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Abstract

We describe the preparation, evaluation, and application of an S100A12 protein-conjugated solid
support, hereafter the “Al12-resin,” that can remove 99% of Zn(I1) from complex biological
solutions without significantly perturbing the concentrations of other metal ions. The A12-resin
can be applied to selectively deplete Zn(Il) from diverse tissue culture media and from other
biological fluids, including human serum. To further demonstrate the utility of this approach, we
investigated metabolic, transcriptomic, and metallomic responses of HEK?293 cells cultured in
medium depleted of Zn(l1) using S100A12. The resulting data provide insight into how cells
respond to acute Zn(ll) deficiency. We expect that the A12-resin will facilitate interrogation of
disrupted Zn(11) homeostasis in biological settings, uncovering novel roles for Zn(lIl) in biology.

Elucidating roles of Zn(l1) in biology benefits from methods to image,1~3 quantify,*~> and
perturb® both labile and bound” Zn(ll) in living cells. Fluorescent sensors have revealed that
labile Zn(11) concentrations can be tightly controlled at sub-nM levels.8-° Stimulation of
cells with high concentrations of Zn(ll) was instrumental in defining the metazoan response
to Zn(l1) overload.1% However, a major obstacle impeding progress in Zn(l1) biology is the
inability to selectively and efficiently deplete Zn(Il) from complex biological media. One
strategy is to nonspecifically remove metal ions using resin-supported chelators, such as
Chelex® (Figures 1a and b, Table S1), iminodiacetate on a solid support, and then add back
all metal ions except Zn(11).11 This strategy requires quantitation of metal ions before and
after Chelex® treatment. Moreover, even careful metal repletion may not restore the metal
ion speciation of untreated media.
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Another approach used to study Zn(ll) deficiency is to treat cells with a chelator such as
N,N,N', N -tetrakis(2-pyridylmethyl)ethylenediamine (TPEN).12-13 However, this reagent
has a high affinity for other d-block metal ions,# and it can inhibit the activity of
metalloproteins. For instance, TPEN strongly blocks the Zn(I1)-dependent hydrolytic
activity1® of tissue nonspecific alkaline phosphatase (Figure 1c). The risk of TPEN
inhibiting metalloenzymes or affecting other metal-dependent processes precludes its
application to cells as a means to effect Zn(l1) deficiency. Moreover, incubation of cells with
TPEN or any other small-molecule chelator is not equivalent to Zn(Il) deficiency. Cells may
be able to recover TPEN-complexed Zn(11) and/or TPEN itself may have unappreciated
biological activities.16

A third strategy to study Zn(l1) deficiency is to obtain a custom-made, chemically defined
cell culture medium that lacks Zn(11).17 This approach is time-consuming, expensive, and
only a subset of cells can be cultured in such media.18

None of the above approaches or related alternatives allow researchers to address the generic
issue of Zn(I1) deficiency in cells. A robust Zn(l1) depletion method must (1) selectively
deplete Zn(11) from diverse and complex biological media, (2) be easy to use, and (3) be
cost-effective. Here we describe a protocol that meets these criteria, enabling precise
modulation of Zn(I1) content in biological media and facilitating the investigation of many
aspects of biology.

Our approach was inspired by the existence of proteins that sequester nutrient metal ions
from invading pathogens. Such proteins are important components of the mammalian innate
immune system. Human S100A12 is one such protein that harbors two HissAsp sites that
coordinate Zn(11) with sub-nM affinity.1%-20 Moreover, S100A12 can deplete Zn(l1) from
microbial growth medium.20

We therefore wondered whether the selectivity of S1I00A12 for Zn(l1) could facilitate the
development of a Zn(1l) depletion method meeting the above requirements. To test this
possibility, we first evaluated whether recombinant SI00A12 depletes Zn(l1) from
chemically-defined, protein-free Free-style™ mammalian cell culture medium. We
incubated S100A12 (25 pM) with Freestyle™ medium for 4 h prior to filtering it through a
10-kDa molecular weight cutoff filter to remove the protein and protein-bound metal. ICP-
MS measurements of the metal ion concentrations in untreated versus S100A12-treated
media revealed selective depletion of >99% of total Zn from Freestyle™ medium (Figure 2a,
Table S2). Chelex treatment, in contrast, removed multiple metal ions (Figure 1a).

We next sought to deplete Zn(11) from more widely used media formulations that are not
chemically defined and contain high concentrations of protein or fetal bovine serum (FBS).
The method described above could not be used to selectively deplete Zn(11) from such
complex media formulations because separation of Zn(ll)-bound S100A12 from the treated
media using a molecular weight cutoff filter would also deplete other high molecular weight
biomolecules, thereby perturbing the composition of the media.

To solve this problem, we immobilized S100A12 on a solid support by incubating
recombinant protein (5 mg/mL) with NHS-agarose for 2 h. As anticipated, the resulting
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Al2-resin was capable of selectively removing Zn(Il) from complex cell culture medium.
Specifically, ICP-MS analysis indicated that treatment of the commonly employed
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% FBS with A12-resin,
followed by removal of the resin by passage of treated medium through a 0.2 um filter,
selectively depleted 99% of Zn(11) from the medium (Figure 2c, Table S3). Considering that
Zn(11) binding by S100A12 requires the association of two polypeptides,?! it is remarkable
that covalent, nonspecific immobilization of S1I00A12 did not prevent Zn(ll) binding. We
confirmed by Western blot analysis of A12-resin-treated DMEM/FBS using an anti-
S100A12 antibody that no detectable quantity of protein leached from the resin (Figure S1).

In addition to the experiment described above, we prepared a control resin composed of
agarose-conjugated S100A12 AHiszAsp, a variant of SI00A12 that lacks the HiszAsp
Zn(11)-binding sites. Treatment of DMEM/FBS with this A12A-modified resin did not
significantly affect the concentration of Zn(ll) or other metal ions (Figures 2b and c, Table
S3).

To define the scope of Zn(lIl) depletion using our method, we tested the A12-resin against
six additional complex media formulations, including RPMI/FBS, McCoy’s 5A/FBS, Ham’s
F-12K/FBS, DMEM/NuSerum™  RPMI/Nu-Serum™, and OptiMEM™. A12-resin
selectively depleted Zn(lI1) from all of these diverse cell culture media (Figure 2d, Table S4).
We also found that the A12-resin could be applied to deplete Zn(Il) from other complex,
biologically relevant fluids. For example, the A12-resin depleted up to 85% of Zn(ll) from
human serum (Figure 2e, Table S5).

Not only does A12-resin remove Zn(ll) from a range of biological media, it can also be
regenerated. After depleting DMEM/FBS of Zn(Il) with the A12-resin, we treated the
recovered material with 1.0 M acetic acid (pH = 3.8) for 15 min at room temperature, and
then washed the resin with PBS and DMEM to neutralize the pH of the resin suspension.
Strikingly, the protein retained its Zn(l1)-binding capacity after this harsh treatment, yielding
a refreshed A12-resin that could remove Zn(1l) from subsequent batches of medium. This
recycling protocol was repeated four times with negligible loss of Zn(11) removal efficacy
(Figure 2f, Table S6).

Having demonstrated the selectivity of the A12-resin, we next studied the response of cells
to growth in Zn(lI1)-depleted and Zn(I1)-repleted media, providing insight into the
consequences of prolonged Zn(I1) depletion. In particular, we characterized the metabolic,
transcriptomic, and metallomic consequences of Zn(ll) deficiency for HEK293 cells.

The metabolic activity of two HEK293-derived cell lines cultured in Zn(11)-depleted
medium decreases significantly upon 3 d of culture compared to control. This defect was
revealed by either a CellTiter-Glo® assay (Figure 3a; luminescent readout proportional to
total ATP) or a resazurin assay (Figure 3b; fluorescent readout proportional to metabolic
activity). In both cases, Zn(l1) repletion rescues the observed metabolic defects.

Next, we interrogated the transcriptional response of HEK293 cells to Zn(11) deficiency. We
first verified that HEK293 cells cultured for 1.5 d in Zn(Il)-depleted medium have a
diminished level of metallothionein MRNA, which is an established marker of Zn(Il)
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starvation (Figures S2 and S$3).22 Subsequently, we surveyed the transcriptome of HEK293
Freestyle cells cultured in untreated, SLI00A12-treated (Figure 2a), or Zn(Il)-repleted
medium using RNA-Seq after the same duration of culture. Hierarchical clustering of all
expressed genes exposed two clades in the RNA-Seq data (Figure 3c). The first clade
clusters transcriptomic information from HEK293 Freestyle cells cultured in Zn(l1)-depleted
Freestyle™ medium. The second clade clusters transcriptomic information from cells
cultured in repleted and untreated medium. The co-clustering of the latter two conditions is
consistent with highly Zn(I1)-selective metal depletion by S100A12. Moreover, the extensive
remodeling of the transcriptome after 1.5 d of culture in Zn(I1)-depleted medium suggests a
massive cellular response to zinc deprivation, despite the lack of a metabolic phenotype after
1.5d (Figure 3a). Indeed, the expression of >75% of transcripts is significantly altered (pag;
<0.01) in Zn(11)-depleted HEK293 Freestyle cells (Figure S4, see Supporting Information).

Finally, we assessed the metallomic consequences for HEK293T cells cultured in A12-resin-
treated DMEM/FBS. We first examined how total cellular Zn(Il) changed as a consequence
of 1 d of growth in Zn(l1)-depleted medium. We chose this time point because HEK293T
cells double approximately once per day. Consistent with this growth rate and the fact that
little extracellular Zn(I1) was available for uptake, cells cultured in Zn(1l)-depleted medium
exhibit a decrease in total cellular levels of the ion compared to control cells by ~40%
(Figure 3d). The total concentrations of other metals were unperturbed by culture in Zn(1l)-
depleted medium (Figure S5).

A 40% reduction in total cellular Zn(Il) content might be expected to alter labile Zn(11)
levels inside cells. Labile Zn(I1) comprises a pool of zinc in cells for which roles in
intra-23-24 and intercellular?® signaling and regulation have been hypothesized and
demonstrated. Labile Zn(ll) levels can be interrogated using a variety of protein-based
sensors, including the BLZinCh-1 sensor,* which has 160 pM affinity for Zn(lI).
Remarkably, the difference between labile Zn(I1)-levels in cells grown for 24 h in A12-resin-
treated medium,* and control cells is not statistically significant, as measured using
BLZinCh-1 (Figure 3e). Although further work is required to rigorously evaluate this
observation, it suggests, intriguingly, that cells may have mechanisms to maintain labile
Zn(I1) concentrations even when Zn(1l) is a limiting nutrient.

In conclusion, we report a method for perturbing Zn(l1) levels in complex biological media.
Al2-resin is selective for Zn(ll), is straightforward to use — requiring only incubation with
biological medium followed by filtration — can be applied in diverse and complex biological
media, and is recyclable. Phenotypic characterization of cells cultured in A12-resintreated
medium supports the argument that the method is highly specific for Zn(l1). Beyond studies
of severe Zn(I1) deficiency, we note that this method will facilitate precise titration of
different concentrations of Zn(ll) into medium, as well as enable enrichment of medium
with a stable or radioisotope of Zn(Il). In sum, this method provides researchers with an
improved capacity to tune Zn(lI1) levels and interrogate mechanistic consequences of
dysregulated Zn(I1) homeostasis in complex biological settings.
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2 Chelex Nonspecifically Depletes Media of Metal lons (uM)
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Figure 1.
(a/b) Chelex® resin nonspecifically depletes cations from media (n=4, +SEM). (c) TPEN

treatment of alkaline phosphatase secreted from transfected HEK293T cells diminishes the
activity of the enzyme (n=3, £SEM)
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Figure 2.

(a) ICP-MS analysis indicating that Freestyle™ medium is depleted of Zn(Il) by direct
addition of S100A12 followed by removal of Zn(I1)-bound S100A12 with a 10-kDa
molecular weight cutoff filter (n=3, £SEM). (b) S100A12 or S100A12 AHiszAsp can be
conjugated to agarose to afford two distinct resins. (c) Al2-resin specifically depletes Zn(11)
from DMEM/FBS, whereas the ST00A12A HiszAsp (control) resin does not affect the metal
ion concentrations of the medium (n=3, £SEM). (d) A12-resin depletes Zn(ll) from an array
of diverse cell culture medium formulations (n=4, £SEM). (e) Al2-resin selectively depletes
human serum of zinc. (f) Regeneration of the A12-resin in 1.0 M acetic acid (pH=3.8)
enables multiple cycles of resin reuse (n=4, +SEM).
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Figure 3.

(a) HEK?293 Freestyle cells cultured in a Zn(I1)-depleted medium exhibit a loss of metabolic
activity, as assessed by CellTiter-Glo® assay over 4 d of culture (n=3, +SEM). (b) HEK293T
cells cultured in a Zn(11)-depleted DMEM/FBS exhibit a loss of metabolic activity, as
assessed by a resazurin assay over 4 d of culture (n=3, + SEM). (c) Heat map from RNA Seq
of HEK-293 Freestyle cells cultured in untreated, depleted, and repleted medium reveals the
specificity of SI00A12 medium depletion for Zn(ll). (d) Total cellular Zn(Il) content of
HEK?293T cultured in Zn(ll)-depleted medium is diminished relative to cells cultured in
Zn(ll)-adequate medium (n=6, £SEM). (e) Culture of HEK293T cells in Zn(11) depleted
medium does not affect intracellular free Zn(I1) concentration (n=6, +SEM).
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