-
quence (46).

Here, we describe the identification of a mystery nonprotein
density in the Na*-succinate DASS cotransporter VcINDY that rep-
resents either a Na* or structural water. Using alanine scanning
mutagenesis combined with in vitro transport assays, binding af-
finity measurements, cryo-EM structure determination, and mo-
lecular dynamics (MD) simulations, we conclude that the
observed density is likely a structural water. Based on our
data, we propose that the water molecule is acting as a linchpin
in the middle of the transport domain to keep the transport do-
main of the DASS transporters together during conformational
and environmental changes of substrate translocation.
Comparison with structures from other DASS transporters

920z 1snbny ¢ uo 1senb Aq zzose/8/Zyzbebd)/g/eome/snxauseud/wod dnosolwapese Woll papeojumo(]


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgag242#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgag242#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgag242#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgag242#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgag242#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgag242#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgag242#supplementary-data

PNAS Nexus, 2026, Volume 5, Issue 7

Figure 1 Density X in the cryo-EM map of wild-type VcINDY-Na*-aKG. a) A 2.35-A 3D map of the VcINDYwt dimer in Ci-C; conformation was obtained in the
presence of 100 mM NaCl and 20 mM a-ketoglutarate, in detergent LMNG. b) Local map around the Density X site in the transport domain of VcINDY. The three
conserved residues among DASS-C proteins around the site, S200, N203, and S412 are labeled. The backbone oxygen of A408 also interacts with Density X. The
density map is contoured at 5.5 . ¢) Structure model of the wild-type VcINDY C;-C; dimer. In each protomer, the two known sodium, Nal and Na2, are shown by
purple spheres, whereas the location of Density X is indicated by an orange sphere. The scaffold and transport domains are colored light green and gray,
respectively. d) Structural model around the Density X site. This density sits between the N- and C-terminal halves of the transport domain. Distances from three
closest polar residues are indicated in A. The secondary protein structures are colored by a rainbow scheme, and the aKG substrate is omitted for clarity.

reveals nonprotein density in the same place, raising the possibil-
ity that this structural water-binding site is a conserved feature of
the protein family.

Results

Nonprotein density in VcINDY cryo-EM
map suggested potential Na3 or a buried
water

After processing a new cryo-EM dataset collected from wild-type
VCINDY purified in NaCl and a-ketoglutarate (aKG) to 2.35 A reso-
lution (Table S2 and Fig. S2), we observed that, like published
VcINDYwt structures (24, 26, 35, 36), the protein dimer adopted
an inward-facing C; conformation for both protomers (Fig. 1a).
We were able to assign sodium density for the two previously
identified Na" sites, Nal and Na2, and the substrate density to
aKG (Fig. 1b). However, unlike previous maps of 3.1-3.8 A reso-
lution (24, 26, 35, 36), we now observed the presence of a hitherto
unseen density in the middle of the transport domain in the new
2.35 A map that could not be assigned to a part of the protein
(Figs. 1b and S3a), which we named Density X. In this map,
Density X is located between the N- and C-terminal halves of
the transport domain, on the periplasmic side of the

dicarboxylate-binding site, forming a triangle with Nal and Na2
(Fig. 1b-d). Density X is coordinated via polar interactions with
the side chains of resides N203 (2.6 A) and S412 (2.3 A) and the
backbone oxygen of A408 (2.9 A, Fig. 1d). Two additional residues
are at a distance of 3.9-4.0 A, 1194 and P202, and another polar
residue, 5200, is 4.2 A away from Density X. Based on the spatial
arrangements of the binding site, we reasoned that the side
chains of N203 and S412 are essential for coordination at this
site.

While the cryo-EM map at 2.35 A resolution could not unam-
biguously reveal the identity of Density X, we reasoned it was
likely to represent either VcINDY’s missing third Na* or a buried
structural water molecule, which are known to stabilize trans-
membrane helix interactions (41, 46, 47). Multiple lines of evi-
dence seemed to favor the former hypothesis, namely, Density
X being the third Na* in VCINDY. First, a multiple sequence align-
ment at the X site comparing Na*-independent DASS-E exchang-
ers (LaINDY from Lactobacillus acidophilus, CitT from Escherichia
coli, and TtdT from E. coli), and Na*-coupled DASS-C cotransport-
ers (VcINDY, SLC13A5, and SLC13A3) provides the initial hint.
While N203 at the Density X site is completely invariant in both
DASS subfamilies, S412 is conserved in only the DASS-C trans-
porters, whereas DASS-E representatives have a nonpolar resi-
due (leucine or isoleucine) at this position (Fig. S4).
Furthermore, $200 at 4.2 A away is conservatively substituted
for a threonine in NaCT and NaDC3, whereas in the exchangers,
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this position is an alanine or methionine (Fig. S4). Such conserva-
tion of these residues near the X site in only the Na'-driven
DASS-C cotransporters supports a role for them in Na* coupling.
Second, structural comparison with other transporters with re-
lated folds is also consistent with the possibility that this is a
Na* ion. Previous mutagenesis studies on the non-DASS human
Na*:phosphate transporter, NaPi-lla, which couples the transport
of HPOZ™ to three Na* ions and its transport domains share the
same overall fold as VcINDY, identified equivalent residues to
VcINDY’s N203 and S412 as likely involved in Na* coordination
(48, 49). Furthermore, a single amino acid substitution (D—G)
at a position equivalent to M218 in VcINDY (10.2 A ¢, to C, from
N203) was able to render NaPi-lla electroneutral by disrupting a
single Na* site (50, 51), although a residue ~10 A away is unlikely
to be directly involved in Na* coordination. Finally, structural
analysis of the phosphate-specific DASS cotransporter Pho90
from S. cerevisiae revealed a Na*-sized density coordinated by
residues S815, N606, and S603, which are equivalent to S412,
N203, and S200 in VcINDY (28), although no mutagenesis or bio-
chemical evidence was presented to validate the sodium iden-
tity. Taken together, this evidence makes a reasonable case
that Density X in our new VcINDY map belongs to a Na™ ion.

However, such circumstantial evidence inferred from other
proteins does not directly or unambiguously resolve the identity
of Density X in VCINDY as either a sodium or water within this
transmembrane portion of the protein. As the scattering power
of water is similar to that of Na* at this resolution range (45), it
is not possible to directly tell a water density from that of a so-
dium in a cryo-EM map at a resolution of 2.35 A. Water molecules
often play an essential role in membrane protein stability and ac-
cordingly have well-conserved binding sites. The best way to dis-
tinguish between the possibilities was to rigorously test various
predictions that the two hypotheses made.

Nevertheless, we considered and dispensed with other pos-
sible identities for the atom bound at the Density X site within
VcINDY. lons with a similar size and scattering power to sodium
include lithium, potassium, magnesium, calcium, and chloride.
Our previous transport assays in reconstituted proteoliposomes
showed that VcINDY was fully functional in the absence of lith-
ium, potassium, magnesium, and calcium (34). In addition,
when we attempted to purify VcINDY in 100 mM KCl (instead of
NaCl), the protein crashed out of the solution. For chloride, the
coordinating residues are unlike those one would expect for
such a binding site for anions found in other chloride-binding
sites (52) and the binding of a chloride is inconsistent with the
stoichiometry that was determined for this transporter (34).
Therefore, we consider it very unlikely that Density X represents
any of these ions and instead focus on sodium and water.

Substitution of Density X site residues did
not alter Na*:succinate transport
stoichiometry

In the absence of overwhelming evidence that Density X is a Na" ion
or a structural water, we proceeded to examine both hypotheses by
testing their respective predictions experimentally. In the Na3 hy-
pothesis, three residues at the binding site (N203, S412, and S200)
contribute to Na* coordination (5200, at 4.2 A away in VCINDY,

was included in the analysis based on the coordination of the newly
proposed Na* site in Pho90 (28)). This hypothesis predicts that mu-
tating these three residues would abolish this third Na" site and re-
duce the Na":succinate stoichiometry to 2:1. As VCINDY transports
succinate in its divalent form at pH 7.5 (34), such a stoichiometry
change would render the transport electroneutral, as was the
case for NaPi-lla (50). The Na3 hypothesis also predicts that such
mutations would reduce the Na" dependence for succinate trans-
port, which would manifest itself as an increase in the K5 for
Na’. In contrast, in the buried water hypothesis, a structural water
is essential for protein stability. This latter hypothesis predicts
that disruption of the water site would likely (i) destabilize the pro-
tein and reduce its transport activity and (i) leave the Na" depend-
ence of transport and VcINDY’s affinity Na™ unchanged.

To experimentally test predictions of the above two hypoth-
eses, we needed to identify active VcINDY Density X-site mutants.
Thus, we expressed, purified, and reconstituted the N203A, S412A
and S200A mutants into liposomes and assessed the three mu-
tants’ ability to perform Na*-driven succinate transport. In add-
ition to hydrogen bonding with Density X, the first residue N203
hydrogen bonds with the backbone oxygens of 1193, T196, and
$200, all of which would be missing in the N203A mutant
(Fig. S5a and b). S412 interacts with Density X and hydrogen
bonds with the sidechain of S200 and these would not be present
in the S412A mutant (Fig. S5c and d). Interestingly, mutating N203
and S412, which are closest to Density X, to an alanine resulted in
robust, but reduced, transport activity compared with the wild
type (Fig. 2a). This is in stark contrast to the consequences of
introducing alanine mutations into VcINDY, NaCT, and NaDC3 at
the Nal or Naz2 sites, which completely abolish substrate trans-
port activity (25, 53, 54). Contrary to our observations with
N203A and S412A, alanine mutation of the third residue S200, a
more distant residue from the Density X site, drastically reduced
VcINDY’s transport activity (Fig. 2a). We speculate that this low
transport activity is due to the inability of this mutant to bind sub-
strate as analysis of VCINDY structures with various ligands reveals
a key role for S200 in coordinating the ligand (Fig. S6). Due to the
extremely low activity of S200A, we could not dissect this serine’s
contributions any further using transport assays.

Having established that both N203A and S412A near the
Density X site are transport active, we next wanted to assess
whether substitutions in these positions reduced the Na*:succin-
ate transport ratio from 3:1 to 2:1, as would be predicted by the
Na3 hypothesis. As succinate at pH 7.5 possesses a charge of —2,
disruption of the Na3 site would render succinate transport elec-
troneutral, which can be assessed by monitoring VcINDY’s sensi-
tivity to an imposed membrane potential. While transport by
VcINDYwt is enhanced by the imposition of a membrane poten-
tial (negative inside compared with outside) (34), an electroneu-
tral mutant with an abolished Na3 site and a 2:1 Na":succinate
stoichiometry would exhibit no change in transport activity in
the presence of a membrane potential. In other words, for such
electrogenic transport, the membrane potential can be viewed
as a driving force in addition to the Na" gradient. Therefore,
when a Na'-site mutation abolishes sodium binding and makes
the transporter electroneutral, this driving force disappears
and the membrane potential no longer affects substrate uptake.

As expected, for VcINDYwt, the presence of —120 mV voltage
across the proteoliposome membrane led to an increase in trans-
port rate, compared with the absence of this membrane
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Figure 2 Electrogenic and kinetic properties of Density X site mutants. a) Transport of [*H]-succinate over time into liposomes containing wild-type (WT) and
alanine mutants. The average of three datasets is shown and error bars represent SEM. Inset: Close-up of S200A data showing accumulation over time. b-e)
Na‘*-driven transport of [*H]-succinate over time into proteoliposomes containing (b) WT, (c) N203A, (d) S412A, or (e) N203A;S412A double mutant, in the
presence (filled circles) and absence (open circles) of valinomycin. Background levels of transport into protein-free liposomes (black crosses) are also shown in
each graph. f) Na* dependence of [*H]-succinate transport activity of WT, N203A, and S412A showing initial rates of succinate accumulation as a function of
external Na* concentration. For each panel, the average of three datasets is shown and error bars represent SEM. g) Sodium binding to WT VcINDY (black data)
and N203L mutant (green data) in detergent solution as measured by intrinsic tryptophan fluorescence quenching. The average of four datasets (n=4) is shown
and error bars represent SEM. The Kys for Na™ of the WT and mutant proteins were measured and are indicated in the key.

potential (Fig. 2b). However, we also observed transport rate en-
hancement for both N203A and S412A mutants (Fig. 2c and d),
showing that transport remained electrogenic. These data sug-
gest that substitution of N203 and S412 does not disrupt any
Na*-binding sites. We reasoned that a single mutation in this
area may not be sufficient to fully disrupt the binding site, so
we generated the double mutant N203A:S412A. However, this
double variant still remained electrogenic, suggesting that all
three Na* sites in the transporter remained intact (Fig. 2e). All
these data are inconsistent with the Na3 hypothesis for Density X.

To rule out the possibility that merely substituting these resi-
dues for alanine was not a sufficiently disruptive change to pre-
vent Na* binding to this site, we further designed a panel of
substitutions with more drastic chemical changes. To this end,
we generated the following mutants: S200H, S200K, N203H,
N203L, N203K, S412H, and S412R, some of which had the poten-
tial to act as surrogates for the bound Na* ion similar to what is
observed for the Na'-independent LaINDY (24). When we at-
tempted to purify and reconstitute these mutants, we found
that S200K, S412R, and S412H did not express at all. N203H
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expressed well and exhibited in vitro transport activity (Fig. S7a).
However, this mutant retained sensitivity to the membrane po-
tential, indicating that this substitution did not disrupt or replace
Na* binding (Fig. S7b). S200H also expressed well but was com-
pletely inactive in our transport assays, precluding further ex-
periments with this variant (Fig. S7c). While inactive in our
transport assays, differential scanning fluorimetry (DSF) analysis
of S200H revealed a high-quality melt curve for this mutant at
several NaCl concentrations, indicative of properly folded pro-
tein (Fig. S7d). However, the addition of succinate did not stabil-
ize the protein further indicating it is binding incompetent and
explaining the lack of transport activity (Fig. S7e). Both N203K
and N203L exhibited substantially reduced expression, suggest-
ing these mutations destabilized VcINDY. While these mutants
were too unstable to produce interpretable DSF traces, size ex-
clusion chromatography (SEC) analysis revealed an elution
peak at the correct volume and no evidence of precipitation
(Fig. S7f). Still, we obtained enough N203K and N203L for proteo-
liposome reconstitution, which revealed both variants to be in-
active (Fig. STg and h). Overall, most of our attempts to modify
this area of VcINDY led to substantial destabilization or protein
inactivation, and those substitutions that were tolerated did
not render transport electroneutral.

Substitution of Density X site residues had
no effect on Na* dose-dependent
transport kinetics or Na*-binding affinity

Upon comparison of the effects of valinomycin on VcINDYwt,
N203A, S412A, and the N203A:S412A double mutant, we noticed
graded reductions in the magnitude of the activity enhancement
in the presence of valinomycin (Fig. 2b-e). Such an effect could
indicate that this site does contribute to electrogenicity by bind-
ing a charge molecule (e.g. Na* ions), thus requiring further sup-
port for the lack of Na binding at this site.

As the central location of Density X is more buried than Nal or
Na2 (Fig. 1c and d), another prediction of the Na3 hypothesis was
that disruption of this site would dramatically alter the Na* de-
pendence of succinate transport in VcINDY. We tested this predic-
tion for N203A and S412A, two active alanine substitutions at the
site, by monitoring their transport of [®H]-succinate in the pres-
ence of increasing external Na* concentrations. Such measure-
ments revealed minimal effects on the Na* K, s for N203A and
S412A compared with VcINDYwt: 61.52+19.20 and 38.51+
11.23 mM, respectively, vs. 43.20+2.22mM for wild type
(Fig. 2f). These data show that mutating N203 and S412 at the
Density X site had no effect on the Na* dependence of transport,
consistent with our observation that mutating the Density
X-binding residues did not alter the ion stoichiometry (Fig. 2b-e).
Both of these observations contradict predictions made by the
Na3 hypothesis. Combined, they strongly indicate that Density X
is not a Na" ion.

To provide further strong support that Density X is not a Na*
ion, we determined whether a deleterious mutation in this site
(N203L) affected Na*-binding affinity. To compare the affinity
of sodium ions to the wild-type protein and the N203L mutant,
we measured Na* binding to VCINDY in solution using intrinsic
tryptophan fluorescence quenching (Fig. 2g). Indeed, both the

wild-type VcINDY and the N203L mutant were found to bind
Na®. Whereas the wild type binds Na* with a Ky of 60.2+
13.8 mM, the K4 for the N203L mutant is 50.3 +9.8 mM. Such val-
ues of the K4 are essentially the same, again supporting the con-
clusion that Density X does not represent a Na” ion.

Multiple lines of evidence showed Density
X is likely a structural water in VcINDY

Having determined that Density X is almost certainly not a Na*
ion, we sought to test the alternative hypothesis that Density X
is a structural water molecule instead. Buried, structural water
molecules are frequently observed in proteins (55-58), and in
integral membrane proteins they mostly act as transmem-
brane helix stabilizers (46, 59, 60). Therefore, an ordered water
molecule in the middle of VcINDY’s transport domain would
likely play a key role in the domain’s structural integrity. A pre-
diction of this buried water hypothesis was that mutations of
that site would destabilize the protein. Indeed, we have al-
ready observed that S200K, S412R, and S412H mutants could
not be expressed in E. coli cells at all, suggesting that these mu-
tations were very destabilizing. To investigate this prediction
further by a different approach, we analyzed the melting tem-
peratures (T,,) of the mutants that expressed well using DSF.
Indeed, purified mutants N203A and S412A had ~7 and ~8°C
lower T, than VcINDYwt, respectively (Fig. 3a, T, of N203A,
S412A, and wild type were 58.98+0.33, 57.00+0.88, and
65.44 +1.16 °C, respectively). In contrast, alanine substitution
of S200, a proximal residue that does not directly interact
with the presumed structural water (Fig. 1), led to a mild stabil-
ization of ~3.5°C compared with wild-type VcINDY (Fig. 3a, T,
of S200A was 68.92+1).

If Density X is a water molecule, then disturbance of its binding
site would not affect Na* binding. As predicted from the sodium-
substrate coupling through sequential binding (35), the addition
of succinate to VcINDY constructs with intact Na* sites in NaCl so-
lution should lead to further stabilization. Indeed, DSF analysis of
N203A and S412A revealed that each mutant was stabilized by
the addition of succinate in the presence of Na* (Figs. 3b and
S8a-d). The data reveal that while interference with this
presumed water-binding site substantially destabilizes VcINDY,
succinate binding still occurs, which is consistent with our
previous conclusion that Na* and succinate binding is unaffect-
ed. However, reflective of its inability to catalyze robust trans-
port, the S200A mutant was only minimally stabilized upon
succinate addition (Fig. 3b), suggesting this mutation compro-
mises ligand interactions, as predicted from ligand-bound
structures (Fig. S6).

These data demonstrate that modest substitutions of N203 or
S412 at this tentative water site lead to substantially destabilized
but active protein, but more dramatic modifications to positions
N203 and S412 completely destabilize VcINDY, as shown below.
However, it should be noted that even the modest substitutions
of N203A, S412A, and the N203A/S412A double mutant would
also disrupt multiple hydrogen bonds, which will also contribute
to the relative stability of the transport domain.

To provide additional support for the presence of water in this
binding site, we took advantage of preexisting atomistic MD
(aMD) simulation data available in the MemProtMD database
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Figure 3 Stability of Density X-site mutants and MD simulations. a) Representative derivative (—dF/dT) plots of VcINDYwt (WT, black data) and alanine mutants
S200A (red data), N203A (blue data), and S412A (purple data) in 250 mM NaCl-containing buffer. Arrows indicate the base of the troughs, which is equivalent to
the melting temperature (T,,,). b) Succinate induced enhancement of T, for each mutant and WT in the presence of 50 mM NaCl and 5 mM succinate (derived
from derivative curves shown in Fig. S8). The average of three datasets is shown and error bars represent SEM and white circles indicates individual data points.
c) Course-grained MD simulations (CGMD) of VcINDY wild type. CGMD simulation data from MemProtMD of the wild-type VcINDY embedded in a lipid bilayer,
carried out in the presence of 150 mM sodium ions and flooded with water molecules. A water molecule is placed at the Density X site. The image is colored as in

Fig. 1d.

(61, 62). Conveniently, the MemProtMD pipeline provided us with
aMD simulations of VcINDYwt embedded in a lipid bilayer in the
presence of water and 150 mM sodium ions (62). Thus, we were
able to use this existing dataset to compare binding of both of
our potential ligands at physiologically relevant concentrations.
Analysis of the aMD data revealed that, while water is routinely
placed in the Density X position, no Na* ions were found at
that position (Fig. 3c), which is consistent with our functional
data. This provides additional, direct support for the structural
water hypothesis.

Cryo-EM maps of the N203L mutant
suggested a role for the structural water

The central location of the water molecule between the N- and
C-terminal halves of the mobile transport domain (Fig. 1) imme-
diately suggested a possible role for the water in stabilizing the
protein, perhaps by acting as a linchpin to help hold the two
halves of the transport domain together during its movement
in VCINDY’s transport cycle. The buried water hypothesis predicts
that the disruption of the water site would destabilize the pro-
tein, which we have already tested using DSF. To test this predic-
tion further and investigate the structural consequences of
disrupting this water-binding site, we obtained a nominal
3.55 A cryo-EM map of N203L, an inactive mutant (Fig. S2b). A
cryo-EM map in the presence of 100 mM NaCl in glyco-diosgenin
(GDN) detergent showed a protein dimer (Fig. 4a and b), similar
to the wild type (Fig. S1a), although the map quality did not allow
model building. Whereas the scaffold domains remained invari-
ant as in the wild-type protein, the transport domain is in a
unique position (Fig. 4a and b), distinct from the C; conformation
of VcINDY (Fig. S9a and b) or a C, conformation of NaDC3 (Fig. S9f
and g) (32). Most notably, the transport domain appears to be
distorted. While parts of the transport domain (HP;,, TMs 5a, 6,
10b, 11) stay in a similar position to that in the C, conformation,
another part (HP,t, TM10a) moves away by rotating ~90° side-
ways (Fig. 4). Finally, densities for L5ab and TM5b, on which resi-
due N203 is located, are missing. Such densities of a broken
transport domain did not allow rigid-body model fitting. The lo-
cal resolution maps also show that the transport domain of the
N203L mutant is much more mobile compared with the wild-type

protein (Figs. 4c, d and S9c, d). These observations fully agree
with predictions made by the hypothesis that N203 coordinates
a buried water molecule. Such breakage of the transport domain
when the site is mutated supports the notion that the water mol-
ecule at this central location is essential for keeping the transport
domain intact during the domain movement of substrate
transport.

To rule out the possibility that the observed transport do-
main distortion was an effect of the GDN detergent on the mu-
tant, we characterized the N203L mutant using cryo-EM in the
presence of either a different detergent or a polymer. 2D clas-
sification of cryo-EM images of the N203L mutant purified in
both lauryl maltose neopentyl glycol (LMNG) and amphipol
yielded a similar VcINDY dimer, where the scaffold domain
showed secondary structure features in 2D projections, but
the density for the transport domain is weak and blurred
(Figs. S9e and S10a-d). Unlike the wild-type VcINDY protein
or a stable mutant, for which even a small dataset of 400-500
images from the 200 kV Arctica microscope typically yields a
3.5- to 4.0-A 3D map with clear densities for the helices and
most side chains, 3D reconstructions of the datasets from
LMNG and amphipol collected on either Arctica or Krios did
not yield an interpretable map in this conformation. The qual-
ity of the maps is even worse than that in GDN. As both LMNG
and amphipol allow high-resolution structure determination of
wild-type VCINDY (Fig. 1) (24, 35), these observations further
support the notion that the transport domain of the N203L mu-
tant is indeed less stable in various detergents than the wild-
type protein.

Discussion

In this work, we have shown that a cryo-EM density observed in
the middle of the transport domain in the Na*-dependent dicar-
boxylate transporter VcINDY is likely to be a buried structural
water molecule that plays a role in maintaining the integrity of
the transport domain. While Density X in the cryo-EM map could
represent either a sodium or a water, we tested various predic-
tions made by either hypothesis. By combining cryo-EM, trans-
port assays, biochemical measurements, and MD simulations,
we showed that the density is unlikely to be VcINDY’s missing
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Figure 4 Cryo-EM maps of VcINDY-N203L-Na* and sodium-binding affinity to VCINDY. a, b) Cryo-EM maps of VcINDY-N203L-Na* (unsharpened), determined in
100 mM NaCl in GDN detergent. The scaffold domain is colored in gray, whereas the transport domain is colored in light pink (HP;,, TMs 5a, 6, 10b, 11) and light
blue (HP4ut, TM10a). The transport domain is broken, in the sense that the parts in pink and blue are separated. In addition, densities for parts of the transport
domain (L5ab, TM5b) are missing. c, d) Local resolution maps of VcINDY-N203L-Na*. The maps are colored based on the local resolution, as shown in the scale
bar on the left. While side chain densities are visible in the scaffold domain at the overall map resolution of 3.55 A, the local resolution for much of the transport
domain is lower, in the range of 4.5-5.0 A, precluding model building. In particular, regions in red are highly flexible.

third sodium and, on balance, the experimental evidence indi-
cates a buried water instead.

In proteins, buried water molecules are very common. On aver-
age, one water is found every 30-50 amino acid residues, in the
interior of proteins, where they often form hydrogen bonds with
both main chain and side atoms (56-58, 63). The frequency of
finding water in water-soluble and membrane proteins is similar
(46). In membrane proteins, buried water molecules are often in-
volved in stabilizing interactions between transmembrane
a-helices, and the amino acid sequence at such a water site
can be conserved.

Previously, we identified five ordered water molecules buried
at the protomer-protomer interface in VcINDY dimer (35). Those
water molecules form a hydrogen bond network that interacts
with the transmembrane a-helices of the scaffold domains of
both protomers. It was proposed that such interactions help to
stabilize the VcINDY protomer-protomer interface and hence
the entire dimeric architecture. Interestingly, a mutation found
at the equivalent position in the water-binding pocket in the hu-
man citrate transporter NaCT, Y82C (equivalent of F92C in
VcINDY), leads to an unstable dimer that has lost its transport ac-
tivity (14, 29).

Here, we have identified a water molecule within the VcINDY
protomer, at the interface between the two halves of the trans-
port domain (Fig. 1), that is important to its integrity. This helps
to answer a long-standing question as to how the transport do-
main maintains its integrity in VcINDY. This issue is particularly
important for elevator-type transporters, as their large-scale ver-
tical movements of the transport domain lead to its surface ex-
posure to both the lipid bilayer and the extramembranous
environments, requiring the domain to be especially stable.
The location of the water at the interface as well as the biochem-
ical data presented here suggest that the water molecule helps to
hold the N-terminal and the C-terminal halves of the transport
domain together.

In addition to Density X, there are additional unidentified dens-
ities in the cryo-EM map of wild-type VcINDY. The most prominent
is a density close to Nal (a 5.9 A distance) and the bound aKG sub-
strate (a 5.1 A distance), coordinated by N151, $190, and S412
(Fig. S3b). This density is 4 A away from the X position, and we
named it Density X". We suspect the latter density represents an-
other water molecule. As part of the SNT signature motif in the
N-terminal half of the transport domain, N151 is involved in the
coordination of both Nal and the succinate substrate. To probe
the site by mutagenesis on N151 is challenging, as it will be impos-
sible to separate the mutation’s effects on X’ from those on so-
dium and substrate binding. If Density X' also represents a
water, more than one water molecules may help to stabilize the
transporter. Mutations of S412 would affect both water molecules
at X and X'. As N203L, near Density X but far away from X', has a
more deleterious effect on VcINDY, we suspect that the water at
the X position is more critical for the protein’s stability.

Our data reveal substantial destabilization and a lack of
activity in the N203L mutant (Fig. S7), which we interpret as
being a consequence of complete ablation of the water site.
Interestingly, more conservative substitutions in which we re-
place N203 and S412 with alanine that we predict would impact
the water binding have relatively mild effects on transport
(Fig. 2a). We have two possible rationales for this observation;
in the presence of these more conservative mutations, water-
binding affinity is reduced, but as the water concentration is
~55 M, it is still able to bind, thus permitting transport to occur.
Alternatively, it is possible that multiple water molecules can
bind in these mutants and compensate for the loss of side chain
interactions. However, further structural work will be needed to
investigate these possibilities.

In our N203L structure (Fig. 4), L5ab is missing, and as this loop
forms part of the Nal site (Fig. S1), one would expect Na* binding
to be affected. However, we found that this mutant was still able
to bind Na* with an affinity similar to wild type (Fig. 2g). We
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Figure 5 Density X observed in cryo-EM maps of the human DASS proteins NaDC3 and NaCT. a) A 2.53-A cryo-EM map of human Na*-dicarboxylate cotransporter
NaDC3 in sodium and succinate, in an outward-occluded C,, conformation (EMD-42621, PDB: 8UVI). b) 2.92 A cryo-EM map of NaDC3 obtained in sodium and

2,3-dimethylsuccinate, in an inward-open C; conformation (EMD-42618, PDB: 8UVF).

c) A2.13-A cryo-EM map of human Na*-citrate cotransporter NaCT inhibitor

pF4a, in an inward open C; conformation (EMD42614, PDB: 8UVB). The three conserved residues among DASS-C proteins around the site in each protein are
labeled. Density X is colored in orange. In all three maps, the cryo-EM densities are contoured at 4.5 a.

reason that this is due to these two experiments measuring
VcINDY-Na* interactions in different states of the transporter.
Whereas binding experiments in solution measure Na* binding
to the inward-facing C; state, as shown in our previous work
(35), the cryo-EM maps we presented here capture the mutant
structure in transition between the inward-facing C; and
outward-facing C, state. While the ground state of VcINDY, the
C; state, can still bind water at the Density X site, it is during
the conformational transition that it loses the water molecule
and becomes unstable.

Closer reexamination of previously published cryo-EM maps of
the human di-/tricarboxylate and sulfate transporters NaDC3,
NaDC1, NaS1, and NaCT shows that this Density X also exists in
the human SLC13 transporters (27, 29, 32, 64). The identification
of the water molecule in VcINDY prompted us to ask whether the
site may be conserved. To determine whether this structural
water site exists in other DASS transporters, we reexamined
our published cryo-EM maps of two human DASS proteins.
Maps of Na*-dicarboxylate cotransporter NaDC3 were recently
obtained in the presence of Na* and succinate in several confor-
mations (32). In maps of both outward-occluded C,, and
inward-open C; conformations, at 2.53 and 2.92 A resolution, re-
spectively, Density X is observed in the same location as that in
VcINDY (Fig. 5a and b). Similarly, Density X is found in the map
of the Na'-citrate cotransporter NaCT previously reconstructed
from the protein purified in Na" and inhibitor PF4a (Fig. 5c).
Finally, inspection of cryo-EM maps of NaDCl1 (PDB8W6C/
EMD37320; PDBS8YSW/EMD38954) and NaSl (PDB8W6T/
EMD37332) published by other investigators also reveals this
density (27, 64). These observations, along with the amino acid
sequence conservation, particularly N203 (Fig. S4), suggest a
conserved structural water exists in DASS sodium cotransporters.
However, further experimental work is required to confirm the
identity of the density in the eukaryotic homologs.

A water molecule acting as a linchpin to hold the two halves of
the transport domain together may have broad mechanistic signifi-
cance for elevator-type transporters. In such proteins, the transport
domain often undergoes large-scale in-membrane rotation and
cross-membrane tilting and translation (23, 31, 32). As such, a
transport domain typically comprises two halves found as inverted
repeats in the amino acid sequence (65, 66), a water molecule act-
ing as a linchpin is an ideal way to maintain domain integrity by
helping to hold the two halves together to achieve rigid-body
movement for substrate transport. This stabilization effect is par-
ticularly important during the elevator-type movement of the

domain in the transport cycle, during which the transport domain
changes its chemical environment. In fact, having a sodium, instead
of a structural water, bound at this site would not be ideal for such
a role. During the second half of the reaction cycle of DASS import,
when the transporter changes from the C-apo to C,-apo state, all
the sodium sites are unoccupied. An unoccupied sodium site at
the interface of the two halves of the transport domain may weak-
en their contact and thus the stability of the domain upon domain
translocation. In contrast, a water molecule at this position does
not face such a problem. The 55 M concentration of water on
both sides of the membrane can ensure the site is occupied during
the entire transport cycle of the transporter. To our knowledge,
such a linchpin role for a water molecule has not been previously
characterized in membrane transporters. Whether such a water
linchpin exists in other transporter families remains to be seen.

This work still leaves the question of the location of the missing
Na* unanswered, despite multiple cryo-EM structures of various
DASS and related proteins (24-29, 32, 35, 36). In addition to the
Na® ion in Pho90 at the X site in VcINDY, recent work on a TRAP
transporter has suggested another possibility (67). Although not a
DASS protein, the M domain of this N-acetylneuraminic acid trans-
porter from Haemophilus influenzae shares a similar fold with the
transport domain of VcINDY. In their work, the authors identified
another possible metal (M) site but did not know whether the
site binds a sodium. In our VcINDY maps, there is no comparable
density at the equivalent position (Fig. S11). Therefore, the search
for the Na3 site continues. One technical issue is that the final par-
ticle numbers used in single particle cryo-EM reconstruction are
often in the range of 0.25-0.5 million. Even after considering the
10" times stronger atomic scattering factors for electrons than for
X-rays (45, 68), the signals for a typical cryo-EM dataset are two
to three orders of magnitude lower than those of an X-ray diffrac-
tion from a small 3D crystal. Perhaps, in addition to experimental
validation, we should return to the protein crystallization business
and employ techniques such as difference maps in order to chase
this loosely bound sodium ion.

Methods

Bioinformatics

Sequences for alignment were obtained from UniProt using the
cart tool. The sequences chosen were functionally characterized
as DASS-E or DASS-C transporters. The first three in the
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alignment are DASS-E transporters (named LaINDY, CitT, and
TtdT) and the second set is DASS-C transporters (VcINDY,
NaDC3, and NaCT). The sequences were then aligned using the
Clustal Omega server (69). The alignment was imported into
SnapGene Viewer for better visualization. The sequence align-
ment was then exported using the print function in SnapGene
Viewer.

Protein expression and purification

Wild-type VcINDY (VcINDYwt) and mutants were expressed, as
previously described (38). Briefly, Lemo21 (DE3) E. coli are trans-
formed with the expression plasmid pEThisINDYwt, which con-
tains the gene encoding VcINDY in-frame with an N-terminal
deca-His tag and FLAG tag (70). The expression strain is grown
in PASM-5052 media in the presence of 100 pg/mL kanamycin,
25 pg/mL chloramphenicol and 250 uM L-rhamnose. Cells
were grown at 37 °C until an optical density (OD) of 0.5 was
reached, at which point expression was induced by the addition
of 400 pM isopropyl-p-b-1-thiogalactopyranoside. Cultures were
incubated overnight at 25 °C before being harvested and lysed
via three passes through a cell disruptor (Avestin C3). Protein
was purified as done previously (38). In summary, the mem-
branes were resuspended in a buffer of 50 mM Tris pH 8.0, 5%
glycerol, 100 mM NaCl (buffer A). To solubilize the VcINDY con-
structs, 20 mM DDM was added, and the solution was incubated
for 40-120 min at 4 °C. After solubilization the solution was ultra-
centrifuged at 195,000 relative centrifugal force (rcf) for 30 min.
Then, the supernatant was incubated with Talon metal affinity
resin (Takara) for 16 h (overnight). The resin was washed with
buffer A supplemented with 50 mM imidazole and 2 mM
n-dodecyl-B-p-maltoside (DDM) and then washed with 20 column
volumes (CV) of buffer A supplemented with 100 mM imidazole
and 2 mM n-decyl-p-o-maltoside (DM). The protein was then
eluted in buffer A with 4.3 nM trypsin, after an hour of incubation
at4 °C. Asecond elution was collected at the same volume in buf-
fer Aand 2 mM DDM. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels for all proteins used in this study are pre-
sented in Fig. S12.

Reconstitution and transport assays

VcINDY was reconstituted using a rapid dilution protocol, as de-
scribed previously (37). Briefly, the 50-100 pg of protein was re-
suspended in a 2-mL aliquot of buffer consisting of 25 mM Tris,
100 mM NacCl, 5% glycerol, and 2 mM DM along with 3.2 g of
E. coli Polar Lipids (Avanti). This mixture was incubated on ice
for 10 min and then rapidly diluted into 65 mL of an internal buf-
fer (20 mM Tris pH 7.5, 1 mM NaCl, and 199 mM KCl). The result-
ant proteoliposomes were harvested through ultracentrifugation
at 158,000 rcf. The proteoliposomes underwent three freeze-
thaw cycles and were stored at —80°C until used.

VcINDY activity was measured using transport assays, as de-
scribed previously (34). The transport assays were conducted
in a buffer containing 20 mM Tris (pH 7.5), 100 MM NacCl,
100 mM KCl, 0.9 uM unlabeled succinate, 0.1 uM 3H-succinate,
and 1 pM valinomycin. Before commencing the transport assays,
the proteoliposomes were extruded 11 times through a 400 nm

filter. The assays were started with the addition of proteolipo-
somes (1:150 liposome volume: reaction volume) at 80 mg/mL
(containing a buffer of 20 mM Tris [pH 7.5], 1 mM NaCl, and
199 mM KCl). To examine the initial transport rates, 200 uL ali-
quots were taken at 0.5, 1, and 2 min. The samples were then
quenched in 2 mL of ice-cold buffer containing 20 mM Tris (pH
7.5) and 200 mM ChCl. The proteoliposomes were collected using
a nitrocellulose filter (Cytiva part of Danaher Corp.) on a vacuum
manifold and washed with a further 3 mL of the quenching buf-
fer. The filter was dissolved, and the radioactivity was counted
using 3 mL of Filter Count (Revvity) in a vial using a scintillation
counter (Hidex 300 SL). For the analysis of electrogenic transport
of VcINDYwt and mutants (Fig. 2b-¢), the transport assays were
performed as described above, but in the presence and absence
of 1 pM valinomycin. Aliquots were then measured at 20, 40, 60,
150, and 300 s and were measured as previously stated. To meas-
ure the sodium dose response of the VcINDY variants, a series of
sample buffers were prepared containing 2.5, 5, 10, 20, 50, 100,
150, 250, 350, and 500 mM NaCl. An aliquot was removed at
40 seconds and measured as previously stated for activity. To de-
termine the K, 5 and reaction velocity, the activity was fitted to
the Hill equation in GraphPad Prism (v 10):

Xh

Y = Bmax X
T (Kg + XN

where Bay is the maximum velocity of the transport, h is the Hill
coefficient, Ky is the dissociation-binding constant between
VcINDY and sodium, and X is the sodium concentration.

Differential scanning fluorimetry

DSF was performed essentially as previously described (38),
with some small alterations. In brief, the VcINDY variant
wasdiluted to 12 uM in DSF buffer [20 mM HEPES (4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid), pH 7.5, 50 mM NacCl,
5mM DDM]. About 5mg/mL stock of N-[4-(7-diethylamino-
4-methyl-3-coumarinyl)phenyl]maleimide dye was diluted
35-fold and 5 pL of the dye dilution was added to each reaction
to a final reaction volume of 50 uL. Using a qPCR thermocycler
(Thermo Fisher QuantStudio 3), the temperature was increased
from 5 to 95 °C with a rate of 1.6 °C per second. The fluorescence
of the sample was then read after every 1°C using the SYBR
Green fluorophore settings (excitation of 470+ 15 nm and emis-
sion of 520+ 15 nm). The T,, was determined by identifying the
global minimum of the derivative curve of each reaction. The
Tm was determined to be the global minimum of the derivative
curve.

Tryptophan fluorescence quenching assay
to measure sodium binding

Tryptophan fluorescence quenching was used to measure the af-
finity of sodium to wild-type VcINDY and the VcINDY mutant
N203L in detergent solution, using a protocol adapted from earl-
ier work on VcINDY and other membrane transporters (35, 71-
73). Following purification by SEC in a buffer of 25 mM Tris pH
7.5, 100 mM ChCl, and 0.05% DDM, protein was diluted to a final
concentration of 4 uM in SEC buffer and used to measure sodium-

920z 1snbny ¢ uo 1senb Aq zzose/8/Zyzbebd)/g/eome/snxauseud/wod dnosolwapese Woll papeojumo(]


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgag242#supplementary-data

PNAS Nexus, 2026, Volume 5, Issue 7

11

binding affinity. Using a Horiba FluoroMax-4 fluorometer (Kyoto,
Japan) at 22°C and a 280-nm excitation wavelength, the emis-
sion spectrum was recorded between 290 and 400 nm. The emis-
sion maximum was determined to be 336 nm. Subsequently, the
change in fluorescent emission at 336 nm was monitored with in-
creasing concentrations of NaCl, from 0.1 to 600 mM. Each ex-
perimental condition was repeated four times. The binding
curve was fit using the one-site total plus nonspecific model in
GraphPad Prism:
Y= % + NS x X + Background,

where B.x is the maximum change in fluorescence, Ky is the
dissociation-binding constant between VcINDY and sodium, X is
the sodium concentration, NS is the linear, nonspecific change
in VCINDY fluorescence in response to NaCl, and background is
a constant for any background scattering in the experiment.

Cryo-EM specimen preparation and image
processing

For cryo-EM grid preparation, 4 pL of a protein solution at a con-
centration of 3-6 mg/mL was applied to a glow-discharged,
300-mesh UltrAuFoil R1.2/1.3 grid (Quantifoil, #N1-A1nAu30-01).
The grid was blotted for 3-4 s under 100% humidity at 8 °C before
being flash-frozen in liquid ethane using a Mark IV Vitrobot (FEl).

For VcINDYwt-Na*-aKG in LMNG detergent, cryo-EM data was
acquired on a 300-kV Titan Krios microscope equipped with a K3
direct electron detector and an energy filter at a slit width of
20 eV, at a magnification of 105,000x and a super-resolution pixel
size of 0.4125 A (Table S2). Ice thickness was alternatively meas-
ured by zero loss peak and aperture limited scattering (74), and
holes with estimated ice thicknesses of 18-30 nm were targeted
for data collection. About 3,948 micrographs were collected, with
defocus values ranging from —0.8 to —1.6 um. Each micrograph
was dose fractionated over 40 frames, with an accumulated
dose of 53.11 e” A2 in 1.8 s. All cryo-EM imaging was performed
using Leginon v.3.6 (74, 75). Images were acquired with image
shifts up to 7 um, with hardware beam tilt correction enabled
in Leginon. On-the-fly data quality control was performed by run-
ning MotionCor2 v1.5 (76), CTFFIND4 v4.1.13 (77), and Appion
(78), picking particles using WARP v1.0.9 (79) and carrying out
2D classification cryoSPARC v3.3.1 (80). For data processing,
patch contrast transfer function (CTF) estimation was performed
using cryoSPARC v4.4.1 for the initial CTF parameters (80). Good
particles selected from 2D classification of WARP real-time pick-
ing were used as input templates for repicking in Topaz (79, 81),
and the resulting 2D projections were used as input for template
picking in cryoSPARC. This yielded a total of 3,717,199 particles
from all micrographs with a binned pixel size of 1.65 A. After sev-
eral rounds of 2D classification, good particles were subjected to
multiple rounds of heterogeneous 3D refinement against three
ab initio models generated from the selected WARP picking par-
ticles, resulting in a dataset of 897,300 particles. After re-
extracting particles with a pixel size of 0.825 A, additional rounds
of heterogeneous 3D refinements were carried out. A final data-
set of 274,511 particles yielded a 2.38 A inward-open C;-C; map of
VcINDY dimer after nonuniform refinement with C2 symmetry.
Following several rounds of higher-order CTF correction and

nonuniform refinement, and local refinement with a soft, static
mask of the protein density improved the resolution to 2.35 A
(Fig. S2 and Table S2).

For VcINDY-N203L mutant in NaCl and GDN detergent, a data-
set of 1,659 micrographs was collected on a 200-kV Talos Arctica
equipped with a K3 direct electron detector, at a magnification of
36,000%, with a pixel size of 0.548 A in super-resolution mode.
Defocus values ranged from —1.8 to —2.5 um. Each micrograph
was dose fractionated over 40 frames, with an accumulated
dose of 44.59 e~ A7 in 2.4 s. For data processing, patch CTF es-
timation was performed using cryoSPARC v4.4.1 for the initial
CTF parameters. Good particles selected from 2D classification
of WARP real-time picking were used as input templates for
Topaz repicking, and the resulting 2D projections were used as
input for template picking in cryoSPARC. This yielded 1,567,141
particles in total from all micrographs with a binned pixel size
of 2.192 A. After several rounds of 2D classification, good par-
ticles were subjected to multiple rounds of heterogeneous 3D re-
finement against three ab initio models generated from the
selected WARP picking particles, resulting in 295,436 particles.
After re-extracting particles with a pixel size of 1.096 A, additional
rounds of heterogeneous 3D refinements were processed. 84,046
particles resulted in a final map by nonuniform refinement with
C2 symmetry (Fig. $2). While the overall map resolution is 3.55 A,
the local resolution ranged 3.0-5.0 A.

Model building and refinement

For VcINDY-Na*™-aKG model building, a published wild-type
VcINDY structure in C;-C; conformation (PDB ID: 7T9F) was used
as the initial structural model (35). The VcINDY map was aligned
against the scaffold domain of the initial model. Atomic positions
in the VcINDY model were manually checked and adjusted using
COOT before being refined against the corresponding map using
real-space refinement in PHENIX (82, 83). All figures were pre-
pared in Chimera X and PyMol (84, 85).

Molecular dynamics simulations

Molecular dynamics simulation results were taken from MemProtMD’s
snapshot of an atomistic simulation for VcINDY (6WU3) (61).
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