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B I O C H E M I S T R Y

Structural insights into the calcium-coupled zinc export 
of human ZnT1
Chunqiao Sun1†, Bangguo He1,2†, Yongxiang Gao1,3, Xingbing Wang2*, Xin Liu1*, Linfeng Sun1*

Cellular zinc (Zn2+) homeostasis is essential to human health and is under tight regulations. Human zinc trans-
porter 1 (hZnT1) is a plasma membrane–localized Zn2+ exporter belonging to the ZnT family, and its functional 
aberration is associated with multiple diseases. Here, we show that hZnT1 works as a Zn2+/Ca2+ exchanger. We 
determine the structure of hZnT1 using cryo–electron microscopy (cryo-EM) single particle analysis. hZnT1 adopts 
a homodimeric structure, and each subunit contains a transmembrane domain consisting of six transmembrane 
segments, a cytosolic domain, and an extracellular domain. The transmembrane region displays an outward-
facing conformation. On the basis of structural and functional analysis, we propose a model for the hZnT1-
mediated Zn2+/Ca2+ exchange. Together, these results facilitate our understanding of the biological functions of 
hZnT1 and provide a basis for further investigations of the ZnT family transporters.

INTRODUCTION
As an essential trace metal ion in human, zinc is critical to numer-
ous fundamental life processes by playing roles in maintaining the 
normal structures and functions of a large variety of proteins or cell 
signaling regulations (1, 2). Zinc homeostasis is under tight regula-
tions of several factors, including the nonspecific metal-binding 
proteins named metallothioneins (MTs), which serve as an intracel-
lular buffer, and two intramembrane zinc transporter families, the 
Zrt- and Irt-like protein (ZIP) family that imports zinc from the 
extracellular space or subcellular organelles into the cytoplasm and 
the zinc transporter (ZnT) family that exports zinc from the cyto-
plasm to the extracellular milieu or organelles (3, 4). Ten members 
have been identified in the human ZnT family, namely, ZnT1-ZnT10 
(5). Of all these ZnTs, human ZnT1 (hZnT1) is first member identi-
fied and predominantly functions in the plasma membrane, thus 
playing a pivotal role in cellular zinc homeostasis (6–9). Homozy-
gous ZnT1 gene knockout leads to embryonic lethal in mice (10), 
and aberrant hZnT1 expressions or functions have been found to 
be involved in multiple pathophysiological processes including 
Alzheimer’s disease (AD), cancer, obesity, and diabetes (5). Special-
ly, expression levels of hZnT1 were reported to be substantially ele-
vated in vulnerable brain regions of individuals with early AD or 
late AD but decreased in individuals in the preclinical stage of AD 
or with mild cognitive impairment, suggesting a close relationship 
between hZnT1 and AD onset (11–13). Up-regulation of hZnT1 
expression level was also observed in several cancer types, such as 
prostate cancer, and in obesity (14–17). Thus, targeting hZnT1 may 
be a promising way of diagnosis and treatment of related diseases.

Although ubiquitously expressed and important to zinc homeo-
stasis, the transport and energy coupling mechanisms of hZnT1 

remain debatable. Bacterial homologs such as YiiP and certain hZnT 
members such as hZnT5 and hZnT8 have been shown to be Zn2+/
H+ antiporters, which use the proton motive force to drive Zn2+ 
export (18–22). Earlier studies using human embryonic kidney 
293T (HEK293T) cell–based fluorescent imaging and liposome-
based coupled proton transport assay with the C-terminal truncated 
hZnT1 protein purified from Saccharomyces cerevisiae also suggested 
that hZnT1 functions as a Zn2+/H+ exchanger, and the export pro-
cess is sodium independent but calcium sensitive (23, 24). A notable 
observation is that in the cell-based assay, no Zn2+ efflux was ob-
served when calcium is absent in the extracellular medium, which 
was interpreted that Ca2+ had a stimulatory role to hZnT1’s trans-
port activity (24). Another study using neuronal cell–based fluores-
cence measurements showed that a rise of pH (from 7.4 to 8.0) had 
little effect to hZnT1-mediated Zn2+ efflux (25). Instead, the trans-
port is Ca2+ dependent, and Ca2+ influx was coupled to Zn2+ efflux, 
suggesting that hZnT1 is a Zn2+/Ca2+ exchanger in neuronal cells 
(25). Thus, the energy coupling mechanism of Zn2+ efflux by hZnT1 
awaits further characterizations, especially through the in  vitro 
analysis, which minimizes the influence of other cellular factors.

To solve the controversy of the energy coupler of Zn2+ export 
and unveil the transport mechanisms of hZnT1, in this study, we try 
to purify the full-length hZnT1 and determine its coupling mecha-
nisms using both cell-based in  vivo and proteoliposome-based 
in vitro assay systems. Our results support that hZnT1 functions 
as a Zn2+/Ca2+ exchanger. The structure of hZnT1 is determined 
using cryo–electron microscopy (cryo-EM) single particle analysis, 
providing a structural basis for further understanding of its trans-
port mechanism.

RESULTS
Zn2+/Ca2+ exchange activity of hZnT1
We first examined the Zn2+ efflux mediated by hZnT1 in the 
HEK293T cells. Cells were first loaded with the cell-permeable zinc-
specific fluorescent indicator FluoZin-3 AM and then loaded with 
Zn2+ by incubation in the Ringer’s solution plus the ionophore zinc 
pyrithione and ZnCl2. After transfer into the Zn2+-free Ringer solu-
tion, rapid decrease in the fluorescence was observed in cells trans-
fected with the wild-type (WT) hZnT1, but not in the control cells 
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transfected with empty vector, confirming the hZnT1-mediated 
Zn2+ efflux (Fig. 1A). We tested the effects of proton gradients to 
the Zn2+ efflux by changing the extracellular buffer pH from 6.5 to 
8.5. As the results showed, no significant differences were identified 
in the initial rate of fluorescence changes among different pH groups 
(fig. S1A), consistent with previous observations (25) and indicating 
that the efflux of Zn2+ is independent of proton gradients. The Ringer’s 
solution used as the extracellular assay buffer contains 1.8 mM 
CaCl2. If CaCl2 was removed from the Ringer’s solution, Zn2+ trans-
port was impaired as indicated by the initial fluorescence change 
identified in cells transfected with the WT hZnT1 compared to the 
empty vector as a control (Fig. 1B), the same as previously reported 
(24, 25), suggesting that the presence of extracellular Ca2+ is critical 
to Zn2+ efflux. To find out whether Ca2+ is a transport activator or 
substrate of hZnT1, we monitored the intracellular Ca2+ level by 
coexpressing the specific Ca2+ fluorescent reporter GCaMP6s in 
HEK293T cells (26). After transfer into the Ringer’s solution, a rapid 
increase in the GCaMP6s fluorescence was observed in the WT 
hZnT1 cells, suggesting an elevation in the cytosolic Ca2+ accompa-
nying the Zn2+ efflux (Fig.  1C). All above results obtained in the 
HEK293T cells are consistent with those reported in the neuronal 
cells (25), strongly supporting the notion that hZnT1 is a Zn2+/Ca2+ 
exchanger, instead of a Zn2+/H+ antiporter such as the other mem-
bers of the ZnT family.

To confirm these findings and rule out possible interference 
factors in the whole cell, we tried to set up an in vitro assay system 
using reconstituted proteoliposomes. The full-length hZnT1 protein 
was expressed and purified using the transient expression system in 
suspension HEK293F cells. The liposomes were reconstituted with 

the membrane-impermeable fluorescent indicator FluoZin-3 and 
Ca2+ loaded inside, and Zn2+ transport into the liposomes was 
monitored by measuring fluorescence change after adding the lipo-
somes into the Zn2+-containing extramembrane assay buffer. As 
the results showed, proteoliposomes loaded with the purified WT 
hZnT1 protein had a rapid increase in the fluorescence after adding 
into the assay buffer, while no such changes were observed in the 
protein-free liposomes as the negative control (Fig. 1D). By titrating 
the Zn2+ concentrations and determining the initial fluorescence 
change rate of hZnT1 (27, 28), we determined the Km (Michaelis 
constant) of Zn2+ concentration to be 0.38 ± 0.14 μM (fig. S1B). 
Notably, when Ca2+ was removed from the proteoliposomes and 
extramembrane assay buffer, we still observed Zn2+ transport into 
the liposomes mediated by ZnT1 (fig. S1C), suggesting that ZnT1 
can also transport Zn2+ in the presence of a Zn2+ gradient alone. 
This is similar to the ZnT1 homologs including YiiP and hZnT8, 
which can also mediate Zn2+ efflux in the absence of a proton gradi-
ent (22, 27, 29). However, the transport rate was reduced compared 
to that in the presence of a transmembrane Ca2+ gradient (Fig. 1E 
and fig. S1C). Besides, if the proteoliposomes were added into the 
assay buffer with the same concentration of Ca2+ as the inside of 
proteoliposomes, then the transport rate was also reduced, confirming 
that a cross-membrane Ca2+ gradient is essential for hZnT1 to 
drive Zn2+ efflux (Fig. 1E and fig. S1C). To confirm that Ca2+ is 
transported by hZnT1, we preloaded the liposomes with Ca2+ and 
then added the liposomes into the assay buffer containing Zn2+ and 
the Ca2+ indicator Fura-2 to monitor the Ca2+ efflux. As the results 
showed, a notable increase in Fura-2 fluorescence was observed 
in the WT hZnT1-loaded proteoliposomes, further proving a Ca2+ 
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Fig. 1. hZnT1 functions as a Zn2+/Ca2+ exchanger. (A) Zn2+ efflux by hZnT1 in HEK293T cells. Representative traces of the fluorescence are shown for cells on one co
verslip. (B) Initial rates of Zn2+ efflux in HEK293T cells in absence or presence of Ca2+, respectively. Each data point represents the initial rate calculated from the mean of 
fluorescence changes of at least thirty cells from one coverslip and was repeated three times with three coverslips. (C) Ca2+ influx by hZnT1 in HEK293T cells. Data are 
obtained with at least thirty cells from one coverslip and repeated three times with three coverslips. (D) Zn2+ efflux by hZnT1 in the proteoliposome-based transport assay. 
(E) Initial Zn2+ transport rates of hZnT1 determined with the proteoliposomes-based assay. Presence or absence of Ca2+ in assay buffer (out) or inside proteoliposomes 
(in) is indicated. Data are obtained from four independent experiments. (F) Ca2+ transport by hZnT1 measured in the proteoliposome-based assay. For (C), (D), and (F), 
fluorescence traces are shown as solid line (mean) with shaded areas (SD) from at least three biological repeats. For (B) and (E), significances were determined using a 
two-tailed unpaired t test. ns, not significant. ****P < 0.0001. Data are means ± SD.
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transport associated with the Zn2+ (Fig. 1F). We also generated two 
double mutants at the predicted metal ion binding site of hZnT1 
within in the transmembrane domain (TMD), H43A/H251A and 
D47A/D255A, and tested their Ca2+ transport activities. Similar to 
the empty liposomes as the negative control, the H43A/H251A or 
D47A/D255A mutant had no increase in the Fura-2 fluorescent sig-
nal (fig. S1D). Besides Fura-2, we also purified the Ca2+ fluorescent 
reporter GCaMP6s and loaded GCaMP6s together with Zn2+ into 
the liposomes to monitor the Ca2+ influx in the presence of a trans-
membrane Zn2+ gradient. A similar increase in GCaMP6s fluores-
cence signal was observed in the hZnT1-loaded proteoliposomes 
(fig.  S1E). Together, these in  vitro results support the notion that 
hZnT1 is a Zn2+/Ca2+ exchanger, rather than a proton gradient–
driven Zn2+ transporter.

Structure determination of hZnT1
High-resolution structures have been reported for several Zn2+ 
exporters from different species, including the bacterial Zn2+/H+ 
transporter homolog YiiP in Shewanella oneidensis (SoYiiP) or 
Escherichia coli (EcYiiP), the hZnT1 orthologs hZnT7 and hZnT8, 
and the ZnT8 homolog in Xenopus tropicalis (XtZnT8) (27, 28, 
30–35). Unlike the plasma membrane localization of hZnT1, hZnT7 
and hZnT8 are localized in the Golgi apparatus and insulin secretory 
granules of pancreatic β cells, respectively (28, 34). hZnT1 shares 
relatively low sequence identities with either hZnT7 or hZnT8, 

about 27% each (fig. S2). We tried to determine its structure using 
cryo-EM single particle analysis with the purified protein in deter-
gent glyco-diosgenin (GDN) from HEK293F cells (fig. S3, A and B). 
The two-dimensional (2D) classification results of the collected par-
ticles showed good protein features from different views (fig. S3C). 
However, we failed to get a high-resolution 3D electron microscopy 
(EM) map for structure modeling after extensive trials due to 
possible structural flexibilities and dynamics of hZnT1. The overall 
resolution only reached about 6.0 Å, insufficient for residue assign-
ment (fig. S3, D and E). Nonetheless, a main-chain structure model 
for the transmembrane region was built, which shows the organiza-
tion of the transmembrane helices (fig. S3F). To stabilize the protein 
and facilitate structure determination, two mutations at the predicted 
metal ion binding site within in the TMD, D47N and D255N, 
were introduced into hZnT1, a similar strategy used to get a high-
resolution structure of hZnT8 (34). The protein expression and be-
havior were unaffected by the mutation (fig. S4A). We proceeded to 
determine its structure using cryo-EM with the protein purified in 
detergent GDN. After data collection and processing, an EM map 
with an overall resolution of 3.4 Å was lastly obtained as assessed by 
the gold standard Fourier shell correlation (FSC) criterion, allowing 
faithful model building and residue assignment (Fig. 2A and figs. S4, 
B to G; S5; and S6). Three hundred twenty-five of the total 507 
amino acids were modeled (Fig.  2B). A large cytosolic loop between 
transmembrane helix 4 (TM4) and TM5 with about 100 amino acids 
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Fig. 2. Overall architecture of hZnT1. (A) EM density for the hZnT1-D47N/D255N double mutant (hZnT1-DM) at 3.4-Å resolution. Densities corresponding to the two 
hZnT1 protomers are colored green and purple, respectively. The surrounding micelle is shown in light gray. (B) Cartoon representation of the dimeric hZnT1-DM struc-
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due numbers of each transmembrane helix are labeled aside. (E) A top view of the TMD of hZnT1-DM structure. (F) Ion accessibility analysis of the hZnT1 structure, as 
calculated using HOLE2 (49). The pore cavity is shown as magenta mesh. Calculated pore radius along the transmembrane region is shown. (G) Overview of the CD of 
hZnT1-DM. Residues in the dimer interface forming either hydrophobic interaction or hydrogen bonding are shown in sticks.
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(141 to 237) and the C-terminal about 85 amino acids (423 to 507) 
were missing in the structural model due to vague EM densities, sug-
gesting large flexibilities of these segments.

Overall architecture of hZnT1
The structure of hZnT1-D47N/D255N double mutant (named 
hZnT1-DM hereafter) exhibits a homodimeric architecture, con-
sistent with previous biochemical and structural observations of 
hZnT7, hZnT8, or their homologs (28, 30, 34, 36). Each hZnT1 
protomer can be divided into three parts: an extracellular domain 
(ECD), a TMD, and a cytosolic domain (CD) (Fig. 2, C and D). The 
ECD of hZnT1 is formed by a linker between TM5 and TM6 (resi-
dues 272 to 311). Particularly, this linker is unconserved and miss-
ing in all other hZnTs or the bacterial homologs with determined 
structures (fig.  S2, A and B). Thus, the ECD region represents a 
unique structure feature for hZnT1. Residues 291 to 297 of this 
linker form a short α helix and mediate additional intersubunit 
contacts. If we truncate the ECD region of hZnT1 and replace it 
with the shorter linker between TM5 and TM6 of hZnT8 (hZnT1-
ΔECD), then the protein expression was unaffected by the trunca-
tion. However, the Zn2+ transport activity of the ΔECD mutant 
was markedly decreased compared to the WT hZnT1 as measured 
in the proteoliposome-based assay (fig. S7A), indicating that the 
ECD not only plays a structural role in the dimer formation but 
also has an important role to the metal transport. The TMD of 
hZnT1 consists of six transmembrane segments (TMs), with both 
N and C terminus located in the cytoplasmic side (Fig. 2, C and D). 
TM2 and TM3 from each protomer form extensive hydrophobic 
interactions, mediating the dimer formation in the TMD (Fig. 2E 
and fig. S7B). TM2, TM3, TM5, and TM6 form a cavity that is sol-
vent accessible from the extracellular side but completely sealed 
from the cytoplasmic side, as revealed by the pore radius analysis 
results (Fig. 2F), suggesting that the captured hZnT1 structure is in 
an outward-facing state. Notably, the TMD in the low-resolution 
WT hZnT1 structure merges well with that in the hZnT1-DM 
structure (fig.  S3G). The CD of hZnT1 consists of two short α 
helices (CDα1 and CDα2) and three β sheets (CDβ1 to CDβ3) 
(Fig. 2, C, D, and G). The β sheets of one protomer closely packs 
against that of another protomer through both hydrophobic inter-
actions and hydrogen bonding and interacts with the TMD regions 
such as the TM2-TM3 linker of another protomer, thus contribut-
ing to the dimer formation (Fig. 2G and fig. S7C).

Structures have been determined for both the WT hZnT8 and 
the TMD Zn2+ binding site mutant (hZnT8-DM) (34). The WT 
hZnT8 in the presence of Zn2+ and the hZnT8-DM mutant in the ab-
sence of Zn2+ exhibit an outward-facing conformation for both 
protomers, while the WT hZnT8 in the absence of Zn2+ exhibits 
heterogeneous conformations, with one protomer in the inward-
facing state and the other in the outward-facing state (34). Structure 
alignment of the homodimeric structures between hZnT1-DM and 
hZnT8 either in the outward-facing state or heterogeneous state 
reveals large variations in the overall structure, with a root mean 
square deviation (RMSD) of 4.73 Å (507 Cα atoms aligned) and 
4.87 Å (463 Cα atoms aligned), respectively (fig.  S8, A and B). 
Unlike the V-shaped structure of the TMDs in hZnT8, which are 
largely separated at the extracellular side, the TMD from each pro-
tomer of hZnT1-DM shifts toward each other, making more exten-
sive contacts. However, the observed structural variations in the CD 
dimer between hZnT1 and hZnT8 are mainly due to a rigid-body 

movement, as they merge well if we align the CDs alone, with a 
RMSD of 1.10 Å (104 Cα atoms aligned) (fig. S8C). Alignment of 
the hZnT1-DM monomer structure with the hZnT8 monomer 
either in the outward-facing state or inward-facing state reveals an 
RMSD of 2.96 Å (228 Cα atoms aligned) and 4.23 Å (225 Cα atoms 
aligned), respectively, further supporting the notion that the deter-
mined structure of hZnT1-DM is in the outward-facing state (fig. S8, 
D and F). This is further supported by the notion that the TMDs 
alone of hZnT1-DM and the outward-facing state of hZnT8-DM su-
perpose well with an RMSD of 1.99 Å (188 Cα atoms aligned), espe-
cially for TM3 and TM6 (fig. S8E). However, dramatic changes are 
observed for the superposition of the TMDs of hZnT1-DM and the 
inward-facing state of hZnT8-WT. While TM3 and TM6 align well, 
TM1-TM2 and TM4-TM5 undergo large rotational movements 
(fig.  S8G). The structural comparisons with hZnT8 indicates that 
hZnT1 may undergo similar rearrangements in the TMD during 
metal transport and that TM3 and TM6 remain largely unmoved, 
while TM1-TM2 and TM4-TM5 undergo marked rotational move-
ment to expose the metal binding site to the extracellular side or 
the cytoplasm. The interdomain flexibilities between the two pro-
tomers have also been reported in ZnT1 homologs including YiiPs 
and hZnT7 (27, 28, 31, 32) and have been suggested to be critical 
during the Zn2+ transport.

Cryo-EM structures have also been reported recently for the 
hZnT7 in multiple states, including the Zn2+-unbound or Zn2+-
bound states with the dimers both in the outward-facing state or one 
protomer in the inward-facing state while the other in the outward-
facing state (28), providing a wealth of structural insights into the 
Zn2+ binding and transport process. Structural alignments of hZnT1 
with hZnT7 also reveal that our determined hZnT1 structure 
aligns well with the Zn2+-unbound, outward-facing state of hZnT7 
(fig. S9A), with an RMSD of 2.16 Å (476 Cα atoms aligned). Similar 
TM rearrangements were observed when aligning the TMD of 
the hZnT1-DM monomer and that of hZnT7 either in the outward-
facing state (fig.  S9B) or inward-facing states (fig.  S9C), showing 
that TM1-TM2 and TM4-TM5 undergo large rotational movements 
during state transitions.

Metal ion binding sites of hZnT1
Several conserved Zn2+ binding sites have been proposed in the Zn2+-
bound structures of bacterial YiiPs and hZnT8, including one site in 
the TMD (STM), one site in the TMD-CD interface (SIF), and two sites 
in the CD (SCD1 and SCD2) (Fig. 3A) (20, 31, 33). The metal binding 
site in the TMD is well preserved among hZnTs and YiiPs and is 
formed by a Histidine-Aspartate-Histidine-Aspartate (HDHD) or 
Aspartate-Aspartate-Histidine-Aspartate (DDHD) motif (fig.  S2A) 
(34). In hZnT1, the corresponding residues are H43, D47, H251, and 
D255 (Fig. 3B). The H43A/H251A, D47A/D255A double mutant, or 
D47N/D255N mutant used for structure determinations lost the Zn2+ 
efflux activities as shown by the proteoliposome-based transport as-
says (Fig. 3E and fig. S10). Because two of the coordinating residues 
(D47 and D255) were mutated to asparagine to stabilize the protein 
conformation, no metal ion density was present in this site in the EM 
map of hZnT1-DM mutant. Besides, the four residues adopt quite 
similar configurations to the hZnT8-DM mutant structure or hZnT7 
structures in the outward-facing state, suggesting a conserved metal 
binding profile in the transmembrane region (Fig. 3B and fig. S9D).

An N-terminal Histidine-Cysteine-Histidine (HCH) motif is 
involved in the formation of both Zn2+ binding sites in the CD of 
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ZnT8, SCD1 and SCD2, especially SCD1 (34). However, in ZnT1, the 
N-terminal sequence is much shorter and the HCH motif is miss-
ing, thus unlikely to form a Zn2+ binding site as SCD1 (fig. S2A). Be-
sides, the C terminus, which is involved in the formation of SCD1 in 
hZnT8, is unmodeled in the hZnT1-DM structure due to vague EM 
densities. Three metal-coordinating residues in SCD2 are invariant 
between hZnT1 (H370, H387, and E420) and hZnT8 (H301, H318, 
and E352) (Fig. 3C) and adopt almost identical configurations in 
the structures. Because no Zn2+ was added to the protein sample for 
structure determination, no clear EM density was observed for Zn2+ 
ion in this site. We examined the function of this site in hZnT1 by 
mutating both H370 and H387 to alanine and tested its Zn2+ trans-
port activity. The result showed that the Zn2+ transport activity as 
indicated by the initial fluorescence change was unaffected by the 
double mutation in the proteoliposome-based assay system (Fig. 3E 
and fig. S10). We also tested the protein thermal stability of the WT 
hZnT1 and the H370/H387 mutant either in the absence or presence 
of Zn2+ using a microscale fluorescent–based assay (37). The result 

showed little difference between the WT and mutant proteins under 
either condition (fig. S11, A and B).

The SIF of hZnT8 is formed by two histidine residues, H137 in the 
TM2-TM3 linker and H345 in the CDα2-CDβ3 linker (Fig.  3D) 
(34). H345 is conserved in hZnT8 and hZnT1 (corresponding to 
H413 in hZnT1). However, H137 is substituted by an isoleucine 
residue, I75 in hZnT1 (Fig. 3D). In the hZnT1-DM structure with-
out Zn2+, I75 and H413 are largely separated, with a distance of 
15 Å between the Cβ atoms, much larger than the distance between 
H137 and H345 in the hZnT8-DM structure in the absence or pres-
ence of Zn2+ (Fig. 3D). Instead, H413 is much closer to H408 lo-
cated in CDα2 (Fig.  3D). On the basis of sequence and structure 
variations, it is unlikely for I75 and H413 in hZnT1 to form a metal 
binding site as in hZnT8 or the bacterial YiiPs. In hZnT8, mutation 
of H137 and H345 leads to severely reduced Zn2+ transport rate, and 
this site is proposed to help recruit Zn2+ ions and facilitate the trans-
port against its concentration gradient (34). For hZnT1, we mutated 
the two adjacent histidine residues (H408 and H413) to alanine and 
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tested its Zn2+ transport activity using the proteoliposome-based 
assay. As the result showed, there was no significant difference in 
Zn2+ transport rate between the WT hZnT1 and the H408A/H413A 
mutant, suggesting a less conserved function (Fig. 3E and fig. S10). 
The protein thermal stability was also similar for the WT hZnT1 
and the H413A mutant either in the absence or presence of Zn2+ 
(fig. S11, A and B). Together, of all the putative Zn2+ binding sites 
in hZnT1 including STM, SIF, and SCD, only the STM is the most criti-
cal to the Zn2+ transport.

Both as divalent metal ions, the coordination of Ca2+ and Zn2+ 
by proteins can vary in the binding geometries and residue prefer-
ences that Zn2+ typically forms a tetrahedral geometry with cysteine 
and/or histidine residues, while Ca2+ is coordinated in a pentagonal 
bipyramidal geometry with surrounding residues or water mole-
cules, and the bond lengths and angles can also be different (38, 39). 
Thus, the location of the Ca2+ binding site in hZnT1 and whether 
Ca2+ binds to the same site in the TMD (STM) as Zn2+ await further 
investigations.

Metal translocation pathway in the TMD of hZnT1
As aforementioned, the determined hZnT1-DM structure exhibits 
an outward-facing conformation with a large cavity formed on the 

extracellular side, which may be the path for Zn2+ release and Ca2+ 
binding. The cavity is strongly negative in electrostatic surface poten-
tial (Fig. 4A), contributed by mainly four negatively charged resi-
dues, including E25 in TM1, D40 in TM2, E99 in TM3, and D317 in 
TM6 (Fig. 4B). Notably, these residues are almost on the same layer 
above the STM, with the side chains pointing toward the extracellular 
cavity (Fig. 4B). We checked the functions of these negatively charged 
residues using point mutagenesis and the transport assays. Notable 
reductions in Zn2+ transport rate were detected for the E25A, D40A, 
and D317A mutants compared to the WT hZnT1 while reduced by 
about 50% for the E99A mutant (Fig. 4C and fig. S10). These results 
suggest that these negatively charged residues on the extracellular side 
are essential to the metal translocation of hZnT1, possibly through 
promoting either the metal binding/release or the conformation-
al changes.

On the intracellular side of the metal permeation pathway, there 
are four polar or negatively charged residues contributing to a nega-
tive electrostatic surface potential, including N7 in TM1, E58 in 
TM2, E78 in TM3, and N244 in TM5 (Fig. 4, A and B). In hZnT7 
and hZnT8, there are also multiple acidic residues located on the 
intracellular side of the TMD (fig. S2A), and they are exposed to a 
cytosolic cavity in the inward-facing conformation of hZnT7 (28, 
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34). It has been proposed that these residues may act as a Zn2+ re-
cruiting gate along the permeation pathway (28). For these residues 
in hZnT1, when mutated to alanine, the Zn2+ transport activity 
remained unaffected for N7 and E58A mutants while was reduced 
by more than 50% for E78 or N244, suggesting essential roles of 
these two residues in Zn2+ transport (Fig. 4C and fig. S10).

DISCUSSION
In this study, we show that instead of using the proton gradients as 
the transport energy source by other hZnT members with identified 
functions, hZnT1 mediates Zn2+ efflux with the downstream Ca2+ 
gradient. It is supported by both the cell-based and proteoliposome-
based transport assay results in our studies and also consistent with 
previous reports by Gottesman et al. (25). Notably, even in the 
reports by Shusterman et al. (24), the calcium-dependent Zn2+ 
efflux by hZnT1 was also noticed but interpreted that calcium func-
tions as a transport activator instead of a substrate. The Ca2+-
coupled Zn2+ transport is meaningful, considering that hZnT1 is 
present in the plasma membrane where the cross-membrane calci-
um concentration is basically different and large for most cell types, 
while other hZnT family members are mainly present in acidic ves-
icles, such as hZnT5 in the Golgi apparatus and hZnT8 in the insulin 
secretory granules where the cross-membrane proton concentration 
varies markedly. Because the four residues forming this Zn2+ bind-
ing site are highly conserved in hZnT1, hZnT5, hZnT7, hZnT8, and 
the bacterial YiiPs (fig. S3A) and also adopt similar configurations 
in the hZnT1, hZnT7, and hZnT8 structures, the unique Ca2+ gradi-
ent–driven metal transport by hZnT1 cannot be explained by se-
quence or structural variations of these residues. The molecular 
basis and key residues, possibly lying along or near the metal trans-
location path, leading to the different energy sources of hZnT1-
mediated Zn2+ transport, await further characterizations. In the 
structure of hZnT1, an ECD is identified, which mediates further 
dimer interface formation and is essential to the Zn2+ efflux as 
shown by the transport assay result (fig. S7A). The role of this do-
main remains to be investigated. On the basis of the functional and 
structural characterizations of hZnT1, together with the structural 
analysis of hZnT7, hZnT8, and the bacterial or eukaryotic homo-
logs, we proposed a transport model for hZnT1-mediated Zn2+/
Ca2+ exchange (Fig. 5). hZnT1 undergoes at least two different states 
during a transport cycle, the inward-facing state and the outward-
facing state. Similar to hZnT7 and hZnT8, during the state transi-
tions, TM3 and TM6 remain largely unchanged, forming a scaffold 
domain, while TM1, TM2, TM4, and TM5 undergo large rotational 
movement to alternatingly expose the metal binding site to the ex-
tracellular space or cytoplasm, forming a transport domain (Fig. 5). 
In the inward-facing state, Zn2+ binds to hZnT1, and the transporter 
undergoes a conformational change to the outward-facing state. Be-
cause the extracellular Ca2+ concentration is high, it binds to hZnT1. 
After Ca2+ binding, the transporter undergoes another conforma-
tional change and turns into the inward-facing state. Because the 
intracellular Ca2+ concentration is low, Ca2+ is released, and Zn2+ 
binds to the transporter to start another round of transport (Fig. 5). 
To further unveil the metal recognition and transport mechanism 
by hZnT1, structures of the hZnT1 under different conformational 
states or in complex with either Zn2+ or Ca2+ await to be deter-
mined. Nonetheless, the structural and functional characterizations 
of hZnT1 reported here facilitate our understanding of the Zn2+ 

efflux and set up a framework for further studies of the functional 
and energy-coupling variations among hZnT family transporters.

MATERIALS AND METHODS
Protein expression and purification
The cDNA sequence of the full-length WT hZnT1, which is publicly 
available at Uniprot (www.uniprot.org) with an accession code of 
Q9Y6M5, or hZnT1 variants was subcloned into a pCAG vector 
(Invitrogen) with a C-terminal Flag tag followed by a His10 tag. The 
suspension-cultured HEK293F cells (Sino Biological Inc.) were 
transfected with plasmids when reaching a density of 2.5 × 106 cells/
ml. For 1 liter of cell culture, 1.5 mg of plasmids was premixed with 
4 mg of linear polyethylenimines (Polysciences) in 45 ml of fresh 
medium for 15 min. Then, the mixture was added into the cell fol-
lowed by a 30-min incubation. After 20 hours, 10 mM sodium 
butyrate were added to the cells cultured at 30°C. After 48-hour trans-
fection, cells were collected by centrifugation at 3361g for 10 min. 
Cell pellet was resuspended in buffer containing 25 mM Hepes 
(pH 7.4) and 150 mM NaCl supplemented with 1.5% (w/v) n-
dodecyl-β-​d-maltoside (DDM; Anatrace), 0.3% (w/v) cholesteryl 
hemisuccinate (Sigma-Aldrich), 5 mM MgCl2, 5 mM adenosine 
5´-triphosphate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 
aprotinin (1.3 μg/ml), and pepstatin A (0.7 μg/ml) and then incubated 
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Fig. 5. Cartoon model for hZnT1-mediated Zn2+/Ca2+ exchange. hZnT1 under-
goes alternating inward-facing and outward-facing transitions to mediate metal 
transport. In the inward-facing state, Ca2+ is released to the cytosol and Zn2+ binds 
to hZnT1. In the outward-facing state, Zn2+ is released to the extracellular space 
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for 2 hours at 4°C by gentle agitation. After detergent extraction, the 
supernatant was collected by centrifugation at 25,200g for 1 hour 
and incubated with the anti-FLAG M2 affinity gel (Sigma-Aldrich) 
at 4°C for 45 min. The resin was washed with 30 ml of buffer con-
taining 25 mM Hepes (pH 7.4), 150 mM NaCl, and 0.02% (w/v) 
GDN (Anatrace). Protein was eluted with the wash buffer plus 
FLAG peptides (200 μg/ml), which was then concentrated with a 
50-kDa cutoff Centricon (Millipore). Last, the sample was subjected 
to size exclusion chromatography using the Superose-6 Increase 
10/300 column (Cytiva) in the buffer containing 25 mM Hepes 
(pH 7.4), 150 mM NaCl, and 0.01% (w/v) GDN (Anatrace). Peak 
fractions were collected and concentrated using a 50-kDa cutoff 
Centricon (Millipore) to 6 mg/ml for the cryo-EM analysis.

For the microscale fluorescent thermal stability assay, the WT 
hZnT1 and its mutants were purified in the presence of 0.5 mM 
EDTA during the membrane extraction and FLAG column affinity 
purification steps to remove endogenous Ca2+. The elution fractions 
were concentrated using a 50-kDa cutoff Centricon (Millipore) and 
purified on the Superose-6 Increase 10/300 column (Cytiva) in the 
buffer containing 25 mM Hepes (pH 7.4), 150 mM NaCl, and 0.01% 
(w/v) GDN (Anatrace). The peak fractions were concentrated to 
0.1 mM using a 50-kDa cutoff Centricon for further analysis.

Protein expression and purification of GCaMP6s
The cDNA sequence of GCaMP6s (GenBank accession code: 
BCS79978.1) was cloned into the pET21b vector (Invitrogen) 
with the C-terminal His6 tag. E. coli strain BL21 (DE3) was used 
to express GCaMP6s. Cells were cultured in LB medium at 37°C 
to an OD600 of 1.0 and induced with 0.2 mM isopropyl-β-​d-
thiogalactopyranoside (IPTG) at 18°C overnight. Cells were col-
lected by centrifugation at 3361g for 10 min, and the cell pellet 
was resuspended in buffer containing 25 mM tris-HCl (pH 8.0) 
and 150 mM NaCl supplemented with 1 mM PMSF. The cell sus-
pension was lysed by sonication, and the insoluble fraction was 
removed by centrifugation at 25,200g for 1 hour. The supernatant 
was incubated with Ni-NTA beads (QIAGEN) at 4°C for 1 hour. 
The resin was washed with 40 ml of buffer containing 25 mM tris-
HCl (pH 8.0), 150 mM NaCl, and 25 mM imidazole. The protein 
then was eluted with 6 ml of buffer containing 25 mM tris-HCl 
(pH 8.0), 150 mM NaCl, 300 mM imidazole, and further concen-
trated with a 10-kDa cutoff Centricon to 1.5 ml. A 20 mM EDTA 
was added into the eluent to remove metal ions. After an on-ice 
incubation of 40 min, the sample was applied to the Superdex 
200 Increase 10/300 column (Cytiva). Peak fractions were col-
lected and concentrated to 5 mg/ml.

Plasmid DNA constructs for the cell-based transport assays
The full-length, WT hZnT1 sequence was cloned into a pCAG 
vector (Invitrogen) with the C-terminal Flag tag and His10 tag. 
Sequence for the red, monomeric fluorescent protein mCherry 
(GenBank accession code: UFQ89828.1) was inserted between ZnT1 
and the C-terminal Flag tag and His10 tag for the identification of 
successfully transfected cells. All hZnT1 variants and the empty 
vector plasmid were generated with the C-terminal mCherry, Flag, 
and His10 tag in the same way. The hZnT1-ΔECD mutation is gener-
ated by replacing the ECD region (residues 272 to 316) with the cor-
responding sequence of hZnT8 (residues 241 to 247). The GCaMP6s 
sequence was cloned into the pCAG vector with the C-terminal Flag 
and His10 tag.

Cell culture and transfection for the transport assay
HEK293T cells (Invitrogen) were cultured in Dulbecco’s modified 
Eagle’s medium/high glucose medium (Servicebio) supplemented 
with 10% fetal bovine serum (ExCell Bio.) and 1% penicillin-
streptomycin (Sangon Biotech) and grown at 37°C with 5% CO2. Cells 
were cultured in 35-mm petri dishes, with three poly-​d-lysine–coated 
(0.1 mg/ml) 12-mm glass coverslips placed at the bottom. Until reach-
ing a confluency of about 50 to 60%, cells were transfected using 
jetOPTIMUS DNA transfection reagent (Polyplus-transfection), 
according to the manufacturer’s instructions.

HEK293T cell–based transport assay
Twenty-four hours after transfection, the glass coverslips with 
HEK293T cells loaded were washed with the Ringer’s solution con-
taining 120 mM NaCl, 0.8 mM MgCl2, 5.4 mM KCl, 1.8 mM CaCl2, 
20 mM Hepes (pH 7.4), and 15 mM glucose. To monitor Zn2+ 
efflux, cells were loaded with 1 μM fluorescent zinc indicator 
FluoZin-3 AM (Thermo Fisher Scientific) and incubated in the 
wash solution at room temperature for 30 min in dark. Transfected 
cells were imaged with a 488-nm excitation filter and an emission of 
525-nm long-pass filter on an inverted microscope. The image 
capturing system is consist of a DG-5 wavelength switcher (Sutter 
Instrument), an ORCA-Flash4.0 LT+ complementary metal oxide-
semiconductor (CMOS) camera (Hamamatsu), and a Ti2 micro-
scope (Nikon). To measure Zn2+ efflux, cells loaded with FluoZin-3 AM 
were first incubated in Ringer’s solution (pH 7.4) and, after a base-
line period, loaded with Zn2+ in the same solution plus 1 μM Zn2+ 
and 2 μM zinc pyrithione for 100 s. Then, cells were constantly 
superfused by gravity with Ringer’s solution at the indicated pH 
[Hepes (pH 7.4), MES (pH 6.5), or tris-HCl (pH 8.5)] to remove the 
Zn2+ pyrithione, and the fluorescent signal of the intracellular zinc 
was recorded during a time course of 250 s. The initial Zn2+ efflux 
rate was calculated as the average rate of fluorescence change upon 
washing with Zn2+-free Ringer’s solution within 100 s after the 
maximal signal. For Ca2+ influx measurements, the plasmids 
containing GCaMP6s and hZnT1 or the empty vector, respectively, 
were cotransfected into HEK293T cells with a 1:1 mass ratio. Cells 
were first incubated in Ca2+-free Ringer’s solution (pH 7.4) and then 
superfused with Ringer’s solution plus 5 mM Ca2+. The GCaMP6s 
fluorescence was excited at 488 nm and imaged with a 525-nm 
long-pass filter. For each experiment, at least 30 cells per coverslip 
were imaged and recorded, and all measurements were repeated at 
least three times with independent coverslips.

Proteoliposome-based zinc transport assay
For proteoliposome preparations, soybean lipids were resuspended 
to a final concentration of 20 mg/ml in the buffer containing 25 mM 
Hepes (pH 7.4), 100 mM KCl, and 1.8 mM CaCl2. The lipids were 
quick-frozen in liquid nitrogen and slowly thawed at room tem-
perature for 10 times and then extruded through a 400-nm filter 
(Whatman) for 31 cycles. The liposome was then treated with 1% 
DDM for 1 hour at 4°C. The purified hZnT1 protein was loaded to 
liposome with a 1:100 protein:lipid (w/w) ratio, respectively, and 
incubated for 1 hour at 4°C. For detergent removal, the liposome 
was incubated overnight with Bio-Beads SM2 (400 mg/ml; Bio-
Rad). After the beads were removed, 50 μM Fluozin-3 were added 
to the liposome. The mixtures were sonicated for 30  s and then 
frozen and thawed at room temperature. This step was repeated 
twice. After again sonicated for 30 s, the mixtures were extruded 
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through a 400-nm filter for 21 cycles. To remove unincorporated 
FluoZin-3, the liposome was passed through a PD-10 desalting 
column (GE Healthcare) pre-equilibrated with the identical buffer. 
The eluted fractions were centrifuged at 160,000g for 1 hour at 
4°C. After centrifugation, the liposomes were washed with ice-
cold buffer [25 mM Hepes (pH 7.4) and 100 mM KCl] for three 
times to remove the remaining buffer and resuspended in the buf-
fer containing 25 mM Hepes (pH 7.4) and 100 mM KCl to a final 
concentration of 100 mg/ml. All transport assays were performed 
at room temperature. For each experiment, following a baseline 
period, 1 μl of liposome was loaded into the assay buffer [25 mM 
Hepes (pH 7.4), 100 mM KCl, and 0.5 μM ZnCl2]. The Zn2+ trans-
port activity of ZnT1 in proteoliposomes was monitored by the 
fluorescence change of FluoZin-3 (Thermo Fisher Scientific), a 
membrane-impermeable Zn2+ sensitive fluorescent indicator, 
using a Synergy H1 Multimode Reader (BioTek), with excitation 
and emission at 490 and at 525 nm, respectively, until a stable 
value was obtained. All transport experiments were repeated at 
least three times.

To measure Ca2+ efflux, after detergent removal, the liposomes 
were frozen and thawed at room temperature for eight cycles, 
followed by an extrusion through a 400-nm filter, and centrifuged 
at 160,000g for 1 hour. After centrifugation, the liposomes were 
washed with ice-cold buffer [25 mM Hepes (pH 7.4) and 100 mM 
KCl] for three times to remove the remaining buffer and resuspended 
in the buffer containing 25 mM Hepes (pH 7.4) and 100 mM KCl to 
a final concentration of 100 mg/ml. For each experiment, follow-
ing a baseline period, 1 μl of liposome was loaded into the 
assay buffer [25 mM Hepes (pH 7.4) and 100 mM KCl] supple-
mented with various concentrations of ZnCl2 (0 to 2.5 μM) and 
1 μM Fura-2 (Thermo Fisher Scientific). Fluorescence was excited 
at 340 and 380 nm and monitored at 510 nm. To measure the Ca2+ 
transport using GCaMP6s, during liposome preparation, purified 
GCaMP6s protein was added to the lipid resuspension buffer 
[25 mM Hepes (pH 7.4), 100 mM KCl, and 1 μM ZnCl2] with 
a 1:100 mass ratio versus soybean lipids. The fluorescence of 
GCaMP6s indicator was excited at 485 nm and monitored at 
520 nm. The other steps are the same as described above, except 
that the assay buffer contains 1.8 mM CaCl2.

To test the effect of Ca2+ gradients to Zn2+ influx, the liposomes 
were prepared in buffer with or without CaCl2. For the liposomes 
without CaCl2 inside, soybean lipids were resuspended in buffer 
containing 25 mM Hepes (pH 7.4) and 100 mM KCl. For the mea-
surements of zinc influx in the presence of outside CaCl2, 1 μl of 
liposome was added into the assay buffer with 25 mM Hepes (pH 7.4), 
100 mM KCl, 1.8 mM CaCl2, and 0.5 μM ZnCl2. The other steps were 
the same as described above.

To normalize the time-dependent fluorescence from each 
measurement (FP), 4% octyl-β-​d-glucloside (OG; Anatrace) in 
the assay buffer containing 64 mM ZnCl2 was mixed with proteo-
liposome for 40 min in dark to determine the maximal fluores-
cence (FPmax). The fluorescence of protein-free liposome (FL) 
was measured the same way as treated with 4% OG and 64 mM 
ZnCl2 to determine the background signal and normalize with 
the maximal fluorescence signal (FLmax). Zn2+ transport activity 
was then calculated using the equation (FP/FPmax) − (FL/FLmax) 
over time, and the initial rate was calculated by linear regression 
with in the first 40 s of liposome or proteoliposome, as described 
previously (27, 28, 32).

Microscale fluorescent thermal stability assay
N-[4-(7-diethylamino-4-methyl-3-coumarinyl) phenyl] maleimide 
(CPM; Sigma-Aldrich) was used for the thermal stability profiling 
of WT ZnT1 and the variants. CPM dye was dissolved in dimethyl 
sulfoxide at 4 mg/ml and diluted 1:40 in dilution buffer containing 
25 mM Hepes (pH 7.4), 150 mM NaCl, and 0.025% DDM before 
use. Purified protein (5 μg) was incubated with 3 μl of diluted CPM 
while protected from light to reduce photobleaching. To determine 
the effect of Zn2+ on protein stability, purified proteins were mixed 
with 100 μM ZnCl2 and incubated with the diluted CPM buffer. The 
reaction mixture (20 μl in total) was added to a 384-well plate 
and heated in a controlled manner with a ramp rate of 3°C/min in a 
LightCycler 480 (Roche) real-time polymerase chain reaction in-
strument, ranging from room temperature to 99°C. The excitation 
wavelength was set at 440 nm, and the emission wavelength was set 
at 488 nm. Fluorescence intensity was continuously measured.

Sample preparation and cryo-EM data acquisition
For cryo-EM sample preparation, 4 μl of the purified WT hZnT1 
protein or the hZnT1-DM mutant was applied to the glow-
discharged holey carbon grids (Quantifoil Au R1.2/1.3, 300 mesh). 
The grid was blotted using Vitrobot Mark IV (Themo Fisher 
Scientific) operated at 8°C and 100% humidity with a blotting 
time of 3 s. Micrographs were acquired on a Titan Krios (FEI) elec-
tron microscope operating at 300 kV, equipped with the BioQuantum 
energy filter and a K3 direct electron detector (Gatan). Image stacks 
were recorded using E Pluribus Unum (EPU) software in the super-
resolution mode with defocus values varied from −1.5 to −2.3 μm 
and an exposure time of 3 s and dose-fractionated to 32 frames with a 
total dose of 50 e−/Å2.

Image processing
A flowchart for the hZnT1-DM data processing is presented in 
fig. S5. Motion correction and dose weighting were performed using 
the RELION 3.1 implementation of MotionCor2 (40, 41). Defocus 
values were estimated by CTFFIND4 (42). After manually checked, 
7509 micrographs were selected for particle picking. A total of 
7,167,969 particles were automatically picked using cryoSPARC 
(v.3.2.0) (43). After 2D classification, 1,296,489 good particles 
were selected. These particles were classified into five classes in 
ab initio reconstruction, and the best class was selected for non-
uniform refinement. After nonuniform refinement in the C2 sym-
metry, a map at 4.1 Å was obtained with 813,401 particles. Further 
classifications were performed with an ab  initio reconstruction 
into five classes. A total of 594,368 good particles were selected 
from two classes, which were subjected to nonuniform refinement 
in the C2 symmetry, yielding a map with an overall resolution of 
3.7 Å. Further ab  initio reconstructions, heterogeneous refine-
ment and nonuniform refinement using cryoSPARC were carried 
out to improve the resolution. Last, a map with an overall resolu-
tion of 3.4 Å with 550,472 particles was achieved. The overall resolu-
tion was estimated with the gold standard FSC at a 0.143 criterion 
with a high-resolution noise substitution method (44, 45). Local 
resolution variations were estimated using ResMap (46).

Model building and refinement
The 3.4 Å map for the hZnT1-DM was used for de novo model 
building by COOT (47). Bulky residues such as Phe, Tyr, Trp, and 
Arg were used to guide the sequence assignment, and the chemical 
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properties of amino acids were considered to facilitate model 
building. Structure refinements were carried out by PHENIX in 
real space (48). Overfitting of the model was monitored by refining 
the model in one of the two independent maps from the gold stan-
dard refinement approach and testing the refined model against 
the other map. Statistics of the 3D reconstruction and model re-
finement can be found in table S1. In the final structure model of 
the hZnT1-DM, 325 of the total 507 amino acids were faithfully 
built and assigned. Ninety-seven amino acids (141 to 237) between 
the TM4 and TM5 and the last 85 amino acids in the C terminus 
were unmodeled due to vague EM densities.

Statistical analysis
Data were analyzed and prepared with GraphPad Prism 8.0 soft-
ware. Data were considered significant if P < 0.05 with the unpaired 
two-tailed Student’s t test or the one-way analysis of variance (ANOVA) 
with Dunnett’s or Tukey’s multiple comparison test. The results are 
presented as means ± SD unless otherwise indicated.

Supplementary Materials
This PDF file includes:
Figs S1 to S11
Table S1
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