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Abstract: The human zinc- and iron-regulated transport protein 4 (hZIP4) protein is the major plasma
membrane protein responsible for the uptake of zinc in the body, and as such it plays a key role in
cellular zinc homeostasis. hZIP4 plasma membrane levels are regulated through post-translational
modification of its large, disordered, histidine-rich cytosolic loop (ICL2) in response to intracellular
zinc concentrations. Here, structural characteristics of the isolated disordered loop region, both in
the absence and presence of zinc, were investigated using nuclear magnetic resonance (NMR)
spectroscopy. NMR chemical shifts, coupling constants and temperature coefficients of the apo-
protein, are consistent with a random coil with minor propensities for transient polyproline Type Il
helices and p-strand in regions implicated in post-translational modifications. The ICL2 protein
remains disordered upon zinc binding, which induces exchange broadening. Paramagnetic relaxa-
tion enhancement experiments reveal that the histidine-rich region in the apoprotein makes tran-
sient tertiary contacts with predicted post-translational modification sites. The residue-specific
data presented here strengthen the relationship between hZIP4 post-translational modifications,
which impact its role in cellular zinc homeostasis, and zinc sensing by the intracellular loop.

Abbreviations: CPMG, Carr-Purcell-Meiboom-Gill; csd, chemical shift displacements; DTT, dithiothreitol; EDTA, ethylenediami-
netetraacetic acid; HSQC, heteronuclear single-quantum coherence; hZIP4, human zinc- and iron-regulated transport protein 4;
ICL, intracellular loop; IDP, intrinsically disordered protein; IDR, intrinsically disordered protein region; INEPT, insensitive nuclei
enhanced by polarization transfer; MTSL, 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methane-thio-sulfonate; NMR, nuclear
magnetic resonance; NOE, nuclear Overhauser enhancement; PMSF, phenylmethylsulfonyl fluoride; PPII, polyproline type II;
PRE, paramagnetic relaxation enhancement; PTM, post-translational modification; RNMRTK, Rowland NMR Toolkit; SH3, Src
homology 3; SSP, Secondary structure propensity; TCEP, Tris(2-chloroethyl) phosphate; TEV, tobacco etch virus; TM, trans-
membrane; ZIP, zinc- and iron-regulated transport protein.
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Broader Impact Statement: Intrinsically disordered proteins often undergo coupled binding—folding in order to perform their biological
functions. We find that the intracellular loop region of the zinc transporter human zinc- and iron-regulated transport protein 4 (hZIP4)
remains disordered upon zinc binding, despite having a high affinity for zinc. As the intracellular loop regulates post-translational modi-
fication of hZIP4 in a zinc-dependent manner, the absence of a pronounced conformational change suggests an alternative mecha-
nism in which changes in surface charge distribution upon zinc binding influence post-translational modification.
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Furthermore, the zinc sensing mechanism employed by the ICL2 protein demonstrates that high-
affinity interactions can occur in the presence of conformational disorder.

Keywords: zinc; intrinsically disordered protein; nuclear magnetic resonance; protein structure;

transporter; hZIP4; intracellular loop; zinc sensing

Introduction

As the second most abundant transition metal in the
body, zinc functions as a structural component in pro-
teins, as a catalytic center in enzymes, and as a signal-
ing molecule that regulates cellular signal transduction
processes.'™ In keeping with its important cellular
roles, pathophysiological consequences, including car-
diovascular disease, depression, Alzheimer’s disease,
diabetes mellitus, and cancer, are associated with
abnormal zinc levels.® The SLC39 or zinc- and iron-
regulated transport protein (ZIP), family of proteins,
act to increase cytosolic zinc concentrations by trans-
porting zinc into the cytosol from the extracellular
space or from intracellular compartments. Human (h)
ZIP4 is expressed on the apical surface of enterocytes,
where it functions as the primary transporter for the
uptake of dietary zinc. Mutations in hZIP4 are respon-
sible for the childhood zinc deficiency disease acroder-
matitis enteropathica, whose symptoms include skin
lesions, alopecia, diarrhea, neurological disorders,
growth retardation, and death, if left untreated.®®
Changes in hZIP4 expression levels have also been
observed in several cancers, including liver, brain, and
pancreatic cancer.® 12

Recent structural studies have shed light on the
metal translocation pathway in hZIP4. hZIP4 has eight
transmembrane (TM) segments and a large extracytoso-
lic N-terminal domain. A computational model of the
hZIP4 TM domain predicted that metals are translo-
cated through a helical bundle formed by TMs 2, 4,
5, and 7,'3 which was confirmed in the crystal structure
of a prokaryotic ZIP protein.’* Also, functionally signifi-
cant is the large extracellular N-terminal domain of
hZIP4, as it has been shown to be required for optimal
zinc transport,'® and many acrodermatitis enteropathica
mutations map to this region.>'%'” In the absence of
zinc, the crystal structure of an ectodomain of a ZIP4
homologue adopts a dimeric fold consisting of a helix-
rich region and a helix-turn-helix region containing a
histidine-rich sequence, which has been hypothesized to
function as an extracellular zinc sensor.'?

In contrast to the recent structural data for the TM
and N-terminal domains of ZIP proteins, few structural
details are known about the largest intracellular loop
between TM3 and TM4 (ICL2) [Fig. 1(a)]. ICL2 is not
highly conserved among the hZIP family (Supporting
Information Fig. S1), suggesting that the loop has differ-
ent functions in hZIP homologues. hZIP4 ICL2 is
hypothesized to act as an intracellular zinc sensor that
regulates plasma membrane levels of the hZIP4 protein.
As cytosolic zinc concentrations increase presumably
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via hZIP4 transporter activity, hZIP4 is ubiquitinated
at a lysine residue within ICL2 and is subsequently
degraded.'® This post-translational regulation requires
a histidine-rich sequence within ICL2 [Fig. 1(b)].'® The
histidine-rich region of the isolated ICL2 was shown to
bind two zinc ions sequentially, with the first zinc bind-
ing with nanomolar affinity to a CysHiss site and the
second zinc binding to a His, site.!® Sequence analysis
predictions and circular dichroism spectroscopy indicate
that ICL2 is an intrinsically disordered protein region
(IDR).®

Intrinsically disordered proteins (IDPs) and IDRs,
which lack stable secondary and tertiary structure, are
abundant in nature, constituting approximately 20% of
eukaryotic proteomes.?® Over 40% of human plasma
membrane proteins are predicted to contain regions of
disorder with these regions more likely to occur on the
cytoplasmic side.?! Disordered regions are not evolution-
arily conserved in protein families,?? as is the case for
hZIP ICL2 regions (Supporting Information Fig. S1).
Disordered protein regions perform a number of impor-
tant biological functions including ligand binding,
protein—nucleic acid interactions, and protein—protein
interactions. Different interaction mechanisms have
been observed for IDPs/IDRs, ranging from complete
folding upon binding to the formation of dynamic or
“fuzzy” complexes, in which the interacting proteins
remain conformationally disordered.?*25 IDP/IDR inter-
actions have generally been viewed as occurring with
high specificity but low affinity.?*® This view has
been used to explain the importance of structural flexi-
bility in cellular signaling processes, where IDPs/IDRs
have been shown to interact with multiple targets and
to undergo multiple post-translational modifications
(PTMs).2® The high-specificity, low-affinity view of
IDP/IDR interactions has been challenged by recent
observations of disordered protein—protein interactions
that form high-affinity “fuzzy” complexes via nonspecific
interactions.?*%°

The unique biophysical properties of IDPs/IDRs,
which exist as dynamic ensembles of heterogeneous con-
formations, have presented challenges to their structural
characterization. Nuclear magnetic resonance (NMR)
spectroscopy is an established and powerful technique
that provides atomic level information on the conforma-
tional ensembles sampled by IDPs/IDRs in physiological
solution conditions.?"3® Here, we have investigated the
structural ensemble of the apo form and the zinc-bound
forms of the disordered hZIP4 ICL2 region using
NMR spectroscopy. Using NMR chemical shift analyses,
coupling constants, and temperature coefficients, the
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Figure 1. hZIP4 ICL2 location NMR data and assignments. (a) Schematic representation of the domain structure of hZIP4. The large
extracellular, N-terminal domain is indicated in gray, and the TM segments are indicated in cyan. Intracellular loops, depicted with blue
lines and labeled, are drawn to scale. (b) Amino acid sequence of ICL2. The histidine-rich region is highlighted in blue, the single histidine
(H466) outside the histidine-rich region is indicated in red, and the ubiquitination site (K463) is indicated in green. (c) 'H-'N HSQC
spectrum (800 MHz) of the isolated hZIP4 ICL2 (300 pM) in 20 mM Hepes (pH 7), 20% glycerol, and 5 mM TCEP at 10°C. The peak for
A475 is aliased in the "°N dimension; the "°N resonance for A475 is 127.45 ppm. Amino acid numbering corresponds to the position in
the hZIP4 full-length protein sequence. Residues in parentheses are cloning scars and the purification tag. (d) Two-dimensional planes
from the HNCACB experiment measured at 25°C indicate sequential assignment along the hZIP4 ICL2 backbone.

average ICL2 ensemble exhibits random coil behavior
with minor tendencies for polyproline Type II (PPII) heli-
ces and p-strand at several regions encompassing sites
predicted to be post-translationally modified. Further,
these sites make contacts with the histidine-rich, zinc-
binding region of ICL2 as revealed by paramagnetic
relaxation enhancement (PRE) experiments. Metal bind-
ing does not detectably alter the disordered landscape of
the ICL2 protein ensemble. Zinc binding induces
exchange broadening, indicating that the metal-bound
ICL2 protein undergoes dynamic interchange among two
or more metal-bound states. Together, our data provide
structural evidence supporting the hypothesis that ICL2
acts as an intracellular zinc sensor to regulate plasma
membrane levels of hZIP4 and maintain cellular zinc
homeostasis.
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Results

NMR resonance assignments and local
secondary structure conformational propensity
The largest intracellular loop of hZIP4, ICL2, was
shown previously by sequence analysis and circular
dichroism spectroscopy to be an IDR.!° NMR has
become a powerful technique to study the confor-
mational heterogeneity of disordered proteins.?! To
increase the yield of the isolated loop region for NMR
studies, an inclusion body-targeted expression system
based on fusion to a signal sequenceless Escherichia
coli outer membrane protein, PagP, was employed.?43
The resulting purified ICL2 protein (Supporting Infor-
mation Fig. S2), in NMR buffer containing 5 mM Tris
(2-chloroethyl) phosphate (TCEP), showed comparable
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binding affinity for zinc (6 + 2 nM) as measured previ-
ously in buffer containing 100 pM TCEP and 150 mM
sodium chloride (6 + 1 nM).'® In addition, *H-'°N het-
eronuclear single-quantum coherence (HSQC) spectra
of isolated ICL2 protein prepared as described previ-
ously®® and prepared using the inclusion body-targeted
expression system were identical (Supporting Infor-
mation Fig. S2).

The 'H-°N HSQC spectrum of hZIP4 ICL2 mea-
sured at 10°C [Fig. 1(c)] displays a narrow chemical
shift dispersion in the 'H dimension ranging from 7.8
to 8.8 ppm. Reduced chemical shift dispersion in the
H dimension is characteristic of IDRs compared to
spectra for folded proteins.>® Backbone assignments at
10°C were completed by using HNCO, HN(CA)CO,
HNCACB, and CBCA(CO)NH experiments conducted
at 25°C [Fig. 1(d)] and by sequential assignment of
short-range nuclear Overhauser enhancement (NOE)
resonances using a °N-edited NOESY-HSQC spectrum.
Chemical shift changes in the HSCQ spectrum were fol-
lowed as the temperature decreased from 25°C to 10°C.
Additional cross-peaks, corresponding to residues within
the histidine-rich region that were absent at 25°C, were
observed in the HSQC spectrum as the temperature
decreased and these were assigned using mutant pro-
teins (H441A, S442A, H443A, and H446A). Finally,
72 of the 76 nonproline main chain amides were as-
signed unambiguously in the NMR spectrum [Fig. 1(c)].
G445 and G449 could not be assigned unambiguously

due to spectral overlap. Also, 1495 could not be as-
signed, likely also due to spectral overlap, and the
N-terminal glycine was not visible in the spectrum.

To explore the possibility of residual structure in
ICL2, secondary chemical shifts, %/ coupling con-
stants, and temperature coefficients were examined.
Chemical shifts, which are sensitive indicators of dihe-
dral angles in the peptide backbone, are routinely used
to identify secondary structure elements in pro-
teins.®”®® For IDRs, chemical shifts are averages of all
transient conformations. Transient secondary struc-
ture elements in IDRs have been identified using sec-
ondary chemical shifts, or the difference between the
measured chemical shift and reference random coil
values.?® Secondary chemical shifts for ICL2 were cal-
culated using two random coil references.?*° Values
for secondary chemical shifts were small (Supporting
Information Fig. S3), suggesting that the ICL2 protein
region exists predominantly as a random coil. Tran-
sient secondary structure populations for the disor-
dered hZIP4 ICL2 were assessed using both the
secondary structure propensity (SSP) score*! and the
52D method.*2 Both methods (Fig. 2) indicated that
the ICL2 protein region is largely random coil with
slight tendencies for regions of p-strand between
residues 460469 and 484-490. The 62D method also
suggested a minor propensity of PPII secondary struc-
ture across the polypeptide [Fig. 2(b)]. These residues
also show decreased cross-peak heights (Supporting
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Figure 2. Secondary structural elements for the isolated ICL2 region. (a) SSP values calculated using Ca and Cp resonances
measured at 25°C. Positive values represent fractional a helix populations, and negative values represent fractional -strand
populations. (b) Secondary structure populations predicted from chemical shifts measured at 25°C using the 62D method.
Secondary structures are colored red for a-helix, blue for p-strand, and green for PPII. The black line indicates the random coil
population. Shaded regions indicate the protein tag sequences at the N- and C-termini. Resonances for 438-449 are missing in

the spectra at 25°C and were not included in the analyses.
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Information Fig. S4) further supporting that these
regions are undergoing exchange between conformers
with different secondary structure. Values of 3Jyn-mo
coupling constants (Supporting Information Fig. S5)
and temperature coefficients (Supporting Information
Fig. S6), both of which have been used to identify
regions of structure,*® support the conclusion that the
hZIP4 ICL2 apoprotein exists primarily in a random
coil state in solution.

Zinc binding

Previously, the hZIP4 ICL2 was shown to coordinate
two zinc ions with the first zinc binding at a CysHiss site
and the second zinc binding at a His, site.'® The single
cysteine residue (C436) was responsible for the nanomo-
lar binding affinity of zinc to ICL2.'® Although previous
data suggested that the residues involved in the two
coordination sites are C436, H438, H441, H443, H446,
and H448,'81° the exact binding sites could not be
unequivocally identified. To ascertain the residues
involved in zinc coordination, 'H-'>N HSQC spectra
were obtained in the presence of one and two molar
equivalents of zinc [Fig. 3(a)]. The 'H chemical shift peak
dispersion of zinc-bound ICL2 remained narrow, indicat-
ing that the protein remained disordered upon zinc bind-
ing. The most prominent change in the spectra upon
zinc addition was the disappearance of cross-peaks.
Analysis of the peak heights [Fig. 3(b)] revealed a metal-
dependent signal broadening with cross-peaks for resi-
dues in the histidine-rich region (residues 431-448),

exhibiting ~50% reduction in signal with one zinc bound
and complete signal broadening in the presence of two
molar equivalents of zinc. Uniform signal broadening
was observed in the histidine-rich region during a zinc
titration with ICL2 (Supporting Information Fig. S7), pre-
cluding identification of the individual amino acids that
coordinate each zinc ion. Significant signal broadening
was also observed for residues D427 and E429, as well as
V450, S451, and L452; however, no other residues
exhibited metal-dependent signal broadening. Only
small chemical shift deviations were observed for resi-
dues in and adjacent to the histidine-rich region, as
well as for H466 and E467 [Fig. 3(c)]. Addition of ethy-
lenediaminetetraacetic acid (EDTA) to the protein
containing two molar equivalents of zinc reversed the
effects of metal binding on both the cross-peak intensi-
ties and the chemical shift perturbations (Supporting
Information Fig. S8). ®N-edited NOESY-HSQC spec-
tra of the apoprotein and protein with two equivalents
of zinc showed identical NOE patterns (Supporting
Information Fig. S9), which may indicate either the
absence of intramolecular NOEs or, more likely, the
averaged structural ensembles of the apoprotein and
zinc-bound proteins are indistinguishable.

To examine further the role of histidines in zinc
binding to ICL2, side chain 'H-'N HSQC spectra
were acquired for the apoprotein and the protein with
one and two molar equivalents of zinc added (Fig. 4).
Chemical shifts for the 61 and €2 nitrogen are indica-
tors of the protonation, tautomeric, and hydrogen
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Figure 3. Zinc coordination by hZIP4 ICL2 affects the NMR observables for the histidine-rich region. (a) "H-"°N HSQC spectra of
300 pM ICL2 at 10°C in the absence (black) and presence of one (blue) and two (red) equivalents of zinc. The peak for A475 is
aliased in the "®N dimension; the °N resonance for A475 is 127.45 ppm. The inset shows an expanded view of the boxed region.
(b) Peak heights for ICL2 with one and two equivalents of zinc were normalized to the peak heights for the apoprotein. (c) Average
"HN and 'SN chemical shift deviations for ICL2 with one equivalent of zinc (gray) and two equivalents of zinc (red). The dashed
lines represent the average chemical shift deviation across all measured residues for one zinc (black line) and two zinc (red line). In
(b) and (c), shaded regions indicate the protein tag sequences at the N- and C-termini. Missing data points represent prolines and
unassigned residues.
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Figure 4. Zinc binding perturbs histidine side chains. (a) Tautomeric and protonation states of histidine side chains. (b) H-"°N
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through 2J coupling constants as described in Materials and Methods section. Spectra were acquired for apoprotein (left, black)
and one zinc-bound (center, blue) and two zinc-bound (right, red) forms at 300 pM.

bonding states of the imidazole side chain.** For apo-
ICL2 at pH 7, the 81N chemical shifts range from
208 to 216 ppm, and the €2N chemical shifts are
~178 ppm, which suggests an equilibrium between
the amphionic (nonprotonated) states and the cationic
state. Furthermore, the ¢2N chemical shifts suggest
that the histidine side chains are involved in hydrogen
bonding.*® Of the eight histidines present in the pro-
tein, only five correlations were clearly identified in
the apoprotein spectrum (Fig. 4), which may be due to
significant peak overlap. Upon addition of zinc, the
peaks were significantly broadened (Fig. 4). The broad-
ening was difficult to quantify as a result of the over-
lapping peaks. However, in general, the intensities of
the €2N peaks decreased 50%—60% upon binding one
zinc ion and 25%-30%, relative to the apoprotein,
upon binding the second zinc. The 81N peaks were
broadened more severely, with many peaks disappear-
ing completely in the protein coordinated with two
zinc ions. These data are consistent with the backbone
amide cross-peak broadening observed across the histi-
dine-rich region (Fig. 3).

Backbone dynamics and the effects of zinc
binding

Relaxation measurements that explore the picosecond—
nanosecond timescale motions of the polypeptide back-
bone are useful probes for investigating disordered
proteins.3! N{*H) heteronuclear NOE values and °N
R, and R, relaxation rates were measured for the ICL2
apoprotein and in the presence of one and two molar
equivalents of zinc (Fig. 5; Supporting Information
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Fig. S10). Heteronuclear NOE values for the apo- and
zinc-bound proteins were largely identical, with values
ranging between 0.4 and 0.6 at 800 MHz [Fig. 5(a)l.
Heteronuclear NOE values above 0.6 at 800 MHz have
been categorized qualitatively as characteristic of struc-
tured, rigid proteins, whereas values less than 0.2 are
characteristic of unstructured, random coil.*® The het-
eronuclear NOE values observed for ICL2 indicate an
intermediate state between fully unstructured and
structured protein.

Average R, relaxation rates for the apoprotein were
1.44 4+ 0.09 and 1.41 + 0.10 s7* at 50 and 300 pM pro-
tein concentrations, respectively, and residue-specific R
values showed comparable trends across the sequence
for both protein concentrations (Supporting Information
Fig. S10). These data are consistent with one or both of
two possible mechanisms. Although the apoprotein pop-
ulation is predominantly monomeric, there is a small
population of an oligomeric species. The oligomeric spe-
cies is likely the cysteine-oxidized dimer identified by
nonreducing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (Supporting Information Fig. S2). Alter-
natively, the small decrease in R; rates may be as a
result of an increase in viscosity at the higher protein
concentration. Overall, R, rates for protein with one and
two molar equivalents of zinc were similar to the apopro-
tein, indicating that there is no metal-induced oligomeri-
zation [Fig. 5(b); Supporting Information Fig. S10].

Similar to R; rates, Ry rates for the apo- and
metal-bound proteins were comparable except in the
histidine-rich region. Average Ry rates (9 + 2 s™! for the
apoprotein) are consistent with the disordered nature of
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the protein tag sequences at the N- and C-termini. Missing
data points represent prolines and unassigned residues.

the protein and reflect the temperature and glycerol con-
tent of the solvent, where glycerol has been shown to
increase transverse relaxation rates two-fold.*” Slightly
reduced R, rates were observed as the protein concen-
tration decreased (Supporting Information Fig. S10) as a
result of a small population of cysteine oxidized dimer.
Similar R, profiles were observed for the apo- and zinc-
bound proteins at both low and high protein concentra-
tions, indicating that the monomer—dimer equilibrium
does not influence any exchange processes that may be
occurring. Residue-specific R, relaxation rates for the
apoprotein were higher for the C-terminal residues
492498 [Fig. 5(c)], suggesting conformational exchange
on the microsecond to millisecond timescale. Exchange
on the millisecond time scale was probed using Carr—
Purcell-Meiboom—Gill (CPMG)-based relaxation dis-
persion experiments. No significant dispersion was
observed for any of the backbone amides (Supporting
Information Fig. S11), indicating the absence of ex-
change on the millisecond time scale. Exchange occur-
ring on faster time scales may contribute to the
increased R, rates near the C-terminus. Compared to
the apoprotein, zinc addition had the greatest effect on

84 PROTEINSCIENCE.ORG

R, rates in the histidine-rich, zinc-binding region; how-
ever, the Ry values in this region were too large to esti-
mate due to the significant line broadening [Fig. 5(c)].
Elevated R, rates in the metal-binding region suggest
conformational exchange on the micro to millisecond
time scale between multiple metal bound states.

Global conformational preferences

Long-range structure in hZIP4 ICL2 was probed using
PRE NMR experiments, which provide information on
transient tertiary interactions in disordered proteins.*®
First, a paramagnetic nitroxide spin label, (1-oxyl-
2,2.5 5-tetramethylpyrroline-3-methyl)methane-thio-sul-
fonate (MTSL), was introduced into the apoprotein at the
single cysteine (C436) that is involved in zinc coordina-
tion. The location of the label enables identification of
contacts between the zinc-binding region and distal parts
of the protein. Backbone N and 'HN resonances of the
diamagnetic MTSL-labeled protein were identical to the
unlabeled wild-type chemical shifts, with the exception of
residues immediately adjacent to the spin-labeled C436,
indicating that the spin label did not disturb the native
conformational ensemble of the protein. The observed
PRE effects were intramolecular as no significant interac-
tions were observed in the control experiment containing
MN-wild-type-ICL2-MTSL and *N-C436A-ICL2 (Fig. 6).
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Figure 6. PRE measurements of ICL2 identify long-range
interactions between the histidine-rich region and C-terminal
residues in the apoprotein. PRE intensity ratios for 50 pM
MTSL-labeled "°N-ICL2(C436) were calculated for backbone
amide protons from 'H-SN HSQC spectra measured at 10°C
in paramagnetic (oxidized) and diamagnetic (reduced)
conditions. Theoretical PRE intensity ratios calculated for a
simulated random coil ensemble with no contact restraints (red
line) and for a random coil ensemble with contacts between
residues 435-437 and 452-455 and between residues
435-437 and 489-498 (dark gray bars) were generated using
flexible-meccano. The control experiment (gray line),
performed with 50 pM MTSL-labeled "*N-ICL2(C436) and

50 pM '®N-ICL2(C436A), validated that the PRE effects
resulted from intramolecular interactions. Shaded regions
indicate the protein tag sequences at the N- and C-termini.
Missing data points represent prolines and unassigned
residues.
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For 50 pM PN-wild-type-ICL2-MTSL, *H-1°N cross-peak
intensities were measured in the paramagnetic (I,,) and
diamagnetic (I,.q) states, and intensity ratios indicate
PRE effects within 25 A of the probe. Experimental PRE
ratios were compared with values calculated for a simu-
lated statistical coil ensemble generated by flexible-mec-
cano (Fig. 6). As expected, the largest PRE effects were
observed for amino acids adjacent to the MTSL-labeled
(C436 (Fig. 6), with complete broadening of resonances for
residues 433-443, indicating proximity within 12 A of
the probe. Outside these short-range effects, observed
PRE ratios were smaller than predicted for the random
coil model in several regions. Medium-range contacts
were observed between the spin label at position 436 and
residues 449461, and long-range contacts were observed
between the spin label at 436 and residues 470-471 and
485-498 (Fig. 6). Because the experimental PRE values
did not match the random coil values, we computed a
new ensemble using flexible-meccano with distance
restraints of 15 A between C436 and residues 452-455
and residues 489—498. The calculated PRE values for the
constrained ensemble correlate more closely to the exper-
imental data (Fig. 6). These data support a model in
which the histidine-rich, zinc-binding region of ICL2
makes transient contacts with distal parts of the protein,
in the absence of zinc.

Discussion
The largest intracellular loop of ZIP4, ICL2, regulates
the plasma membrane levels of the transporter in
response to intracellular zinc levels.'® At low intracellu-
lar zinc concentrations, ZIP4 undergoes endocytosis
from the plasma membrane, and as zinc concentrations
increase, ZIP4 is ubiquitinated at the single lysine resi-
due (K463) and proteolytically degraded.'®*° Previ-
ously, we have shown that ICL2 is predicted to be an
IDR that binds zinc via a histidine-rich region.'® To
gain further insight into the molecular basis for its role
in zinc sensing by hZIP4, we have utilized NMR spec-
troscopy to characterize the structural properties of the
isolated ICL2 region and in coordination with zinc.
NMR measurements, including chemical shifts,
3JuN-Ho coupling constants, and temperature coeffi-
cients, not only confirmed the disordered nature of
the isolated ICL2 region but also indicated that,
unlike other examples of IDPs and IDRs, the protein
lacks any prominent, localized regions of secondary
structure. On the basis of secondary chemical shift
analysis, minor populations of PPII, as well as
weakly populated p-strands, were predicted at two
regions (460—465 and 482-492) that are known or
predicted to be involved in post-translational modifi-
cations.’® These two regions (460465 and 485-492)
also make transient, tertiary contacts with the
histidine-rich, zinc-binding region of the isolated
ICL2 protein as determined use PRE NMR experi-
ments. The region 460—465 is known to undergo zinc-
dependent ubiquitination at K463 and is a predicted
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binding site for Src homology 3 (SH3) domains.'®®

SH3 domains, which have roles in membrane localiza-
tion and protein phosphorylation, recognize and bind
to PPII helices.?® In addition, the C-terminal region
(residues 482-492) is predicted to contain sites for pro-
tein phosphorylation.'® Phosphorylation sites are pref-
erentially found within PPII conformations in IDRs,?!
and it has been suggested that IDRs interact with pro-
tein partners involved in post-translational modification
via a PPII to p-strand transition.?*%% Phosphorylation of
serine residues within the ICL2 of hZIP7 has been
shown to stimulate zinc transport activity.>* Although
the conformational preferences of the isolated protein
region may not reflect the states of the full-length hZI1P4
transporter, an interaction between the histidine-rich
region and the ubiquitination site (K463) was suggested
previously as mutation of the histidine-rich region pre-
vented hZIP4 ubiquitination.'® Our PRE data demon-
strate that, at least in the case of the isolated ICL2
region, the histidine-rich region makes transient con-
tacts with the ubiquitination site and supports a model
in which the ICL2 region acts as a zinc sensor that regu-
lates plasma membrane levels of hZIP4.

Previously, we showed that the histidine-rich region
coordinates two zinc ions sequentially, with the first zinc
binding with nanomolar affinity to a CysHis; site and the
second zinc binding with lower affinity to a His, site.!®
The near-complete backbone assignments for the iso-
lated ICL2 prompted us to use NMR to pinpoint the zinc
coordinating residues. However, the two zinc-binding
sites could not be distinguished due to a zinc concentra-
tion-dependent loss of signal intensity for both the back-
bone amide protons in the histidine-rich region and the
histidine side chain correlations. The zinc-induced line
broadening was unexpected as the nanomolar affinity of
the protein for the first zinc ion suggests slow exchange
characteristics rather than the intermediate exchange
processes observed. Intermediate exchange may occur
either between two or more metal-binding sites or
between different bound conformations. Intermediate
exchange processes were proposed to explain the zinc-
dependent signal broadening observed for the IDP
amyloid B, which binds a single zinc with micromolar
affinity.?® Similarly, signal broadening was observed for
zinc binding to peptide fragments of the extracellular
domains of two ZIP family members, revealing a Cyss
zine-binding site in hZIP13%¢ and a CysHis,Glu-binding
site in the Arabodopsis IRT1.54%7 In contrast, zinc binding
to the IDP a-synuclein produced chemical shift changes
consistent with fast exchange, revealing two independent,
noninteracting zinc-binding sites with weak (millimolar)
affinity.?®> Unlike amyloid-p and o-synuclein, ICL2
exhibits a higher affinity for the binding of the first zinc
ion, and the intermediate exchange -characteristics
observed upon zinc coordination by ICL2 are surprising
and significant. We propose that interaction between
the nanomolar zinc-binding site and the weaker affinity
zinc-binding site in ICL2 results in zinc-induced line
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broadening due to an overall intermediate exchange
between multiple, transient zinc binding modes within
the histidine-rich region of ICL2. This is supported by our
previous X-ray absorption spectroscopy data indicating
that the two zinc-binding sites in ICL2 are not indepen-
dent.® An extension from our previous study, these data
indicate that a single ICL2 zinc-bound state does not
exist, but rather the one zinc-bound state is likely a con-
formational ensemble with the zinc coordinated by cyste-
ine and multiple combinations of histidines. Flexible
ligand binding sites were also observed for copper binding
to the histidine—methionine-rich sequence on the lumenal
loop of the copper transporter ATP7A.%8 As was specu-
lated for ATP7A,%® preference for a particular zinc coordi-
nation site in the intracellular loop of hZIP4 may be
stabilized by interactions with metal chaperones or
other protein partners involved in PTMs. Further-
more, PTMs, such as phosphorylation, may stabilize
specific zinc-coordinating ligands within the histidine-
rich region.

The ICL2 protein remains disordered in the metal-
bound state(s). Although coupled binding and folding
has been shown for some IDPs, 26791 the concept of
“fuzzy” complexes, in which the IDP/IDR remains con-
formationally flexible upon binding, has been demon-
strated for many IDP interactions.2#%%¢3 Although it
has been generally believed that “fuzzy” complexes form
because of weak interactions,?*%* recent examples pro-
vide evidence that disordered protein—protein interac-
tions can occur with high affinity even though the
complex remains unstructured.?*° For example, the
complex between the IDPs histone H1 and prothymosin-
a is highly disordered and, yet the proteins interact with
high (picomolar) affinity.?® Additionally, a tight-binding
(nanomolar) “fuzzy” complex was observed between the
proline-rich motif of the viral nonstructural protein
1 and SH3 domain.® While these examples demonstrate
that high affinity and disorder occur in protein—protein
interactions, our data similarly show that the hZIP4
ICL2 region remains conformationally disordered in the
presence of its high-affinity zinc ligand. Furthermore, no
other tight-binding interactions between IDPs/IDRs and
small molecules or ions have been reported previously.?®
To our knowledge, the ICL2-zinc ion interaction is the
first example of a high-affinity, “fuzzy” complex between
an IDP/IDR and a small ligand. It will be of interest to
identify other IDPs/IDRs that form high-affinity, “fuzzy”
complexes with small molecules or metal ion ligands to
gain a better understanding of their prevalence and
functional significance in biological systems.

Conclusion

Our results demonstrate that the hZIP4 ICL2 isolated
protein is conformationally heterogeneous in the apo-
and metal-bound states. No significant structural dif-
ferences between the apo- and zinc-bound protein
forms were discernable on the basis of the chemical
shift data presented here. As the chemical shifts for
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both the apo- and zinc-bound forms are dynamically
averaged over disordered conformational ensembles,
the chemical shifts are relatively insensitive to differ-
ences in the conformational distribution resulting
from metal binding. Therefore, we propose a model
where, in the absence of pronounced conformational
differences, metal binding to the disordered hZIP4
intracellular region influences the propensity for
post-translational modifications through a change in
the surface charge distribution. Our results provide evi-
dence for long-range contacts between the metal-binding
site and putative sites of post-translational protein mod-
ifications, which regulate plasma membrane levels of
the hZIP4 protein, and provide a framework for future
studies addressing the impact of post-translational mod-
ifications both on the isolated ICL2 region as well as in
the context of the full-length transporter. The high-
affinity zinc binding by hZIP4 ICL2 via a disordered
ensemble contrasts with the disorder—order transition
frequently involved in the biological functions of
IDPs/IDRs.

Materials and Methods

Protein expression and purification

The ICL2 gene, corresponding to amino acid residues
424498 in the full-length hZIP4, with a C-terminal
Strep tag was codon optimized for expression in E. coli
and was synthesized as a C-terminal fusion to the E. coli
pagP gene lacking the signal sequence, a Hisg tag and a
tobacco etch virus (TEV) protease cleavage sequence
(GenScript, Piscataway, NJ). The resulting PagP-Hisg-
TEV-ICL2-Strep construct in pET3a was transformed
into E. coli BL21(DE3) pLysS cells and grown in
M9 minimal medium. **N- and N/ 3C-labeled samples
were prepared using 1 g L™ ®NH,CI and 3.5 g L !
uniformly labeled *3C-labeled glucose as sole nitrogen
and carbon sources. Cells were grown to an optical den-
sity of 0.8, induced with 1 mM isopropyl-1-thio-p-p-
galactopyranoside at 37°C for 5 hours, and harvested
by centrifugation. Cells were resuspended in 20 mM
Tris pH 8, 300 mM NaCl, 10% (v/v) glycerol, and 1 mM
phenylmethylsulfonyl fluoride (PMSF) and lysed by
sonication. Inclusion bodies were separated from the
lysate by centrifugation at 100,000g, washed twice in
10 mM Tris pH 8, 50 mM NaCl, 0.5% (v/v) TritonX-100,
1 mM PMSF and washed once in 10 mM Tris pH 8,
50 mM NaCl, 1 mM PMSF. Inclusion bodies were solu-
bilized in denaturing buffer (8 M urea, 100 mM
Na,HPO,, 10 mM Tris pH 8) for 2 hours at room tem-
perature. Following centrifugation for 30 min at
100,000g, solubilized inclusion bodies were loaded on
cOmplete™ His-Tag Purification Resin (Millipore
Sigma, St. Louis, MO) overnight at 4°C with agitation.
After washing the column with denaturing buffer with
5 mM imidazole, protein was eluted in denaturing
buffer with 200 mAM imidazole. The eluted protein was
supplemented with 0.4% (w/v) N-dodecyl-f-p-maltoside
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and dialyzed against 10 mM Tris (pH 8) with stepwise
reduction of urea (4M, 2M, and OM) over 48 hours.
Dithiothreitol (DTT; 1 mM) and EDTA (0.5 mM) were
added to the dialyzed protein and cleavage of the fusion
protein with TEV protease was carried out at room
temperature for 2 hours. The cleaved protein was
applied to a Strep-Tactin Superflow Resin (IBA Life
Sciences, Gottingen, Germany). The column was
washed with chelex-100 treated elution buffer (20 mM
Hepes pH 7, 20% [v/v] glycerol). Protein was eluted in
buffer containing 2.5 mM D-desthiobiotin. The binding
affinity of the purified protein for zinc was measured
using FluoZin-3 as described previously.'® TCEP was
added to a final concentration of 5 mM, and the protein
was concentrated. Protein was quantified using the
Reducing Agent Compatible Pierce™ Microplate BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA). Mutations were introduced into the codon-
optimized PagP-Hisg-TEV-ICL2-Strep construct using
site-directed mutagenesis (Agilent Technologies, Santa
Clara, CA) and were expressed and purified as
described for the wild-type protein. Residues are num-
bered according to their position in the full-length
hZIP4 amino acid sequence.

NMR spectroscopy

All NMR experiments were collected on an Agilent
VNMRS 800 MHz spectrometer equipped with a cold
probe. Resonance assignment experiments were per-
formed using a 400 pM sample of uniformly labeled
BN/ASC protein in NMR buffer containing chelex-
100-treated 20 mM Hepes pH 7, 20% (v/v) glycerol, 5 mM
TCEP, 0.02% sodium azide, and 7.5% (v/v) 2H,O with
EDTA-free protease inhibitors (Roche). NMR spectra
were initially collected at 25°C with additional experi-
ments conducted at 10°C. Backbone and side-chain reso-
nances were assigned using two-dimensional H-'°N
HSQC and three-dimensional (3D) HNCO, HN(CA)CO,
HNCACB, CBCA(CO)NH, HBHA(CO)NH, CCONH-
TOCSY, and '°N-edited NOESY-HSQC.% NMR data
processing was done using software and computational
resources in NMRbox (https:/nmrbox.org/).56 NMR
spectra were processed using the Rowland NMR Toolkit
(RNMRTK; http:/rnmrtk.uchc.edu/rnmrtk/RNMRTK.
htm1)®” and analyzed using CcpNMR.®® Secondary
structure probabilities were estimated from the mea-
sured chemical shifts using the SSP score and the
82D web server http://www-mvsoftware.ch.cam.ac.
uk/index.php/d2D.**2 Chemical shift resonance assign-
ments have been deposited in BioMagResBank with
accession number 27321.

3 JuN-Ha coupling constants for ICL2 were obtained
at 10°C using a 3D HNHA experiment with a phasing/
dephasing delay of 13.41 ms.®® Temperature coeffi-
cients were measured using 'H-'’N HSQC spectra
collected at 5° increments between 10°C and 25°C.
Referencing was done using 2,2-dimethyl-2-silapentane
sulfonate. Amide proton chemical shift values were
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plotted as a function of temperature, and temperature
coefficients were calculated from the slope of the line
(5/AT) obtained by linear regression fitting.”®

Backbone amide '°N R, R,,, and heteronuclear 5N
{*H} NOE relaxation measurements were performed at
10°C and 81 MHz '°N Larmor frequency for 50 and
300 pM samples of ®N-labeled apoprotein and protein
coordinated with one and two zinc ions.”>"? R, values
were acquired from a series of 'H-'°N HSQC spectra
with relaxation delays between 10 and 1000 ms. R,,
relaxation rates were obtained using relaxation delay
times between 10 and 120 ms. Spectra were processed
using the relaxation data analysis features in
NMRPipe.” R, and R,, values were calculated by fitting
measured peak intensities to a single exponential decay.
15N R, rates were obtained from R; and R,, rates mea-
sured at a spin-lock field strength of 1811.6 Hz.”* °N
{*H} NOE values were calculated from the ratios of peak
intensities in *H-1°N correlation spectra acquired with
and without proton saturation using a 5 s delay between
spectra to ensure full recovery of 1°N longitudinal magne-
tization. Spectra were processed using RNMRTK,” and
peak intensities were measured using CcpNMR. 6768

Backbone ®N CPMG relaxation dispersion experi-
ments with CPMG field strengths varying from 25 to
1000 Hz were recorded for 300 pM protein samples at
10°C." Spectra were processed using NMRPipe.”
Relaxation dispersion profiles were generated using
effective relaxation rates (Rgc) calculated from inten-
sities using

L (1)

relax 1 0

RZeff ==

where Tiqax is the constant relaxation delay and I is
the peak intensity measured in the absence of relaxa-
tion delay.

PRE experiments were performed using 50 pM
15N-labeled wild-type ICL2 that was spin labeled
with MTSL (Toronto Research Chemicals, North
York, ON, Canada) on the naturally occurring single
cysteine (C436). MTSL-labeled protein was prepared
as described.”®”” For the labeling reaction, 300 pM
protein was treated with 2.5 mM DTT. The DTT was
removed using a desalting column (Zeba spin desalt-
ing column; ThermoFisher Scientific, Waltham, MA),
and the protein was immediately incubated with a
10-fold molar excess of MTSL for 15 minutes at room
temperature. An additional 10-fold molar excess of
MTSL was added, and the reaction was incubated
overnight at room temperature. Unreacted MTSL
was removed by buffer exchange (Amicon centrifugal
filter, Millipore) into NMR buffer without TCEP.
'H-N HSQC spectra were obtained at 10°C with
50 pM MTSL-labeled protein and with the MTSL-
labeled protein treated with a 5-fold molar excess of
ascorbic acid for >3 hours to reduce the spin label.
Spectra were processed using RNMRTK,%” and peak
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intensities for the paramagnetic (/,,) and diamagnetic
(I,.q) states were measured using CcpNMR.%® To cal-
culate PRE distance restraints from the peak inten-
sity ratios, the following equations were used’®:

lox _ Rpe ™" @)
1 red - Rz + R;p
where R, is the amide proton transverse relaxation
rate, R, is the relaxation contribution caused by the

probe, and ¢ is the evolution time of the proton during
magnetization (10 ms)

1

K 3. °
= |25 | dre+ ——5 3
" [R;p< Tet 1+w,21‘r?>} (3)

where r is the distance (in cm) between the amide
proton and the paramagnetic probe, K is a constant
(1.23 x 10732 cm® s72) for the MTSL spin label, o}, is
the Larmor frequency of the 'H, and z, is the appar-
ent PRE correlation time. Ensembles of 10,000 statis-
tical coil conformers were generated and theoretical
PREs for the ensembles were computed using the
flexible-meccano algorithm.” As a control for intermo-
lecular effects of the spin label, 'H-'>N HSQC spectra
were obtained on a sample of 50 pM MTSL-labeled
MN-(wild-type)-ICL2 mixed with 50 pM 1°N-C436A-
ICL2 under nonreducing (paramagnetic) and reduc-
ing (diamagnetic) conditions.

Zinc binding

To prepare zinc-bound protein, ZnCl, (99.999% trace
metals basis, Millipore Sigma, St. Louis, MO) stock
solutions were prepared in chelex-100-treated elution
buffer and quantified using a Zn**-terpyridine titra-
tion.8° 'H-N HSQC spectra were collected at 10°C on
300 pM samples of ICL2 containing one and two molar
equivalents of zinc. An additional spectrum was mea-
sured following addition of a five-fold molar excess of
EDTA to the protein containing two equivalents of
zinc. Spectra were processed using RNMRTK, and
peak intensities and chemical shifts were measured
using CcpNMR.®"%® Chemical shift displacements
(csd) were calculated according to the equation csd =
[(ASH)? + (ASN/5)%1V2.81 TH-1°N HSQC spectra of the
histidine side chains were acquired at 10°C with
602 complex points and an acquisition time of 108 ms.
The insensitive nuclei enhanced by polarization trans-
fer (INEPT) delay was 27.8 ms, and the carrier and
spectral width values were 4.94 ppm and 9470 Hz in
the direct dimension and 186.20 ppm and 12,800 Hz
in the indirect dimension.®?
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