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Abstract

The Zrt-/Irt-like protein (ZIP) family mediates zinc influx from extracellular space or intracellular
vesicles/organelles, playing a central role in systemic and cellular zinc homeostasis. Out of the 14
family members encoded in human genome, ZIP4 is exclusively responsible for zinc uptake from
dietary food and dysfunctional mutations of ZIP4 cause a life-threatening genetic disorder,
Acrodermatitis Enteropathica (AE). About half of the missense AE-causing mutations occur
within the large N-terminal extracellular domain (ECD), and our previous study has shown that
ZIP4—ECD is crucial for optimal zinc uptake but the underlying mechanism has not been clarified.
In this work, we examined zinc binding to the isolated ZIP4-ECD from Ptergpus Alecto (black
fruit bat) and located zinc-binding sites with a low micromolar affinity within a histidine-rich loop
ubiquitously present in ZIP4 proteins. Zinc binding to this protease-susceptible loop induces a
small and highly localized structural perturbation. Mutagenesis and functional study on human
Z1P4 by using an improved cell-based zinc uptake assay indicated that the histidine residues
within this loop are not involved in preselection of metal substrate but play a role in promoting
zinc transport. The possible function of the histidine-rich loop as a metal chaperone facilitating
zinc binding to the transport site and/or a zinc sensor allosterically regulating the transport
machinery was discussed. This work helps to establish the structure/function relationship of ZIP4
and also sheds light on other metal transporters and metalloproteins with clustered histidine
residues.

Introduction

Cellular zinc homeostasis is achieved by co-ordinated actions of zinc transporters, zinc
buffer proteins/molecules, zinc storage proteins and zinc utilizing proteins. In humans, there
are two primary zinc transporters families: the ZnT family transports zinc out of cells against
electrochemical gradient, whereas the Zrt-/Irt-like protein (ZIP) family mediates zinc influx
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along the gradient from either extracellular space or intracellular vesicles/organelles [1-4].
Out of the 14 ZIPs encoded in human genome, ZIP4 is specifically expressed in
gastrointestinal system where it plays an essential role in zinc uptake from dietary food [1]
and also in kidney where it is postulated to be involved in zinc reabsorption from urine.
Aberrant overexpression of ZIP4 in several types of cancers has been reported [5-8],
whereas dysfunctional mutations of ZIP4 cause a rare autosomal recessive genetic disorder,
Acrodermatitis Enteropathica (AE), due to severe zinc deficiency [9-11], which is
characterized by inflammation of the skin, hair loss and diarrhea. Although there is no cure
for the inherited form of AE and the patients may die without treatment, lifelong dietary zinc
supplement can efficiently relieve the symptom. Markedly, about half of AE-causing
mutations occur within the extracellular domain (ECD), suggestive of a key role in ZIP4
function. Our previous study has shown that deletion of the ECD reduces zinc transport
activity of ZIP4 by 75% [12], indicating that although ZIP4-ECD is not absolutely required
for ZIP4 function, it is crucial for optimal zinc transport. Besides its role in promaoting zinc
transport, ZIP4-ECD was also suggested to be involved in zinc sensing. For instance, it has
been reported that an AE-causing mutation in the ECD largely abolished zinc-elicited
endocytosis [13]. Another report showed that several AE-causing mutations in the ECD
affected ZIP4 proteolysis triggered by zinc deficiency [14]. Since there are many conserved
metal-chelating residues (cysteine, histidine, glutamate and aspartate) in ZIP4-ECD, it was
suggested that these residues are potentially involved in zinc binding [14]. In the structure of
ZIP4—ECD from Pteropus Alecto (pZIP4—ECD) [12], it was found that all the eight invariant
cysteine residues formed four disulfide bonds. Based on the crystal structure of a prokaryotic
ZIP [15] and a coevolution-based computational model [16], we generate a human ZIP4
structure model (Figure 1A) where the histidine-rich loop in the ECD is in close proximity
to the transport entrance and forms a potential zinc-binding site. Although sequence
alignment across several closely related species indicates that this segment is highly variable
(Figure 1B), the clustered histidine residues is a common feature of ZIP4, suggestive of a
certain function.

In this work, we demonstrated that the histidine residues in the His-rich loop form the
primary zinc-binding sites of pZIP4—-ECD, and zinc binding to this highly dynamic and
protease-susceptible loop induces a small and localized conformational change. Mutagenesis
and functional assays on human ZIP4 showed that this loop is not involved in substrate
selection, but plays a role in promoting zinc transport, partially accounting for the function
of ZIP4-ECD.

Materials and methods

Protein expression and purification

pZIPA-ECD (gene ID: ELK11751) was expressed and purified in the same way as reported
[12]. Briefly, the expression of pZIP4-ECD in the E.coli strain of Origami™ B(DE3) pLysS
(Novagen) was induced by 0.2 mM IPTG in lysogeny broth medium. After cell lysis by
sonication, pZIP4-ECD was purified using nickel-nitrilotriacetic acid column. The N-
terminal Hisg-tag was removed by thrombin, and then the protein (treated by 10 mM EDTA)
was further purified by ion exchange chromatography on a Mono-Q column (GE
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Healthcare), followed by size-exclusion chromatography (GE Healthcare) in the buffer
containing 10 mM HEPES, pH 7.3 and 100 mM NaCl or 10 mM Tris—=H,SOy4, pH 7.0. The
mutants were purified in the same way. Inductively coupled plasma mass spectrometry
experiment confirmed the purified protein is in apo form (Supplementary Table S1).

Fluorescence titration

To determine the dissociation constant towards zinc ions, FluoZin-1 (Thermo Fisher
Scientific) was dissolved in a buffer containing 50 mM HEPES pH 7.3, 100 mM NaCl at the
concentration of 5 pM, and titrated with the indicated concentration of ZnCl,. The
fluorescence spectra were recorded at 25°C ina 0.5 cm x 1 cm quartz cuvette in the same
buffer. The fluorescence was excited at the wavelength of 490 nm and the spectra were
recorded in the range of 500-650 nm (Cary Eclipse Fluorescence Spectrophotometer,
Agilent). The excitation and emission slits were set to 2.5 and 5 nm, respectively. For the
competition titration, 10 uM apo form pZIP4—ECD was mixed with 5 pM FluoZin-1 in the
same buffer and titration was performed in the same way. Free zinc concentrations were
calculated using the recorded fluorescence intensity and the determined apparent Kj of
FluoZin-1, and zinc occupancies (the number of bound zinc ions per protein molecule) were
calculated using the followed equations:

Tz, = [Zn] + [Zn - Dye] + [Zn - P] ()
Tpye =[Dye]+[Zn- Dye] @)
Tp=[P]+[Zn-P] ®)

K4, pye = [Zn] x [ Dye 1/[Zn- Dye | @
F/Fax = [Zn - Dye |/Tpye (5)
Occupancy = [Zn - P]/Tp (6)

Where T7z,: total Zn concentration, 7pye: total FluoZin-1 concentration, 7p: total protein
concentration, [Zn]: free Zn2* concentration, [Dye]: free FluoZin-1 concentration, [P]: apo
form protein concentration, [Zn-Dye]: Zn-FluoZin-1 complex concentration, and [Zn-P]:
Zn—protein complex concentration, Kj: dissociation constant, A Fpax: Normalized
fluorescence change. Fnax Was measured by adding zinc up to 1 mM at the end of the
titration. The fluorescence intensities have been calibrated to compensate volume change
during titration. To obtain apparent dissociation constant, occupancy ()) was plotted against
free zinc concentration (x) and then curve fitting was conducted using the Hill model
(OriginPro 8.5):
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¥ = Bpax X xn/(Kg + xn) ™

where Bnax IS the number of binding sites and the Hill coefficient (s indicates the
cooperation among the binding sites. To estimate the averaged apparent dissociation
constants of the first two zinc-binding sites, Bmnax Was set at 2 and only the data with free
zinc concentration below 3 pM were used to minimize the effects of additional low-affinity
zinc-binding sites on curve fitting.

Cell culture and transfection

Human embryonic kidney cells (HEK293T, ATCC) were cultured in Dulbecco’s modified
Eagle medium (DMEM, Invitrogen) supplemented with 10% (v/v) fetal bovine serum
(Invitrogen) and Gibco Antibiotic—Antimycotic (Invitrogen). Zinc depletion medium was
prepared using Chelex 100 (Bio-Rad). A suspension of 1.3% (w/v) Chelex 100 beads in
DMEM medium supplemented with 10% fetal bovine serum was incubated at 4°C for 2 h
with a constant gentle shake, followed by filtration of the supernatant through a 0.22 pm
filter. Cells were seeded on 24-wells trays for 16 h in basal medium, followed by transiently
transfection with an expression vector containing human ZIP4 gene (gene 1D: BC062625)
by the Lipofectamine 2000 reagent (Invitrogen). Cells were allowed to grow for another 36 h
before 85Zn uptake and ZIP4 surface expression assays.

Trypsin proteolysis

To optimize the partial proteolysis condition, 2 pl of trypsin dissolved in water with variable
stock concentrations was added into 18 pl pZIP4—-ECD (0.15 mg/ml in 10 mM Tris—H,SOy,
pH 7.0). After incubation at room temperature for 20 min, the reaction was stopped by
adding 6 pl of SDS-PAGE loading buffer containing 1 mM PMSF. To test the effects of zinc
ions on partial proteolysis, the reaction was performed in the presence of different
concentrations of ZnSO,4 at the optimized protein:trypsin ratio (300 : 1, m/m). Partial
proteolysis was analyzed by SDS-PAGE.

Mass spectrometry of pZIP4-ECD and its proteolytic fragments

The unprocessed and fully processed pZIP4-ECD by trypsin in 10 mM Tris—=H,SOy4, pH 7.0
were analyzed using a Waters G2-XS quadrupole-time-of-flight mass spectrometer using
electrospray ionization (ESI-TOF-MS) operating in positive ion mode and scanning a mass
range of m/z200-2000 with 1 scan per second. Protein mass spectra were deconvoluted
using the MaxEnt algorithm in the Waters Masslynx software package.

Circular dichroism

The circular dichroism (CD) spectra of 6 uM pZIP4-ECD or the mutant in 10 mM Tris—
H,SO4 (pH 7.0) were recorded in a 1 mm quartz cuvette by using a Chirascan™ CD
Spectrometer. Concentrations of the proteins were measured by using a NanoDrop ND-1000
Spectrophotometer. In zinc titration, aliquots of 3.75 pl ZnSO,4 were sequentially added into
300 pl protein samples. The ZnSO, stock solutions were made in water without buffer or
any other salt. After adding ZnSQy,, the samples were allowed to balance at room
temperature for 5 min before the spectra were scanned. Three scans were recorded and
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averaged at each step. The CD spectra were analyzed using the K2D3 server at http://
cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/n.

Intrinsic tryptophan fluorescence titration

Intrinsic tryptophan fluorescence spectra of 2 uM pZIP4-ECD or the mutant in 10 mM Tris—
H,SO4 (pH 7.0) were recorded in a 10 mm quartz cuvette by using a Varian Cary Eclipse
Fluorescence Spectrophotometer. Aliquots of 2.8 ul of ZnSO,4 were sequentially added into
the cuvette containing 700 pl protein sample. Excitation wavelength was 295 nm and ex/em
slits were set to 5 nm/5 nm. After adding ZnSQy,, the samples were allowed to balance at
room temperature for 5 min before the spectra were recorded in the range of 310-410 nm.
Three scans were averaged at each step. Zinc titration to the wild-type pZIP4-ECD in the
presence of 10 mM EDTA was conducted in the same way.

65Zinc uptake assay

HEK?293T cells were washed by zinc uptake buffer (10 mM HEPES pH 7.3, 142 mM NacCl,
10 mM Glucose, 5 mM KCI) and then incubated with the indicated concentration of ZnCl,
(containing 40% %5ZnCly) in the Chelex-treated media at 37°C for 20 min with occasional
gentle shaking. Uptake was stopped by adding the same volume of stop buffer (ice-cold zinc
uptake buffer with 1 mM EDTA) and cells were collected into Eppendorf tubes on ice. Cells
were gently washed two times by zinc uptake buffer and lysed in 0.5% Triton X-100. Cell-
associated radioactivity was measured with a Packard Cobra Auto-Gamma -y-counter and
the amount of zinc was calculated using a standard %5Zn radioactivity curve. The cells
transfected with the vector without inserted ZIP4 gene (empty vector) were treated in the
same way and used as control in the assay. The amount of zinc transported into the cells
through hZ1P4 was calculated by subtracting the zinc uptake in control cells from the zinc
uptake in the cells transfected with hZIP4-HA. The zinc uptake rate is expressed as pmol
min~1 mg~1 protein and the total protein concentrations in the samples were measured using
Bradford method (Bio-Rad). The zinc uptake data were firstly calibrated with the surface
expression level and then fitted using the Michaelis—Menten equation. Metal selectivity of
hZ1P4 was carried out with 10 uM ZnCl, (containing 40% 85ZnCl,) plus non-radioactive
ZnCl,, CaCly, MgCl,, CoCls,, NiCl,, CuSO,4 and MnCl; at 200 pM, 2 mM, 20 mM, 200 pM,
200 uM, 200 uM and 200 uM, respectively. The same experiment was also conducted in the
presence of 200 uM FeSO4 and 1 mM ascorbic acid. Each individual experiment included
three repeats, and statistical significance was tested with the Student’s ~test.

hZIP4—-HA surface expression assay

hZIP4-HA expressed at the plasma membrane was indicated by the surface-bound anti-HA
antibodies recognizing the C-terminal HA tag of hZIP4. After washing twice with
Dulbecco’s phosphate-buffered saline (DPBS), cells were fixed for 5 min in 4%
formaldehyde at room temperature. Cells were then washed three times in DPBS and
incubated with 3 pg/ml anti-HA antibody (Invitrogen) diluted with 5% BSA in DPBS for 2 h
at room temperature. Cells were washed five times with DPBS to remove unbound
antibodies and then lysed in SDS—-PAGE loading buffer. The anti-HA antibody bound to the
surface hZIP4-HA in cell lysates was detected in Western blot with HRP-conjugated goat
anti-mouse immunoglobulin-G (1 : 2500). As a loading control, B-actin levels were detected

Biochem J. Author manuscript; available in PMC 2020 November 12.


http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/n
http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/n

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 6

using an anti-p-actin antibody (1 : 2500) followed by a goat anti-rabbit immunoglobulin-G
(1 : 3000) by chemiluminescence. All antibodies were purchased from Cell Signaling
Technology unless indicated otherwise.

Results

The primary zinc-binding sites in pZIP4-ECD are located within the His-rich loop

To test zinc binding to ZIP4-ECD, we conducted zinc titration in the presence of a zinc-
specific fluorescence probe, FluoZin-1, of which fluorescence intensity increases upon zinc
binding [17]. Zinc-specific fluorescence probes have been used in estimating zinc-binding
affinity of a variety of proteins through competition titration [18,19]. As shown in
Supplementary Figure S1A, we firstly measured the zinc-binding affinity of FluoZin-1 under
our experimental condition. After curve fitting using the one-site model, we obtained an
apparent dissociation constant (Ky) of 29 uM, which is larger than the reported value (8
uM). We reason that salt included in the buffer reduced zinc binding to FluoZin-1. We then
included the purified pZIP4—ECD in apo form as a zinc competitor in titration (Figure 2).
The zinc-binding curve of FluoZin-1 was significantly right-shifted and there was only very
small fluorescence increase at the beginning of the titration, indicating that pZIP4-ECD
binds zinc ions with an affinity much higher than FluoZin-1. By using the experimentally
determined apparent Ky of FluoZin-1 and the fluorescence intensities measured during
titration, we calculated and plotted the number of bound zinc ion per protein (zinc
occupancy) against free zinc concentration. Curve fitting using the Hill model allowed us to
estimate the averaged dissociation constant (0.62 uM) for the first two zinc-binding sites
(Supplementary Figure S1B, see details in Materials and methods).

To locate the metal binding sites in pZIP4-ECD, we tried to obtain the co-structure by either
co-crystallization or soaking the apo protein crystals with zinc ions, but these trials failed
due to lack of crystal in the presence of zinc or destroyed crystal lattice upon zinc soaking.
Potential metal binding sites can be identified by manually checking the apo form structure
(Supplementary Figure S2), but none of them, except for the His-rich loop (Figure 1),
contains more than one histidine residue which is highly preferred for zinc ion binding. We
then focused on the His-rich loop of pZIP4-ECD, which contains four clustered histidine
residues (H234, H237, H238 and H239). To examine their roles in zinc binding, we mutated
all the histidine residues into serine residues (the 4HS mutant). Compared with alanine,
serine was chosen to preserve hydrophilicity, which would produce less structural
disturbances caused by mutations. Indeed, the CD spectrum of the purified 4HS mutant is
essentially the same as that of the wild-type pZIP4-ECD (Supplementary Figure S3). As
shown in Figure 2, the 4HS mutant protein barely shifted the zinc-binding curve of
FluoZin-1, indicating that the primary high-affinity zinc-binding sites have been eliminated
by the mutations. This result unambiguously demonstrated that the primary zinc-binding
sites of pZIP4-ECD are only present in the His-rich loop. Similar to the 4HS mutant, the
H237S/H238S/H239S triple mutant (the 3HS mutant) only slightly shifted the zinc-binding
curve, indicating that a single histidine residue (H234) is not adequate to support zinc
binding with low micromolar affinity. To further dissect the role of each histidine residue,
we made four His-to-Ser single mutations (H234S, H237S, H238S and H239S) and tested
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zinc binding under the same condition (Figure 2). The results showed that, when compared
with the wild-type protein, the mutants caused a smaller right-shift of the zinc-binding
curve, suggestive of reduced zinc-binding affinity (Supplementary Figure S1B). Therefore,
the four histidine residues are all contributive to zinc binding and their effects appear to be
additive. It is plausible that there is no defined zinc-binding mode in the His-rich loop.
Instead, as suggested in a recent NMR study of the intracellular His-rich loop of hZIP4 [20],
the zinc-bound state can be best described as a conformational ensemble where zinc ion is
co-ordinated with several combinations of histidine residues. As shown in Figure 1, close to
the histidine residues, there are two carboxylate residues (E232 and D236) which may be
potentially involved in zinc binding. We then made two mutants (E232S and D236S) and
found that these mutations did not affect zinc-binding capacity of pZIP4-ECD
(Supplementary Figure S1C), reinforcing the notion that zinc binding at the His-rich loop is
primarily mediated by the four histidine residues.

The His-rich loop is protease-susceptible and unstructured

During pZIP4-ECD purification, we noticed that the protein is highly vulnerable to
proteolysis. We then used partial proteolysis and mass spectrometry to locate the most
vulnerable region. As shown in Figure 3A, incubation of pZIP4-ECD with trypsin at a mass
ratio of 300 : 1 (protein:protease) at room temperature for 20 min led to ~50% digestion of
the full-length protein and incubation with more trypsin led to a fully processed and
protease-resistant species with an apparent molecular mass of 24 kDa. ESI-TOF-MS
analysis showed that the primary cleavage sites are all within the His-rich loop (Figure 3B).
This result suggested that the His-rich loop must be most solvent exposed and largely
unfolded so that the protease can reach and process it at a rate much higher than proteolysis
at other potential cleavage sites. This deduction is consistent with the observation in the
crystal structure of pZIP4—ECD where the His-rich loop is severely disordered, as well as
the prediction by PSIPRED that the His-rich loop has no secondary structure. The highly
superimposable CD spectra of the wild-type pZIP4-ECD and the 4HS mutant also supported
that the histidine residues are not involved in secondary structure formation (Supplementary
Figure S3).

Zinc binding to the His-rich loop induces only minor and localized structural changes

Since the His-rich loop binds zinc ions, we are interested in examining the effects of zinc
binding on the structure of pZIP4-ECD. We firstly compared the CD spectra of pZIP4-ECD
in a zinc titration experiment. As shown in Supplementary Figure S4, addition of ZnSO,4 up
to 24 uM to the apo form pZIP4-ECD (6 uM) did not lead to a significant change in
spectrum. Adding zinc higher than 30 pM caused protein precipitation. Given the estimated
binding affinities of pZIP4—ECD towards zinc ions (Supplementary Figure S1), the zinc-
binding sites in the His-rich loop must have been saturated before protein precipitation.
Therefore, the lack of CD spectrum change indicated that zinc binding to the His-rich loop
did not affect the secondary structure of pZIP4-ECD.

We then tested whether zinc binding has any effect on the intrinsic fluorescence of pZIP4—
ECD, which is a sensitive indicator of conformational changes. We found that although the
peak wavelength of the fluorescence spectra (332 nm) was not shifted upon zinc binding, a
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small but significant decrease in fluorescence intensity was observed (Figure 4A), suggestive
of structural changes around the fluorophores. When excited at 295 nm, the fluorescence
changes generally reflected the local environment changes of the tryptophan residues
(W111, W262 and W289, Supplementary Figure S5). As W111 and W289 are buried in the
N-terminal subdomain and the C-terminal subdomain, respectively, W262, which is
immediately downstream of the His-rich loop, is most likely responsible for the decreased
fluorescence intensity. To test whether zinc binding at the His-rich loop causes fluorescence
decrease, we conducted the same zinc titration experiment on the 4HS mutant. As shown in
Figure 4A,B, adding zinc only resulted in a small decrease in fluorescence intensity at 332
nm, confirming that zinc binding to the histidine residues is responsible for the decreased
fluorescence intensity of the wild-type protein during titration.

If zinc binding greatly affects the structural and dynamic properties of the His-rich loop, a
changed protease susceptibility would be expected. As shown in Figure 4C, zinc appears to
partially protect pZIP4—-ECD from proteolysis by trypsin, particularly when zinc
concentration is at or higher than 20 M, suggesting that zinc binding may slightly affect the
structure of the His-rich loop and its surrounding residues. Collectively, the small intrinsic
fluorescence change and the partial protective effect against proteolysis reflect a highly
localized structural change induced by zinc binding to the His-rich loop.

The His-rich loop plays a role in zinc transport of human ZIP4

Next, we examined the role of the clustered histidine residues in the His-rich loop for human
ZIP4 (hZIP4) function. Because the amino acid sequence of the His-rich loop of pZIP4 has
considerable similarity to its counterpart in hZIP4 (Figure 1B), we think the overall
structural features and zinc-binding properties of pZIP4—ECD should be largely preserved in
hZIP4. To test hZIP4 function, we conducted zinc uptake assay on hZIP4-HA (C-terminal
HA tag) transiently expressed in HEK293T cells in the Chelex-treated cell culture media,
rather than the zinc uptake buffer we used before [12,15]. Markedly, we found that the cells
transfected with the empty vector absorbed much less radioactive 85Zn than the cells
expressing hZIP4 (Supplementary Figure S6), resulting in a considerably reduced
background level allowing for detection of a small change in zinc transport activity. We
reasoned that the serum proteins in the Chelex-treated culture media sequestered zinc ions
from solution [21,22], which suppressed zinc transport through HEK293T cells’ endogenous
zinc uptake systems much more than the overexpressed hZIP4. By using this approach, we
compared the zinc uptake activities of the wild-type hZIP4 and the 4HS mutant (H238S/
H241S/H243S/H245S). After calibration of zinc uptake activity using hZIP4-HA surface
expression level, we found that the Vs Of the 4HS mutant decreased by ~20%, whereas the
Km was not affected (Figure 5A). The cell surface expression level and the extent of
glycosylation did not indicate any issue of misfolding and/or mistrafficking of the 4HS
mutant.

Considering that the His-rich loop is right on the top of the transport entrance, it is plausible
that it may function as an extracellular filter conducing a preselection of metal substrate. To
test this, we firstly conducted zinc uptake assay in the presence of the excessive amount of
several other divalent metal ions (Ca2*, Mg2*, Co%*, Ni2*, Cu* and Mn?2*) (Figure 5B). The
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results indicated that only non-radioactive Zn2* greatly and significantly reduced 65zn
uptake, which is consistent with the notion that hZIP4 is a zinc-specific transporter. If the
His-rich loop is contributive to zinc specificity by preselecting zinc ions over other metal
ions, the 4HS mutant devoid of all the histidine residues would exhibit lower zinc transport
activity in the presence of other metal ions. However, the result did not support this
hypothesis as none of the tested metal ions, except for the non-radioactive Zn?*,
substantially reduced zinc transport activity.

Taken together, the functional characterization of the 4HS mutant suggested that the His-rich
loop is involved in zinc transport but does not play a role in preselecting metal substrate.

Discussion

The His-rich loop in the N-terminal ECD is a common feature of ZIP4, but so far there is no
characterization of this loop except that it was shown to be severely disordered in the crystal
lattice [12]. In this work, we found that the His-rich loop of pZIP4—ECD harbors at least two
zinc-binding sites with low micromolar affinity (Figure 2 and Supplementary Figure S1).
Biochemical and biophysical characterization showed that zinc binding at this protease-
susceptible and highly dynamic loop only induces small and localized conformational
changes (Figures 3 and 4). Mutagenesis and functional characterization indicated that the
histidine residues in this loop play a role in zinc transport (Figure 5). These data allowed us
to make a discussion in terms of the putative function of this loop.

The structural model of the full-length hZIP4 suggests the His-rich loop is right on the top of
the TMD and appears to be in close proximity of the transport entrance (Figure 1A).
Although the sequences of the His-rich loop are quite variable among ZIP4s (Figure 1B), the
clustered histidine residues, probably together with the other neighboring metal chelating
residues, likely confer a zinc-binding capability for all the ZIP4s, even though the number of
zinc-binding site and/or binding affinities may vary depending on the exact sequence of the
loop. Therefore, one putative function of the His-rich loop is to enrich zinc ions and increase
effective zinc concentration at the pore entrance. However, the lack of change in the
apparent K, of the 4HS mutation suggests that zinc enrichment by the His-rich loop does
not contribute much to the overall affinity of hZIP4 towards zinc (Figure 5). As a matter of
fact, deletion of the whole ECD (AECD) had no effect on the K, but drastically reduced the
Vinax by 75%. A careful kinetic analysis of the 4HS mutant showed ~20% decrease in the
Vimax. partially accounting for the reduced W, 0f AECD. This result also excluded the
possibility that the His-rich loop may play a role in inhibiting zinc transport. Such an
inhibitory effect was reported in the study of a ZnT family member, MTP1 from Arabidopsis
thaliana [23,24], where deletion of the cytosolic His-rich loop increased transport rate by
more than 10 folds. Instead, the decreased transport rate of the 4HS mutant suggests that the
His-rich loop may participate in zinc transport, presumably through the following two non-
mutually exclusive mechanisms. For one, the loop may act as a chaperone facilitating zinc
binding to the transport site in the TMD. Instead of acquiring free zinc ions from the
extracellular space, the transport site may prefer accepting zinc ions already bound at the
His-rich loop through rapid ligand exchange. The flexibility of the loop not only confers the
transporter a more efficient way to capture zinc from the environment but also ensures a pool
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of liable zinc, rather than immobilized zinc, available for the transporter. The similar
chaperone mechanism has been proposed in the studies of zinc transporters ZnuA [25] and
ZntA [26,27]. For the other mechanism, the His-rich loop may act as a zinc sensor
allosterically regulating transporter’s function. Although zinc binding only induces a small
and highly localized conformational change, as indicated by the small change of tryptophan
fluorescence intensity and partial protective effect against trypsin digestion (Figure 4), the
His-rich loop is located at the ‘bridging region’ which was shown to be particularly
important for ZIP4 trafficking and transport activity [12]. It is conceivable that even a small
structural perturbation, such as that induced by zinc binding in the His-rich loop, may
sufficiently affect transporter’s activity. In contrast, the cytosolic His-rich loop of the ZIPs
between the third and the fourth transmembrane helices appears to have distinct functions. It
has been shown that the cytosolic His-rich loop of hZIP4 binds zinc ions with nanomolar
affinity [28] and acts as an intracellular zinc sensor responsible for zinc-induced endocytic
degradation of ZIP4 [29]. A recent study on a plant ZIP, IRT1 from Arabidopsis thaliana,
suggested a metal sensing function of the corresponding His-rich loop essential for heavy
metal-induced IRT1 ubiquitination and degradation [30]. This cytosolic His-rich loop was
also reported to be associated with substrate specificity [31] and transport activity [29,32]
for different ZIPs.

Sequence comparison of human ZIPs has revealed that, besides ZIP4, three other ZIPs also
have a His-rich loop in their N-terminal ECDs. ZIP6 and ZIP10 were predicted to have a
ZIP4-like extracellular dimerization subdomain [12], where the two proteins have a His-rich
loop containing 27 and 40 histidine residues, respectively. The dimerization subdomain of
ZIP7 appears to have degenerated, leaving 33 histidine residues in an unstructured loop
exposed to the lumen of the ER. It was speculated that the N-terminal His-rich loop of ZIP7
may play a role in ER zinc homeostasis [33]. Nevertheless, the exact functions of these very
long His-rich loops in ZIP6/Z1P7/ZIP10 have not been experimentally established. This
work on ZIP4 will shed light on the research of these ZIPs, as well as many other metal
transporters and metalloproteins with a similar His-rich segment.

Conclusion

In this work, we focused our study on the extracellular His-rich loop by investigating its
interactions with zinc ions and the importance of this unstructured, highly flexible loop for
ZI1P4 function. Our results indicated that zinc binding to the His-rich loop at the
physiological zinc concentration only induces a small and localized structural perturbation.
Mutagenesis and functional assays suggested that the histidine residues within this loop play
a role in promoting zinc transport, but only to a small extent. In the study of ZnuA, when a
functionally redundant ZinT protein was knocked out, the seemingly ‘disposable’ His-rich
loop was demonstrated to be crucial for zinc acquisition in both /n vitroand in vivo tests
[34]. Whether the extracellular His-rich loop of ZIP4 is a part of the ‘Plan B’ to enhance
zinc absorption under a stressful condition would be interesting to explore in the future
study.
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Abbreviations

AE Acrodermatitis Enteropathica

CD circular dichroism

DMEM Dulbecco’s modified eagle medium

DPBS Dulbecco’s phosphate-buffered saline

ECD extracellular domain

ESI electrospray ionization

ESI-TOF-MS time-of-flight mass spectrometer using electrospray
ionization

ZIP Zrt-/rt-like protein
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Figure 1. The His-rich loop in ZIP4-ECD.
(A) Structural model of the full-length human ZIP4 homodimer. The model was built based

on structures of the pZIP4—ECD and a prokaryotic ZIP [12,15]. The dimerization interface
of the TMD was adapted from a computational model of human ZIP4 with minor manual
adjustment [16]. The protein is shown in both cartoon mode and surface mode. The metal
ions bound at the transport site are depicted as red balls. The unstructured His-rich loops are
drawn as dotted lines. The length of the His-rich loop is roughly proportional to the number
of amino acid residues. (B) Sequence alignment of the His-rich loops from closely related
mammalian ZIP4s. The potential metal chelating residues within the loop are in bold and the
histidine residues are highlighted. The secondary structure of pZIP4—ECD is shown on the
top of the alignment. The first and the last histidine residues in the His-rich loop of pZIP4
are numbered.
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Figure 2. Zinc binding to pZIP4-ECD.
FluoZin-1 (5 puM) was titrated by ZnCl, in the absence and presence of pZIP4-ECD or the

His-rich loop mutants (10 uM). The apparent zinc binding affinities were estimated and
shown in Supplementary Figure S1B.
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Figure 3. Proteolysis of pZIP4-ECD by trypsin.
(A) pZIP4-ECD proteolysis by indicated amount of trypsin. The concentration of pZIP4-

ECD is 0.15 mg/ml (5 uM). The trypsin band (~24 kDa) could be overlapped with the
proteolytic products in SDS-PAGE. (B) ESI-TOF-MS spectrum of the fully processed
pZIP4-ECD by trypsin (sample 5 in (A)). The assigned fragments are underlined in the
spectrum. The determined cleavage sites in the His-rich loop are colored in red. Note that the
disulfide bonds within each fragment have been considered in the calculation of the
theoretical average molecular mass.
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Figure 4. Detection of zinc-induced conformational change of pZIP4-ECD.
(A) Fluorescence spectra of pZIP4-ECD and the 4HS mutant in the absence and presence of

zinc. (B) Fluorescence intensity changes at 332 nm of the wild-type protein and the 4HS
mutant during zinc titration. Non-specific effect of zinc ion on fluorescence (the third panel
in (A)) was subtracted. (C) Partial proteolysis of pZIP4-ECD (6 uM) in the presence of zinc
sulfate at the indicated concentrations. Trypsin was added at the mass ratio of 300 : 1
(pZIP4—ECD:protease). Proteolysis was quantified and shown as a percentage below each
lane.
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Figure 5. Functional characterization of the His-rich loop in hZIP4.
(A) Zinc uptake assays of the wild-type hZIP4-HA and the 4HS mutant transiently

expressed in HEK293T cells. Left: Western blots showing the cell surface expression level
(determined by surface-bound anti-HA antibody) and the total protein expression level of
hZ1P4 and the 4HS mutant. The upper band of total expression indicated the glycosylated
form of hZIP4. Right: The processed zinc uptake data and curve fitting of one representative
experiment. The kinetics parameters are shown in the inserted table. The Vjhax values have
been calibrated using the surface expression levels shown in the left. ** £< 0.01. (B) Zinc
uptake through hZIP4 and the 4HS mutant in the absence and presence of non-radioactive
zinc and other divalent metal ions in excess. 10 pM 65Zn was used in this assay and the
concentrations of other metal ions are listed below. Non-radioactive Zn2*: 200 uM; Ca2*: 2
mM; Mg2*: 20 mM; Co?*: 200 uM; Ni2*: 200 uM; Cu?*: 200 uM; and Mn2*: 200 uM. ** P
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< 0.01. (C) Zinc uptake through hZI1P4 and the 4HS mutant in the presence of 200 uM
ferrous (Fe2*) and 1 mM ascorbic acid.
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