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The molecular mechanism of sialic acid transport
mediated by Sialin
Wenxin Hu1, Congwu Chi2, Kunhua Song2, Hongjin Zheng1*

Malfunction of the sialic acid transporter caused by various genetic mutations in the SLC17A5 gene encoding
Sialin leads to a spectrum of neurodegenerative conditions called free sialic acid storage disorders. Unfortunate-
ly, how Sialin transports sialic acid/proton (H+) and how pathogenic mutations impair its function are poorly
defined. Here, we present the structure of human Sialin in an inward-facing partially open conformation deter-
mined by cryo–electron microscopy, representing the first high-resolution structure of any human SLC17
member. Our analysis reveals two unique features in Sialin: (i) The H+ coupling/sensing requires two highly con-
served Glu residues (E171 and E175) instead of one (E175) as implied in previous studies; and (ii) the normal
function of Sialin requires the stabilization of a cytosolic helix, which has not been noticed in the literature. By
mapping known pathogenic mutations, we provide mechanistic explanations for corresponding functional
defects. We propose a structure-based mechanism for sialic acid transport mediated by Sialin.
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INTRODUCTION
Sialic acids are a group of nine-carbon carboxylated monosaccha-
rides synthesized in animals, some bacterial species, and humans,
generally found at the terminal end of glycans that are conjugated
with proteins and lipids (1, 2). Sialic acids comprise more than 50
natural derivatives, the most widespread form being N-acetylneur-
aminic acid (Neu5Ac) (fig. S1). The structural diversity and strong
negative charge (pKa = ~2) of sialic acids suggest their importance
in a wide range of biological processes, such as mediating cell-cell
interactions, modulating immune responses, controlling the stabil-
ity of proteins, and many more (3–5). Thus, the imbalance of sialic
acid metabolism is implied in many pathological conditions, in-
cluding but not limited to cardiovascular diseases (6), cancer (7),
immunological disorders (8), and diabetes (9).

Sialic acid metabolism involves a critical recycling process in the
endolysosomal system. Various enzymes degrade the glycans to
produce free monosaccharides (including sialic acids) that are
transported back into the cytosol (10). Thus, genetic mutations of
these enzymes and related transporters lead to defective glycan deg-
radation, glycan salvage, and abnormal accumulation of metabolites
in lysosomes, resulting in various lysosomal storage disorders (11).
For example, multiple mutations in the SLC17A5 gene encoding the
lysosomal sialic acid/proton (H+) symporter Sialin could cause free
sialic acid storage disorders (12). These disorders are characterized
by enlarged cellular lysosomes and elevated levels of free sialic acids
in urine (13). They cover a spectrum of pathological forms from a
mild, slowly progressive symptom in patients living to adulthood
(Salla disease) (14), to an intermediate form resulting in severe de-
velopmental delays (15), to a severe condition that is often lethal in
early childhood (infantile sialic acid storage disorder) (16). Unfor-
tunately, no approved therapy for these disorders or ongoing clin-
ical trials is listed on clinicaltrials.gov (accessed August 2022). One
possible reason for this is that the molecular mechanism of sialic

acid/H+ cotransport mediated by Sialin is unclear. Although the
transport deficiency of some pathogenic mutants has been charac-
terized in cells and proteoliposomes, how such mutations affect the
structure of Sialin remains unknown.

Sialin is a member of the solute carrier 17 (SLC17) family. SLC17
members are responsible for the translocation of various organic
anions (phosphate, glutamate, aspartate, sialic acids, and more)
driven by an electrochemical gradient with contributions from
either electrical potential (Δψ) or H+ gradient (ΔpH) or both (17,
18). Sialin can transport multiple substrates other than sialic
acids, depending on where the transporter is located. For
example, in rodents, Sialin expressed in synaptic vesicles of hippo-
campal neurons and pinealocytes is responsible for the vesicular ac-
cumulation of aspartate (19). However, this vesicular aspartate
accumulation might not be physiologically relevant, as the aspartate
released is at a concentration too low to activate postsynaptic N-
Methyl-D-aspartic acid (NMDA)–type glutamate receptors (20).
In vitro experiments using reconstituted proteoliposomes have con-
firmed that Sialin could act as an anion transporter for aspartate,
glutamate, and neuropeptide NAAG driven by membrane potential
(21, 22). In human salivary glands, when localized in the basolateral
membrane of the epithelial cells, Sialin is responsible for the active
accumulation of nitrate (NO3

−), acting like an electrogenic 2NO3
−/

H+ cotransporter (23). Such function suggests that Sialin plays a
critical role in the delicate balance of the nitrate–nitrite–nitric
oxide pathway (24). Despite the extensive functional characteriza-
tion, structural information about Sialin is still missing in the liter-
ature, which delays our attempt to reveal the molecular mechanism
of this transporter.

Here, using cryo–electron microscopy (cryo-EM) single-particle
reconstruction, we determined a 3.4-Å-resolution structure of
human Sialin in the apo state. The structure adopts an inward-
facing conformation with two domains: N-domain with transmem-
brane helices (TM) 1 to 6 and C-domain with TM7 to TM12. Using
computational docking, we identified the putative substrate-
binding pocket in Sialin. Although the pocket is solvent accessible
from the cytosolic side, it is not accessible by major substrates such
as Neu5Ac because the central pathway is spatially constricted
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around H183. Thus, the conformation is designated as partially
open inward-facing. Nevertheless, the computationally docked
Neu5Ac in Sialin reveals a network of critical polar and charged res-
idues in the substrate-binding pocket. In the N-domain of Sialin,
there is a small tunnel connecting the lumen with protonatable res-
idues E171 and E175 deeply positioned in the center of the trans-
porter, both of which are critical for H+ coupling and absolutely
conserved in the SLC17 family. We mapped known pathogenic mu-
tations onto the Sialin structure and explained how they could cause
defective sialic acid transport in patients. In summary, our structur-
al and functional studies reveal the first high-resolution structure of
human Sialin and provide essential insights into understanding the
role of pathogenic Sialin mutations leading to free sialic acid storage
disorders.

RESULTS
Structure determination of Sialin
Previous studies have shown that expression of Sialin could be re-
directed to the plasma membrane by mutating the N-terminal
double Leu (L22 and L23) to either Ala or Gly in multiple human
cell lines, such as human embryonic kidney (HEK) 293 (25), HeLa
(26), and submandibular gland cells (23). Here, we kept the double
Leu unchanged, cloned the full-length human Sialin with an N-ter-
minal His-tag, and mutated three Asn residues (N71A, N77A, and
N95A) to abolish potential glycosylation. We expressed the con-
struct in High Five insect cells using a Bac-to-Bac baculovirus ex-
pression system (27, 28). The result shows that most of the
expressed Sialin is located in the plasma membrane when immu-
nostained with an anti-Sialin monoclonal antibody 8B1 (Fig. 1A).
In addition, Sialin is only detectable when the cell is permeated by
Triton X-100 and followed by immunostaining with an anti–His-
tag antibody, suggesting that the N-terminal His-tag of Sialin is
located on the cytosolic side. Thus, Sialin is correctly oriented (to-
pologically equivalent as in lysosomes) (fig. S2). Next, we asked
whether the expressed Sialin in High Five cells is functional or
not by a cellular transport assay (Fig. 1B). We incubated High
Five cells (with or without Sialin expression) with radioactively
labeled sialic acid [3H]Neu5Ac in the buffer of pH 5.6 and then
quantified the accumulated amount of [3H]Neu5Ac in the cells.
The result shows that Sialin can actively uptake Neu5Ac in High
Five cells at a level comparable to previous reports using HEK293
and HeLa cells (25, 26).

To carry out cryo-EM analysis, we first incorporated the deter-
gent-purified Sialin into nanodiscs made of soybean extract lipids
and membrane scaffold protein MSP1D1 (Sialin-nanodisc) (29).
The sample was imaged on a 200-keV Talos Arctica microscope.
Data analysis showed two-dimensional (2D) averages of an excellent
top/bottom view (perpendicular to the membrane bilayer) with ap-
parent densities accounting for the TMs in Sialin but poor side
views (parallel to the membrane bilayer) without any sharp features
(fig. S3, A and B). Unfortunately, we could not generate a meaning-
ful high-resolution structure using this sample. Thus, we developed
a mouse monoclonal antibody 8B1 against purified Sialin. The final
sample is the complex of Sialin-nanodisc and Fab fragment from
8B1, which has a size of ~160 kDa, well above the current size
limit for cryo-EM studies (fig. S3, A and C). With the Sialin-nano-
disc-Fab complex, we obtained a final reconstruction at 3.4-Å res-
olution and carried out the de novomodel building (Fig. 1, C andD,

and figs. S4 and S5). There are three patches of residues unresolved
in Sialin: N-terminal residues 1 to 31, long luminal loop (L2)
between TM1 and TM2 containing residues 69 to 101, and C-ter-
minal residues 489 to 496, because of their poor experimental den-
sities. The overall architecture of Sialin resembles a canonical fold
for the major facilitator superfamily with 12 TMs. These TMs are
grouped into two distinct domains: N-domain with TM1 to 6 and
C-domain with TM7 to 12. The N- and C-domains are connected
by a cytosolic loop (L7) between TM6 and TM7. Notably, in this
loop, a well-defined small cytosolic helix is sitting right beneath
the N-domain with delicate interactions that will be discussed later.

Putative substrate-binding pocket
We inspected the central translocation pathway between the N- and
C-domains using the softwareMoleOnline (30). The path is open to
the cytosolic side and closed at the center around residues Y301,
N302, F305, Y306, Y54, and R57 (Fig. 2, A and B). Upward from
here to the luminal side (or extracellular side), the pathway is entire-
ly sealed by L309 as the pore radius drops to 0.1 Å. Even considering
the side chain flexibility, the free radius at this position is narrower
than 1.2 Å. Thus, the determined structure adopts an inward-facing
conformation. To understand the substrate binding mechanism, we
tried to obtain the complex of Neu5Ac and Sialin but failed. Using
microscale thermophoresis, we measured the binding between
Neu5Ac and purified Sialin in both detergent and nanodisc made
of soybean polar extract lipids. The result shows no detectable
binding under any pH conditions. We tested the transporter func-
tion in proteoliposomes to rule out the possibility of somehow dam-
aging the purified Sialin. Specifically, we reconstituted the purified
Sialin into liposomes at pH 7.4. Then, we added [3H]Neu5Ac and
dropped the pH outside the proteoliposomes to 5.6. We detected
strong substrate transport, confirming that the purified Sialin is
functional (fig. S6). This result is consistent with previous studies
by other groups (19, 21, 22, 31). Then, why does Sialin not bind
Neu5Ac in vitro? We carefully examined the central channel and
found a constriction site on the cytosolic side surrounded by resi-
dues H183, R195, L415, and A422 (Fig. 2, A and C). At this position,
the diameter of the central pathway is constricted to ~3.5 or ~5.5 Å,
when considering side-chain flexibility, while the size of Neu5Ac is
roughly 6 Å by 12 Å by 12 Å, which is too big to go through the
constriction site to reach the substrate-binding pocket. This fact
has two implications: (i) After each transport, the substrate will
not be able to reenter the substrate-binding pocket from the
cytosol to trigger a reversed translocation event. (ii) Since Sialin
in proteoliposome can transport Neu5Ac, it is reasonable to
suggest that the pH gradient, H+ cotransport, or both are critical
to promoting subtle conformational changes at the constriction
site to allow Neu5Ac to go through and be released to the cytosol.

To elucidate residues critical for the substrate interactions, we
computationally docked a Neu5Ac molecule into the inward-
facing partially open Sialin structure using Autodock Vina (32,
33). The program’s top 5 scored poses were found at the narrowest
position in the central cavity as previously described (Figs. 2, A and
B), suggesting a putative substrate-binding pocket in Sialin (Fig. 2D
and fig. S7). The pocket is surrounded by a network of polar and
charged residues, including Y54, R57, Y119, H298, Y301, N302,
F305, Y306, S411, and N430, that can form hydrogen bonds and
salt bridges with Neu5Ac. Specifically, using relaxed constraints
of 0.4-Å distance and 20° angle, the top-scored pose forms multiple
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hydrogen bonds with surrounding polar residues (Y54, N302, Y306,
Y119, and N430) as well as salt bridges with R57 (Fig. 2D). Most of
these residues are highly conserved in Sialin homologs (fig. S8). For
example, in two known structures of Sialin homologs, D-galacto-
nate/H+ symporter from Escherichia coli (EcDgoT) (34) and vesic-
ular glutamate transporter 2 from Rattus norvegicus (rVGLUT2)
(35), R47 in EcDgoT and R88 in rVGLUT2 are equivalent to R57
in Sialin (figs. S8 and S9). These arginines are known to interact
with a carboxyl group in respective substrates electrostatically. As
expected, for Sialin, the transport efficiency of the R57A mutant
is only ~10% compared to the wild type, confirming its substrate-
binding function (Fig. 3B and fig. S10).

Proton coupling
Secondary transporters move substrates across the cellular mem-
brane using energy stored in the electrochemical gradient, such as
the H+ gradient (36). To sense or cotransport H+, acidic residues
(Asp and Glu) are often required and delicately positioned in mem-
brane transporters. In EcDgoT, both D46 and E133 (equivalent to
L56 and E175 in Sialin, respectively) are exposed to the luminal sol-
ution and capable of reversible protonation to carry out the symport
of H+/D-galactonate (figs. S8 and S11A) (34), while in rVGLUT2,
H128 and E191 (equivalent to L112 and E175 in Sialin) are pro-
posed H+ binding sites to activate substrate transport without H+

efflux allosterically (figs. S8 and S11B) (35). These residues are all
located in a lumen-accessible tunnel in the N-domains of EcDgoT
and rVGLUT2. As expected, in Sialin, there is a similar tunnel that

starts from residues on L2 (D104 and E106), goes through multiple
polar residues (T153, N59, and R168) on TMs, and ends around
T150 and E171 (Fig. 3A). Thus, E175 is completely buried and
not solvent accessible to the tunnel, which is locally different
from that of homologs, because, in N-domains of EcDgoT and
rVGLUT2, the residues equivalent to Sialin’s E175 (E133 and
E191, respectively) are readily solvent accessible to the tunnel. In
Sialin, the diameter of the lumen-accessible tunnel is 3 to 4.8 Å, al-
lowing full access to water molecules. There is a network of interac-
tions built around E171 and E175. Specifically, E171 seems to be
stabilized by interacting with T146, T150, T153, and R168, while
E175 is stabilized by interacting with Y119 and R57. Both R168
and R57 are along the central substrate transport pathway. We hy-
pothesize that the protonation/deprotonation status of both E171
and E175 is essential for sensing and cotransporting H+ during
sialic acid translocation. To test that, we carried out the cellular
transport assay (as in Fig. 1B) with various Sialin mutants. The
transport efficiency of each mutant was normalized by its expres-
sion level in the High Five cells. The result (Fig. 3B and fig. S10)
shows that Y119A, T150A, and R168A still retain most of their sub-
strate transport function, suggesting the moderate importance of
these residues. However, R57A is seriously dysfunctional, which is
consistent with the fact that R57C is a pathogenic mutation found in
patients with infantile sialic acid storage disorder (37). There are
two reasons why R57 is functionally essential: (i) It is responsible
for substrate recognition, and (ii) its interaction with E175 is critical
for H+ coupling (in Discussion). In addition, we found that both
E171Q and E175Q lose ~95% of their transport function, while
the E171Q/E175Q double mutant has no detectable substrate trans-
port. Thus, we concluded that E171 and E175 are equally critical for
H+ coupling and therefore for the substrate transport mediated
by Sialin.

Mapping the pathogenic mutations
With the high-resolution structure of Sialin, we start to understand
why pathogenic mutations result in dysfunctional proteins. Accord-
ing to the ClinVar database, more than 380 mutations in the
SLC17A5 gene are documented in patients with free sialic acid
storage disorders (accessed August 2022). In this study, we do not
discuss genetic mutations that either result in premature termina-
tion of protein translation or do not affect protein translation at all.
Instead, we will focus on mutations of specific amino acids that still
produce Sialin, particularly the 10 mutations that are clinically im-
portant (designated as “pathogenic”) (table S2). These pathogenic
mutations (Fig. 4A) could be roughly grouped into four classes.
The first class contains G328E, P334R, and G409E (fig. S12A).
G328 on TM8 is positioned directly against G218 on TM5 and sur-
rounded by hydrophobic side chains of V62, I219, L214, and P215.
P334 on TM8 fits tightly in the small cavity among L396, T397, and
T400. G409 is the kink on TM10 surrounded by F367, T368 from
TM9, F474 from TM12, and A349 from TM8. Structurally, it is un-
derstandable that replacing any G328, P334, and G409 with large,
charged residues (Glu and Arg) is energetically unfavorable for the
tight helical packing in Sialin. Thus, as demonstrated in previous
functional studies, G328E, P334R, and G409E are all loss-of-func-
tion pathogenic mutants (table S2). K136E represents the second
class of pathogenic mutations that interferes with transporter-
lipid interactions (fig. S12B). In our structure, the side chain of
K136 is very well defined by the experimental density and does

Fig. 1. Overall architecture of functional Sialin. (A) Confocal images of High Five
cells. Unpermeabilized cells with or without Sialin expressionwere immunostained
using anti-Sialin monoclonal antibody 8B1 (red) and DAPI (blue). (B) Cellular trans-
port of sialic acids using High Five cells with and without Sialin expression. (C)
Cryo-EM reconstruction of Sialin-nanodisc-Fab at 3.4-Å resolution colored by
local resolution estimation. (D) Cartoon representation of the Sialin model. All
helices (12 TMs and a cytosolic helix) are rainbow-colored.
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not form any hydrogen bond or salt bridge with surrounding resi-
dues in Sialin. However, K136 seems to connect with a lipid-like
density and most likely interacts with the negatively charged phos-
phate in phospholipids. K136E reverses the charge of the side chain
from positive to negative, resulting in destabilized transporter-lipid
interactions that likely impair the transporter function. Previous
studies have shown that K136E has only 10 to 55% of the wild-
type activity (table S2). It is worth noting that different cells and
lipid systems were used in these studies. We speculate that subtle
differences in the lipid composition may be why the measured ac-
tivity of K136E covers a relatively large range. The third class in-
cludes R57C and H183R, which completely abolishes sialic acid
transport (table S2). We hypothesize that these mutations directly
impair the substrate-transporter interactions (Figs. 2 and 4). For
R57, it is likely the most critical residue for substrate recognition.
Thus, in R57C, the positively charged side chain is lost, resulting
in lower substrate binding efficiency. Meanwhile, R57C loses the
ability to interact with E175, resulting in less efficient H+ coupling.
For H183, it forms the cytosolic constriction site together with
R195, L415, and A422. H183 is most likely neutral at physiological
pH as the side chain pKa is predicted to be ~3.6 (38). Thus, in
H183R, the constriction site would be more positively charged
and even narrower as Arg is slightly larger than His. The two
effects could cooperatively trap negatively charged substrate
Neu5Ac around the constriction site and effectively block the sub-
strate release. The fourth class of mutations includes R39H, R39C,
E262D, and ΔSSLRN (268 to 272) (Fig. 4B). It seems to be the most
interesting class, as these mutants affect the relative structural stabil-
ity between the cytosolic helix and N-domain. In our structure, the

cytosolic helix (residues 264 to 272) is stably localized below the N-
domain by strong interactions between three charged residues: R39,
E262, and E264. In addition, P191 and P192 may also contribute to
the stable localization with CH/π interaction with Y265 in the helix
(39). However, in the cryo-EM map, the side chain of Y265 is not
visible due to the quality of experimental density. The fixed locali-
zation of the cytosolic helix is essential, as it ensures that the follow-
ing loop (between the cytosolic helix and TM7) is physically away
from the center of the translocation pathway to maintain the solvent
accessibility (Fig. 4C). In the ΔSSLRN mutant, the cytosolic helix is
shortened but may still be correctly anchored under the N-domain,
because the essential interactions remain. However, the distance
between TM7 (and C-domain) and the N-domain needs to be
closer to accommodate the shortened amino acid sequence, result-
ing in a narrower central translocation pathway that completely
abolishes substrate transport (table S2). Here, we performed a cel-
lular transport assay with R39H and E262D mutants. The result
shows that R39H retains ~28 ± 3%, and E262D has only
~19 ± 2% of the transport activity compared to wild-type Sialin
(table S2). The side chains in R39H, R39C, and E262D mutants
are likely too small to form correct hydrogen bonds to stabilize
the cytosolic helix. Thus, the whole L7 loop becomes flexible and
could potentially cover the central pathway for substrate transloca-
tion, which explains the mild loss of transport function.

DISCUSSION
As a secondary active transporter, Sialin functions through an “al-
ternating access mechanism” in which the substrate-binding pocket

Fig. 2. Putative substrate-binding pocket in the partially open inward-facing Sialin. (A) Sialin (brown) is in the inward-facing conformation with the central pathway
shown (blue tube). The pathway’s diameter (blue) and free diameter (orange, treating side chains as flexible) are plotted side-by-side. (B) The narrowest position around
L309 in the path. (C) The cytosolic constriction site around H183. (D) The top-scored pose of docked Neu5Ac (ball and stick) in the putative substrate-binding pocket
interacts with surrounding residues. The dashed lines are pseudo bonds with a length of 2.5 to 3.3 Å.
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is solvent accessible from one side of the membrane or the other
when the transporter conformation alters between inward-facing
and outward-facing (40, 41). The cryo-EM structure of Sialin pre-
sented in this study shows an inward-facing conformation with a
cytosolic gate around H183 partially open. The gate does not
allow substrate Neu5Ac to go through, which is advantageous to
prevent Neu5Ac in the cytosol from being transported back into ly-
sosomes. To understand the conformational change, we compared
our Sialin structure with the AlphaFold predicted version (AF-
Q9NRA2-F1) (42). As expected, the N-domain and C-domain of
the predicted structure could be superimposed with their counter-
parts in our structure well with an RMSD of 0.737 and 0.698 Å, re-
spectively (fig. S13A). However, as a whole, the two structures do
not overlap with each other, indicating that AF-Q9NRA2-F1 may
adopt a different conformation. We analyzed the central pore in
AF-Q9NRA2-F1 by MoleOnline and attempted computational
docking with Autodock Vina. The result shows that (i) the

docked Neu5Ac does not sit in the putative substrate-binding
pocket; instead, it remains close to the luminal opening; (ii) the sub-
strate-binding pocket around R57 in the middle of the transporter is
solvent accessible to the luminal side; and (iii) the translocation
pathway on the cytosolic side is entirely closed by H183, R195,
L415, and L199 (fig. S13B). Thus, we concluded that the AlphaFold
predicted Sialin structure AF-Q9NRA2-F1 likely in the outward-
facing partially open conformation. It remains to be seen whether
this conformation is physiologically relevant or not. However, it
confirms the existence of the cytosolic gate around H183 and,
thus, the pathological effect of the H183R mutant.

On the basis of the functional and structural analysis, here, we
propose a sialic acid/H+ cotransport mechanism (Fig. 5). Let us
start the transport cycle with Sialin in the outward-facing confor-
mation (state 1). This state is likely similar to the predicted Alpha-
Fold structure. However, since the AlphaFold structure is only
partially open, it has to fully open the luminal side to allow the sub-
strate to enter the central pathway. So far, we do not know if such an
opening is regulated by a luminal gate or a more substantial struc-
tural change within the transporter. Because the N-domain most
likely functions as a rigid body, E171 shall interact with R168,
and E175 shall interact with R57, as found in our inward-open con-
formation. Here, to probe the protonation/deprotonation status of
E171 and E175, we used multiple pKa prediction servers (38, 43, 44).
The pKa of E171 is predicted to be between 5.6 and 8.2, while the
pKa of E175 is ~3.0. Considering the physiological environment
(pH ~5.6 in the lysosomal lumen and ~7.4 in the cytosol), it is
most likely that E171 balances between the protonated and depro-
tonated states. At the same time, E175 strongly favors the deproto-
nated form. Sialin changes from state 1 to state 2 when sialic acid is
recognized and moves into the central pathway. Because sialic acid
has a strong negative charge (pKa ~2.6), it will likely interact with
the R168 side chain and thus break the E171-R168 interaction.
Then, the free E171 side chain can be easily protonated. As the
sialic acid moves down and reaches the substrate-binding pocket,
Sialin changes from state 2 to state 3. Sialic acid interacts with
R57 and breaks the E175-R57 interaction to free E175. Here, H+

on the E171 side chain can be freely transferred onto E175
because of the proximity of the two residues (one helical turn
away). The deprotonated E171 restores its interaction with R168,

Fig. 3. Critical H+ coupling residues E171 and E175. (A) The lumen-accessible tunnel in N-domain (yellow, same view as in Fig. 2A). The hydrogen bonds and charged
interactions around E171 and E175 are zoomed in. (B) The transport efficiency of mutants measured in High Five cells using [3H]Neu5Ac is compared with that of wild-
type Sialin.

Fig. 4. Pathogenic mutations mapped onto Sialin. (A) Nine residues (purple)
corresponding to 10 pathogenic mutations are marked in the cartoon structure
of Sialin. (B) The cytosolic helix is stably localized by interactions among corre-
sponding residues. (C) L7 between TM6 and TM7 is physically away from the
central pathway (marked by Δ).
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destabilizing the transient R168–sialic acid interaction and promot-
ing the R57–sialic acid interaction in the pocket. Next, Sialin will
change from state 3 to state 4 to release both H+ and sialic acid
into the cytosol. For the transferred H+, the release process shall
be easy because E175’s low pKa favors a deprotonated state under
cytosolic pH. For sialic acid, the release process may be complicated
and involve many residues around the binding pocket. For example,
polar residues, such as N430, N302, Y54, and Y119 (Fig. 2D), may
provide electrostatic force to move the sialic acid away from R57.
The sugar ring in sialic acid could interact with nearby hydrophobic
residues. In addition, deprotonated E175 will likely rebind R57. All
these possible interactions probably act coordinately to remove the
sialic acid from the substrate-binding pocket. Last, Sialin could reset
itself to state 1, the outward-facing conformation. The structure de-
termined here represents Sialin at state 3 but without sialic acid.

In summary, our structure provides an excellent start to under-
standing the sialic acid/H+ cotransport mediated by Sialin.
However, there are still many open questions regarding the molec-
ular mechanism. For example, how does Sialin open the H183 con-
striction site to release the substrate? How does the transporter
switch from inward-facing to outward-facing? Future studies in bi-
ophysics, structural biology, and molecular dynamics simulations
will be necessary to answer these questions.

MATERIALS AND METHODS
Protein expression and purification
The full-length human Sialin (UniProt: Q9NRA2) was cloned into a
pFastBac vector (Thermo Fisher Scientific) with an N-terminal His-
tag and a thrombin digestion site. Three predicted N-linked glyco-
sylation sites were abolished by site-directed mutagenesis (N71A,
N77A, and N95A). Sialin was overexpressed in High Five cells
using the Bac-to-Bac Baculovirus Expression System (Thermo
Fisher Scientific). Cells were harvested by centrifugation 72 hours
after virus infection and lysed by passing through a microfluidizer
M110P (Microfluidics Corporation). The membrane fraction was
collected by centrifugation at 150,000g for 1 hour and resuspended
in buffer A [20mM tris (pH 7.4) and 150mMNaCl]. Lauryl maltose
neopentyl glycol (LMNG; 1%) (Anatrace) was used to solubilize the
membrane at 4°C for 2 hours. The supernatant was isolated by cen-
trifugation at 150,000g for 1 hour and incubated with TALON
IMAC resin (Clontech) in buffer A with 5 mM imidazole. The
resin was washed with buffer B [20 mM tris (pH 7.4), 150 mM
NaCl, and 0.003% LMNG] with 10 mM imidazole, and then the
protein was eluted in buffer B with 200 mM imidazole. The
eluted protein was digested with thrombin (Enzyme Research Lab-
oratories) at a molar ratio of 1:50 overnight at 4°C. Sialin was further
purified by gel filtration chromatography with a Superdex 200
column (Sigma-Aldrich) in buffer B and concentrated to ~5 mg/
ml for storage.

Fab generation
Monoclonal antibodies against Sialin were generated in mice using
purified protein in detergent as the antigen in the Monoclonal An-
tibody Core Laboratory at the Oregon Health & Science University
(45). Antibody 8B1 was selected as it had the strongest binding af-
finity to Sialin when tested byWestern blot and ELISA. The Fab was
produced by papain digestion and purified by protein A affinity
chromatography (Thermo Fisher Scientific).

Cryo-EM sample preparation
To overcome the challenge presented by the small size of Sialin (~55
kDa), we first reconstituted the purified protein into lipid nano-
discs. We then formed a larger complex with Fab generated from
the 8B1 antibody. Briefly, membrane scaffold protein MSP1D1
(Addgene) was purified as described previously (46). Purified
Sialin in detergent was mixed with MSP1D1 and soybean polar
extract lipids (Anatrace) at a molar ratio of 1:8:400 on ice for 30
min. Prewetted Bio-Beads (0.2 mg; Bio-Rad Laboratories) was
added for overnight incubation at 4°C. The mixture was purified
by gel filtration with a Superose 6 column in buffer A, incubated
with Fab at a molar ratio of 1:2, and then purified by gel filtration.
The final complex of Sialin-nanodisc-Fab was concentrated to ~2.5
mg/ml.

Cryo-EM data collection
Three microliters of the freshly purified complex was applied to a
plasma-cleaned C-flat holy carbon grid (1.2/1.3, 400 mesh, Electron
Microscopy Sciences) and prepared using a Vitrobot Mark IV
(Thermo Fisher Scientific) with the environmental chamber set at
100% humidity and 4°C. The grid was blotted for ~3 s and then
flash-frozen in liquid ethane. The data were collected on a Titan
Krios (Thermo Fisher Scientific) operated at 300 keV and equipped

Fig. 5. Proposed model of sialic acid/H+ cotransport by Sialin. In the outward-
facing conformation (state 1), R168 interacts with E171, and R57 interacts with
E175. When the sialic acid is recognized (state 2), it likely interacts with R168
and frees E171 to be pronated. As the substrate moves down the translocation
pathway (state 3), it interacts with R57 and frees E175. E171 then transfers the
H+ to E175. As E171 rebonds with R168, the substrate moves further down. In
the inward-facing conformation (state 4), since E175 prefers a deprotonation
state (pKa ~3.0), the H+ is quickly released to the cytosol. E175 rebonds with
R57, which promotes the substrate release from the binding pocket. Sialin is
then reset to the outward-facing conformation for another cycle.
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with a K3 direct detector (Gatan). A total of 10,235 movies were re-
corded with a calibrated pixel size of 0.826 Å, a defocus range of
−1 to −2.5 μm, and 50 frames with a total dose of ~60 electrons/Å2.

Image processing, model building, and refinement
The data were processed with cryoSPARC (47). Patch motion cor-
rection was used to correct the beam-induced movement, and patch
contrast transfer function was used to estimate contrast transfer
function parameters for each movie. A total of ~3 million particles
were automatically picked using “Blob Picker” and extracted with a
box size of 320 × 320 pixels. After two rounds of reference-free 2D
classification, ab initio reconstruction, and heterogeneous refine-
ment, ~800,000 particles were selected for further processing. 3D
classification without alignment was performed with the following
parameters: five classes, 6-Å target resolution, and principal com-
ponent analysis initiation mode. The final reconstruction was ob-
tained with a particular class of 394,078 particles. After
homogenesis refinement and nonuniform refinement, the map
reached a resolution of ~3.7 Å. A soft mask around Sialin and
half of the Fab was generated for a final round of local refinement
to produce the 3.4-Å-resolution map. The model was built in Coot
(48). The AlphaFold-predicted model of Sialin was used as a guide
together with several secondary structure prediction programs:
Jpred (49) and PSSpred (50). The final model contains residues
32 to 68 and 102 to 488, missing flexible N-termini, C-termini,
and the luminal loop between TM2 and TM3. The model was
refined in PHENIX (51). The quality of the model was assessed
by MolProbity (52). Statistical details can be found in table S1. All
superpositions of structures were calculated in the program UCSF
Chimera with the alignment algorithm of Needleman-Wunsch and
BLOSUM-62 matrix (53).

Cellular transport assay
Sialic acid uptake was measured in High-Five cells expressing wild-
type and various mutations of Sialin. Specifically, 200 μl of High-
Five cells (0.4 × 106 count/ml) was seeded in 24-well plates in
Grace’s Insect Medium supplemented with fetal bovine serum
and infected with the corresponding baculoviruses for 24 hours.
Cells were washed twice with buffer C [20 mM MES (pH 5.6), 5
mM glucose, 150 mMNaCl, and 1mMMgSO4] and then incubated
with [3H]Neu5Ac (0.05 μCi, assumed to be 10 nM in 250 μl of buffer
C) for 15 min at room temperature. After washing twice with ice-
cold buffer at pH 7.4, the radioactivity in the cells was counted by
liquid scintillation counting using a PerkinElmer Tri-Carb 2910 TR
machine. Each transport was measured five times independently.
The expression level of wild-type and mutant Sialin in High-Five
cells was determined by Western blot analysis, which was used to
normalize the substrate transport measurements. The transported
amount of [3H]Neu5Ac was plotted in Fig. 1B, and the transport
efficiency of mutants was calculated against that of wild type in per-
centage in Fig. 3B.

Proteoliposome transport assay
The experiment followed a previously published protocol (54).
Briefly, 10 mg of Soybean polar extract lipids (Avanti Polar
Lipids) were dissolved in chloroform, dried by nitrogen gas, and im-
mediately resuspended in Buffer A to a final concentration of 10
mg/ml. The large unilamellar liposome vesicles were made by ex-
truding the suspension through a 400-nm polycarbonate

membrane filter using a mini extruder (Avanti Polar Lipids). To re-
constitute proteoliposomes, the liposomes were destabilized by
0.015% Triton X-100 and then incubated with purified Sialin at a
ratio of 150:1 (wt/wt) for 20 min at room temperature. Bio-Beads
SM-2 (150 mg; Bio-Rad Laboratories) were added to the mixture
to absorb all detergents overnight at 4°C. The reconstituted proteo-
liposomes were harvested by ultracentrifugation at 180,000g for 20
min and then resuspended in buffer D [20 mM MES (pH 5.6) and
150 mMNaCl]. Proteoliposome solution (100 μl) for each transport
was incubated with 10 nM [3H]Neu5Ac at room temperature. At
different time points, the proteoliposomes were filtered and
washed with ice-cold Buffer A. The filter membrane was scintilla-
tion-counted. Each transport was repeated five times. The trans-
ported amount was calculated with the assumption that the
orientation of reconstituted Sialin was 50:50.

Immunofluorescence staining and microscopy imaging
High Five cells with or without His-tagged Sialin expression were
fixed in 2% paraformaldehyde for 30 min at room temperature.
After washing three times with PBS, cells were permeabilized with
0.2% Triton X-100 for 30 min. Unpermeabilized or permeabilized
cells were blocked in PBS containing 10% horse serum for 30 min at
room temperature. Cells were then incubated with primary antibod-
ies against 6×His (1:500; UBPBio) or anti-Sialin monoclonal anti-
body 8B1 (1:2000) in 5% horse serum in PBS for 1 hour at room
temperature. Cells were washed three times in PBS before costained
with secondary antibody (1:800; Molecular Probes Alexa Fluor 555)
and nuclei dye Hoechst (1:5000; Molecular Probes) or 4′,6-diamidi-
no-2-phenylindole (Sigma-Aldrich; 1 μg/ml) for 1 hour at room
temperature. Stained cells were washed three times in PBS, followed
by microscopy imaging with an Olympus FV1000 FCS/RICS con-
focal microscope or a Keyence BZ-X710 All-in-One Fluorescence
Microscope.
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This PDF file includes:
Figs. S1 to S13
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