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ABSTRACT: The ability of metal ionophores to induce cellular Targets of Cu Toxicity
metal hyperaccumulation endows them with potent antimicrobial
activity; however, the targets and mechanisms behind these @ \@g
outcomes are not well understood. This work describes the first
utilization of proteome-wide measurements of protein folding Protease susceptibility

stability in combination with protein expression level analysis to e T
identify protein targets of copper, thereby providing new insight )A

into ionophore-induced copper toxicity in E. coli. The protein Quantitative

folding stability analysis employed a one-pot protocol for pulse bottom-up
proteolysis (PP) in combination with a semi-tryptic peptide |_Proteomics |

enrichment strategy for proteolysis procedures (STEPP) to
generate stability profiles for proteins in cell lysates derived from
E. coli exposed to copper with and without two ionophores, the
antimicrobial agent pyrithione and its f-lactamase-activated prodrug, PcephPT. As part of this work, the above cell lysates were also
subject to protein expression level analysis using conventional quantitative bottom-up proteomic methods. The protein folding
stability and expression level profiles generated here enabled the effects of ionophore vs copper to be distinguished and revealed
copper-driven stability changes in proteins involved in processes spanning metabolism, translation, and cell redox homeostasis. The
159 differentially stabilized proteins identified in this analysis were significantly more numerous (~3X) than the 53 proteins
identified with differential expression levels. These results illustrate the unique information that protein stability measurements can
provide to decipher metal-dependent processes in drug mode of action studies.

B INTRODUCTION been shown to occur without inducing a strong cellular
antioxidant response,'' indicating that production of reactive
oxygen species cannot be the sole mechanism of its toxicity. The
ability of Cu ions to displace metals such as Zn** and Fe** from
metalloenzymes and generally impair protein folding are
prevailing mechanisms that have garnered compelling exper-
imental support.”'~"®

The exquisite sensitivity of cells to excess Cu has generated
interest in developing compounds to leveraége its antimicrobial
and cytotoxic activity in a targeted way.”'® Metal ionophores
that form neutral, lipophilic, and kinetically labile metal
complexes can hyperaccumulate and redistribute cellular metal
ions in ways that distinguish them from conventional chelating
agents that sequester metals in high-affinity or kinetically
trapped complexes.'”” We and others have shown that

The conformational properties of proteins are closely tied to
their function. A protein’s folding stability, and consequently its
function, is altered upon interaction with a ligand, be it a
cofactor, substrate, inhibitor, another protein, or metal ion.
Metal—protein interactions in particular are known both to
stabilize and destabilize protein folded states, with stark
ramifications for function.' > To avoid malfunction due to
insufficient, excess, or misplaced metals, cells regulate protein
metalation by concerted metal trafficking and homeostasis
processes. Among the d-block biometals, Cu is the most
stringently regulated, with labile levels kept in check at attomolar
levels.* Such extremely tight regulation alludes to an inherent
and unique peril of “free” Cu, with dire consequences for cells
that fail to maintain Cu homeostasis.

While cytotoxicity associated with Cu has long been
recognized for its antimicrobial benefits,”® the mechanisms
and targets through which Cu elicits damage are not fully
understood.”® A widespread presumption has long held that
oxidative stress promoted by Cu*/?* redox cycling is to blame,
although evidence to support these claims is often circum-
stantial.”” Cu is toxic even under anaerobic conditions'® and has
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Scheme 1. PcephPT cleavage releases PT. As a prodrug that releases a metal-binding agent, PcephPT consists of a f-lactam core
(red) that is recognized by f-lactamase enzymes and a masked leaving group (blue) that prevents metal binding by the
prochelator form. When cleaved, PcephPT releases the antimicrobial pyrithione (PT, blue), a bidentate metal-binding

compound that forms a lipophilic 2:1 complex with Cu**
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Figure 1. PT and PcephPT increase cellular Cu* levels. (a) ICP-MS data comparing cellular Cu content of E. coli MG1655 CTX-M-1 grown to OD
of 0.1—0.2 and treated for 15 min. An * indicates p < 0.05 using a one-tailed Student’s t test. (b) Whole cell EPR spectra of E. coli MG1655 CTX-M-1
grown to ODy of 0.8—1 and treated for 15 min with Cu and PT as indicated. Treated cell pellets subsequently oxidized with H,O, (1 M) plus catalase
inhibitor hydroxylamine (1 mM) displayed a four-line signal (g, = 2.28, g, = 2.06) attributable to Cu™". Spectra obtained at 77 K.

ionophores provide chemical pathways that bypass cellular Cu
homeostasis processes to effect disease-related outcomes.'*™>*
However, the cellular targets of excess Cu and the small
molecule ionophores have yet to be identified, which is an
important step in understanding the mechanisms that ultimately
lead to cellular malfunction induced by Cu.

The kinetic lability of metal-ionophore complexes allows both
the metal and the ionophore to interact with different biological
targets via metal—ligand exchange reactions. The released metal
could bind proteins in productive or destructive ways, while the
released ionophore could bind and redistribute other metal ions,
react with biomolecules, or inhibit metalloenzymes by
scavenging metal cofactors or blocking active sites. As protein
stability measurements are a general probe potentially sensitive
to all of these outcomes, we sought to identify the protein targets
of metals and metal—ionophore complexes by measuring
protein stability changes on the proteomic scale as a function
of Cu delivered pharmacologically by small molecule
ionophores.

A suite of mass-spectrometry-based proteomics techniques
has been developed to identify the protein targets of ligands such
as small molecule drugs and enzyme cofactors. These techniques
include the stability of proteins from rates of oxidation
(SPROX),”*~** thermal proteome profiling,”**” pulse proteol-
ysis,”* ' chemical denaturation and protein precipitation,**
and limited proteolysis® techniques. Here, we describe the
application of a previously established pulse proteolysis
protocol, termed one-pot STEPP-PP (semi-tryptic peptide
enrichment strategy for proteolysis procedures with pulse
proteolysis),**** to identify bacterial protein targets of Cu by
exposing E. coli to Cu in the absence and presence of one of two
small molecules, the antimicrobial ionophore pyrithione (PT)
and a prodrug of pyrithione, which is activated by f-lactamase,
PcephPT (Scheme 1). We have shown previously that both

compounds lead to increased levels of cellular Cu in E. coli.*

The STEPP-PP approach is especially advantageous for this
study with Cu as it involves neither a protein precipitation step
(as in thermal proteome profiling and chemical denaturation
and protein precipitation) or a chemical reagent (as in SPROX).
The presence of Cu has been shown to impact protein
precipitation in unpredictable ways,"' and the hydrogen
peroxide used in SPROX is likely to perturb the oxidation
state of Cu.

As part of the current work, we identified protein targets of Cu
in E. coli by analyzing changes in both protein folding stability
and protein expression levels. While protein expression level
studies can provide some information about global cellular
adaptations induced in response to a stressor, the functional
significance of a protein’s altered expression level can be
dubious. Functionally relevant proteins with expression levels
that are unchanged by treatment can also go undiscovered in
conventional protein expression level studies.”” Indeed, in this
study, we observed relatively few expression level changes under
the treatment conditions investigated, whereas the one-pot
STEPP-PP methodology identified over 150 proteins with
treatment-induced stability changes. These proteins spanned
many biological processes including metal detoxification, iron—
sulfur cluster biogenesis, metabolism (glycolysis and the
tricarboxylic acid cycle), and translation (the ribosome). Further
analysis of the data revealed distinct drivers of these stability
changes and separated the consequences of increased Cu levels
from those of the small molecule ionophores. Enzyme activity
assays on two of the protein hits, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and isocitrate dehydrogenase (IDH),
revealed that the ligand-induced stability changes indeed
correlated with ligand-induced functional changes in these
enzymes. This work describes the first utilization of mass
spectrometry-based proteomics methods for protein folding and
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Figure 2. Experimental workflows for protein expression level (left box) and protein stability (right box) analyses. Top, E. coli MG1655 CTX-M-1 were
grown to ODy, of 0.1—0.2, treated as indicated for 15 min, and harvested. Clarified lysate from the pellets was utilized in the proteomics workflows.
Left side, a total of four biological replicates of the protein expression level analysis were performed using a traditional bottom-up proteomics workflow
with an isobaric mass tagging strategy. Right side, a total of four biological replicates of the STEPP-PP technique were performed using a “one-pot”
strategy, a technique we have previously reported.>* For each workflow, a total of two biological replicates per treatment condition were analyzed in one
LC-MS/MS sample using the isobaric mass tagging strategy employed here. Each workflow was performed twice, resulting in four biological replicates
per treatment condition. See Supplementary Figures 2 and 3 for detailed descriptions of the isobaric mass tagging schemes.

stability measurements to interrogate metal—protein interac-
tions on the proteomic scale.

B RESULTS

E. coli Accumulates Cu* after Cotreatment of Cu®* with
PT. E. coli strain K-12 MG1655 expressing the CTX-M-1 -
lactamase was grown in the absence and presence of various
combinations of CuCl,, PT, or PcephPT at concentrations
below their minimum inhibitory concentrations (MICs), which
were found to be consistent with our previous report (4 mM for
CuCl,, 17.5 uM for PT and PcephPT, and 8.8 uM for PT and
PcephPT cotreated with 10 yuM Cu).*® Cell-associated Cu levels
were quantified using inductively coupled plasma mass
spectrometry (ICP-MS). Consistent with the results observed
in our previous work,* treatment of 10 uM Cu, 4 uM PT, or 4
UM PcephPT alone did not substantially increase (less than 2-
fold change) cell-associated Cu compared to untreated cells
(Figure 1a). However, cotreatment of E. coli cells with 10 uM Cu
and 4 uM PT resulted in a nearly 10-fold increase in cellular Cu
compared to treatment with 10 M Cu alone. Cotreatment of
the cells with 10 uM Cu and 4 uM PcephPT resulted in a 5-fold
increase compared to 10 yuM Cu alone. Even though the
concentration of Cu in the growth medium was low,
cotreatments of the cells with 10 uM Cu and either PT or

PcephPT caused the cells to hyperaccumulate Cu to levels that
rivaled the 10-fold increase induced by treatment with 2 mM Cu.

Intracellular Cu is generally assumed to be in its reduced Cu*
state. To assess the oxidation state of Cu that hyperaccumulates
in cells upon cotreatment of Cu®* with PT, we measured the
electron paramagnetic resonance (EPR) spectra of whole cell E.
coli that had been treated with or without Cu and PT. No Cu-
associated EPR signal was observed in any of our cell samples
initially, indicating that there was either not enough Cu in the
sample to detect or that the Cu was in an EPR-silent form. To
test these scenarios, a large excess of hydrogen peroxide (1 M)
was added before spectra acquisition to one set of samples to
force the oxidation of any Cu present and compared with its
matched, unoxidized sample. The untreated cells did not show a
signal regardless of hydrogen peroxide addition, indicating the
low amount of Cu present under normal growth conditions,
consistent with our ICP-MS results. However, when hydrogen
peroxide was added to the cells treated with Cu and PT, a
prominent signal (g = 2.28, g = 2.06) with a hyperfine splitting
pattern attributable to Cu** appeared, which was distinctly
different from the control spectra of Cu®* coordinated by PT
(Figure 1b and Supplementary Figure 1). These results confirm
that PT mediates hyperaccumulation of Cu and, importantly,
verifies that Cu delivered to cells in this artificial manner exists in
an EPR-silent speciation. We attribute the EPR silence of
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Figure 3. Protein expression level analysis (left) and protein stability analysis (right) of E. coli cells treated under different conditions. Gray lines
represent criteria used for the selection of differentially expressed and differentially stabilized proteins (lprotein or peptide log, (fold change)l > 2
STDEYV from average log, (fold change), p < 0.05). Blue and orange dots represent hit proteins that passed the selection criteria for overexpression and
underexpression, respectively. Green (stabilized) or red (destabilized) dots represent hit peptides that passed the selection criteria for significantly
altered stability changes. Known metal detoxification proteins are labeled in the protein expression volcano plots.

samples containing sufficient Cu to arise from reduced Cu*
species, although antiferromagnetically coupled Cu®* species
cannot be ruled out. Regardless, these data indicate that any
Cu(PT), complexes that may exist extracellularly dissociate
inside the cell, leaving the individual Cu and PT components
free to interact with intracellular targets.

Stability Reveals More Treatment Effects than Ex-
pression. On the basis of results from the Cu accumulation
studies (Figure 1a), five treatment conditions that yielded a
range of cellular Cu levels (35—450 uM/cell) were selected for
proteomics experiments (no treatment, 10 uM Cu, 4 uM PT, 10
uM Cu + 10 uM PcephPT, and 10 uM Cu + 10 yM PT). Such

experiments were designed to reveal changes in protein
expression level and folding stability as a function of Cu and
PT or PcephPT (Figure 2, Supplemental Figures 2 and 3). The
one-pot STEPP-PP protocol employed here enables the relative
stability of the assayed proteins to be assessed across the
treatment conditions. In pulse proteolysis, the denaturant
dependence of a proteolytic digestion reaction involving a
protease with broad specificity (i.e., thermolysin) is evaluated
using a sample that spans a range of denaturant concentrations.
As proteins unfold, they become more susceptible to cleavage by
thermolysin, which retains its activity in high concentrations of
denaturant. A protein stabilized by treatment requires a higher
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Figure 4. Hit peptides clustered according to their stability change trends. Fuzzy c-means clustering identified four clusters that described the behavior
of ~60% of peptide hits mapping to ~100 proteins. For each cluster, a graph indicating the relative protease susceptibility of member peptides is shown
above a heatmap displaying the raw log, (fold change) of member peptides. Gene codes corresponding to member proteins are shown to the left of
each heatmap. (a) Peptides in cluster A exhibit decreased protease susceptibility (indicating protein stabilization) as a consequence of increased
cellular Cu. (b) Peptides in cluster B exhibit increased protease susceptibility (protein destabilization) under the treatment condition that includes
PcephPT. (c) Peptides in cluster C exhibit decreased protease susceptibility (protein stabilization) most significantly under the PT alone condition,
and partially under conditions containing PT and PcephPT in the presence of Cu. (d) Peptides in cluster D exhibit increased protease susceptibility
(protein destabilization) most significantly under the PT alone condition, and partially under conditions containing PT and PcephPT in the presence
of Cu. Within each heatmap, peptides are grouped according to their biological process GO terms (see also Supplementary Table S).

concentration of denaturant to unfold compared to the
concentration of denaturant required to unfold the same protein
in untreated cells. Conversely, a destabilized protein would
require a lower concentration of denaturant to unfold relative to
the same protein in untreated cells. In the one-pot protocol,
individual protein unfolding curves are not generated because
the samples from all the denaturant concentrations that would
be used to construct the protein unfolding curve are pooled. The
resulting proteomics measurement instead produces the average
signal from all the data points (i.e., the F,,, value as defined in
Figure 2). When a specific protein’s F,g value is unchanged
across treatment conditions, its stability is revealed to be

unchanged. However, if the F,,, value is significantly different

across treatment conditions, it indicates that protein’s stability
has been perturbed.

The proteomic data search output for each protein expression
level sample and protein stability sample from Proteome
Discoverer is summarized in Supplementary Data Sets 1, 2, 3,
and 4. Summarized in Supplementary Table 1 are the proteomic
coverages, which were close to 900 and 600 proteins in the
expression level and stability analyses, respectively, and the
numbers of protein “hits,” which ranged from 8 to 84 depending
on the type of analysis and the experimental conditions. Volcano
plots of the data from these analyses are shown in Figure 3.

The protein expression level analysis identified a relatively
small number of hits across all conditions (<4% of the proteins
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Figure S. GAPDH and IDH activity changes correlate with stability and conformational changes. Activity of GAPDH and IDH as monitored by
absorbance at 340 nm for the conversion of their cofactors NAD* and NADP* to NADH and NADPH, respectively. (a) Activity of GAPDH measured
in cell lysates of E. coli treated for 15 min as indicated; (b) activity of IDH measured in cell Iysates of E. coli treated for 15 min as indicated; (c) activity of
0.25 uM purified GAPDH exposed to increasing [ Cu] as indicated; (d) activity of 32 M purified IDH exposed to increasing [ Cu] as indicated; (e) CD
denaturation curves of 2.8 uM GAPDH showing stabilization in the presence of Cu to urea-induced unfolding; and (f) CD spectra of 2.2 uM IDH
showing significant change in molar ellipticity and decreased alpha helicity (222 nm).

assayed; Supplementary Table 2, Supplementary Data Set ).
Notably, most of the protein expression hits involved an
increase, not decrease, in protein expression level. Under the Cu-
only treatment condition, only eight proteins had significant
changes in protein expression (Figure 3, left side, and
Supplementary Figure 4). Overexpressed proteins under this
condition included metal detoxification and homeostasis
proteins (copA, cueO, fiu) and a number of proteins involved
in metabolic and biosynthetic processes. The treatment of PT
alone resulted in the most protein hits, with 14 of its 36 hits also
being identified in the Cu + PT treatment. In addition to three
metal detoxification proteins (copA, cueO, and zntA), these
shared hits included iron—sulfur cluster biogenesis proteins
(iscR, iscS, iscU), heat shock proteins (ibp4, ibpB, dnakK, groS),
and luciferase-like monooxygenase yhbw. The 22 hits identified
exclusively for PT alone included amino acid biosynthesis
proteins (e.g., serA, cysK), lipid A biosynthesis protein IpxC,
tricarboxylic acid (TCA) cycle protein fumC, and chaperone
protein htpG. The three metal detoxification proteins and iron—
sulfur cluster biogenesis proteins found as hits in the PT-

containing conditions were also identified as hits for the Cu +
PcephPT treatment condition.

The protein stability analysis included a slightly smaller set of
assayed proteins (Supplementary Table 1, Supplementary Data
Set 6). However, it is remarkable that the protein folding
stability analysis generated significantly more (~3X) hit proteins
than the protein expression level analysis (a total of 159 unique
proteins compared to 53 unique proteins; Supplementary Table
3). The hit proteins in the protein folding stability analysis
spanned many biological processes including but not limited to
metal detoxification proteins (copA, cueO, zntA), iron—sulfur
cluster proteins, or those involved in iron—sulfur cluster
biogenesis and its transcriptional activation (e.g., iscR, iscS),
metabolic enzymes including enzymes involved in glycolysis and
the TCA cycle (e.g, gapA, acnB, icd), enzymes involved in
biosynthesis, protein chaperones or proteases (e.g., dnak, hslV,
hslU, groL), and ribosomal proteins or other proteins involved in
translation (Supplementary Table 4 and Supplementary Figure
5). Nearly half of the protein expression level hits also had
protein folding stability changes. However, it is noteworthy that
most (86%) of the protein stability changes detected here were
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not identified as protein expression level hits, even though all the
stability hits were assayed in the expression experiment. This
finding illustrates the unique molecular level information protein
stability measurements can provide compared to conventional
protein expression level analysis in the context of drug mode of
action studies.

Cluster Analysis Reveals Drivers of Stability Changes.
A fuzzy c-means cluster analysis®® was employed to identify
common hit behaviors across all 407 peptide stability hits. Using
this analysis, four main clusters of hit behaviors were identified
including those showing trends in (a) Cu-driven stabilization,
(b) PcephPT-driven destabilization, (c) PT-driven stabilization,
and (d) PT-driven destabilization (Figure 4, Supplementary
Data Set 7). Membership scores for each of these clusters were
assigned to all peptide hits, and lower confidence classifications
(scores <0.7) were ignored in subsequent analyses. Peptides that
had low membership scores most likely have complex stability
changes that cannot be explained by the four main clusters
identified. Hits with high confidence classifications in the four
clusters above (~60% peptide hits mapping to ~100 proteins)
were considered as targets of Cu-, PT-, or PcephPT-related
activities.

The peptide hits in each cluster were sorted into groups based
on the biological process GO terms associated with the proteins
to which they mapped to better understand what cellular
processes were impacted by the different treatment types
(Supplementary Table S, Supplementary Data Set 8). The
cluster with the most hits (91 peptides) was composed of
peptides exhibiting PcephPT-driven destabilization. A PAN-
THER bioinformatic analysis®”*° of this cluster revealed that it
is significantly enriched (4-fold) in peptides mapping to
ribosomal proteins and other proteins involved in translation
(e.g, tig, tsf, frr). The second largest cluster contains peptides
exhibiting PT-driven stabilization. Many peptides in this cluster
mapped to chaperone proteins (e.g., dnak, groL) as well as iron—
sulfur cluster transcription regulator iscR and zinc export protein
zntA. Another similar cluster included peptides that had PT-
driven effects that led to destabilization. Peptides from many
ribosomal proteins as well as peptides from proteins involved in
metabolic processes (e.g,, pfIB, aceF, ppc) were found in this
category. The final cluster includes peptides exhibiting Cu-
driven stabilization, a behavior independent of the small
molecule chelators and purely a consequence of the increasing
Cu concentrations imparted by the treatment conditions.
Peptides in this category include those mapping to copper
detoxification protein CueO, key enzymes in glycolysis and the
TCA cycle (e.g, gapA, icd, sdhA), proteins involved in
translation (e.g., ribosomal proteins, serS, prfC), proteins
involved in cell redox homeostasis (e.g., tpx, ahpC, ychF), and
proteins containing iron—sulfur clusters (lipA, acnB). The
breadth of this list shows that Cu disrupts a multitude of cellular
pathways when it is delivered artificially by metal ionophores
such as PT.

Protein Stability Changes Correlate with Protein
Function. As part of this work, we correlated the Cu-induced
stability changes observed for two enzymes, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, gene code gapA) and
isocitrate dehydrogenase (IDH, gene code icd), with changes in
function. These assays were performed in unpurified cell lysates
and purified protein samples.

Treating cells with the concentrations of Cu and PT used in
the STEPP-PP experiment did not induce measurable changes
in GAPDH activity. However, doubling these concentrations to

20 uM Cu + 8 uM PT resulted in 85% inhibition, with more PT
resulting in further inhibition (Figure Sa). Treating with 20 uM
Cu alone had no effect on GAPDH activity, whereas treatment
of cells with 2 mM Cu led to significant inhibition. It is also
noteworthy that treating the cells with just PT (up to 20 uM)
produced no significant change in GAPDH activity (Supple-
mentary Figure 6a). This differential response of GAPDH
activity to the level of supplemental Cu is an indicator that E.
coli’s Cu-resistance mechanisms are sufficient to safely handle
low micromolar amounts of Cu but can be broached by elevated
concentrations in its growth environment. Inclusion of the
ionophore clearly lowers that threshold, as shown by the similar
inhibition of GAPDH activity by 2 mM Cu vs 20 uM Cu + 8 yM
PT.

In order to test the hypothesis that the GAPDH inhibition
observed in whole cell lysates is the result of direct inhibition of
the enzyme by Cu, we measured the catalytic activity of purified
GAPDH and indeed found it to be inhibited by Cu (Figure Sc).
To gain further insight into the effect of Cu on the stability of
this enzyme, we determined the chemical denaturant-induced
equilibrium unfolding properties of the protein both in the
presence and absence of Cu using circular dichroism (CD)
spectroscopy (Figure Se). The shift of the unfolding curve to
higher urea concentrations indicates that the presence of Cu
stabilizes this protein against denaturation, a result that is
consistent with the Cu-induced stabilization detected in the
STEPP-PP experiment.

IDH activity in treated cells was evaluated under the same
treatment conditions described for GAPDH (Figure Sb).
According to the STEPP-PP results, IDH exhibited significant
ligand-induced stability changes under all four treatment
conditions. In the cell lysate assay, IDH activity was 85%
inhibited by cotreatment of 20 yuM Cu and 20 M PT. IDH
activity was also ~50% inhibited under the 2 mM Cu condition,
although the error associated with the replicate measurements
was relatively large (Figure Sb). As with GAPDH, treating the
cells with just PT (up to 20 #M) produced no significant change
in IDH activity (Supplementary Figure 6b).

A purified IDH sample was also inhibited by Cu (Figure 5d).
However, CD spectra collected on IDH in the absence and
presence of Cu were not similar. Notably, the molar ellipticity
values were significantly reduced at a range of different
wavelengths in the Cu-treated sample (Figure Sf). While the
differences in spectra precluded the ability to obtain meaningful
protein denaturation curves, this result provides evidence that
Cu interacts directly with the purified protein and alters its
secondary structure.

B DISCUSSION

E. coli relies on multiple systems to maintain metal homeostasis,
including copper resistance. It is notable that only a small
number of protein expression changes occurred under the 10
UM Cu condition (Figure 3), as it indicates that the Cu
resistance and detoxification systems do not need to be
upregulated to the same degree as under the ionophore-
containing conditions to cope with exposure to low micromolar
Cu during growth. This result is not surprising considering this
low concentration of supplemental Cu has little consequence on
total cellular Cu levels compared to untreated controls (Figure
1a). However, it is striking that the presence of the small
molecule ionophores, PT and PcephPT, when paired with only
10 uM Cu, caused similar cellular Cu accumulation as treatment
with 2 mM Cu. Predictably, the common protein expression hits

https://dx.doi.org/10.1021/acschembio.0c00900
ACS Chem. Biol. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00900/suppl_file/cb0c00900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00900/suppl_file/cb0c00900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00900/suppl_file/cb0c00900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00900/suppl_file/cb0c00900_si_009.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00900/suppl_file/cb0c00900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00900/suppl_file/cb0c00900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00900/suppl_file/cb0c00900_si_001.pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://dx.doi.org/10.1021/acschembio.0c00900?ref=pdf

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

across treatment conditions that include PT or PcephPT are
proteins involved in metal resistance: copA, cueO, and zntA.
CopA, a P-type ATPase that transports Cu* from the cytoplasm
into the periplasm, and CueO, a periplasmic copper oxidase,
compose the primary aerobic system for copper detoxification in
E. coli*' Similarly, ZntA is a P-type ATPase that transports
Zn**** These results, combined with the small changes in
expression observed for the Cu-only treatment, indicate that
these small molecules induce E. coli to significantly upregulate
metal resistance proteins in response to otherwise incon-
sequential levels of Cu, an outcome that is consistent with the
recognized ionophore activity of PT. The observation that
PcephPT treatment caused significant upregulation of the same
metal detoxification proteins is a strong indicator that these
treated cells experience metal-induced stress as a primary mode
of action when PT is released in situ upon cleavage of its
prochelator version PcephPT. One key observation from the
expression level analysis is that cells do not need to
hyperaccumulate Cu to sense Cu-induced stress. This is clearly
illustrated in the PT alone treatment condition in which CopA,
CueO, and ZntA are significantly overexpressed, despite the
absence of Cu hyperaccumulation as measured by ICP-MS
(Figure 1la). One hypothesis for this behavior is that cells
experience less stress when Cu hyperaccumulation is managed
by the Cu homeostasis system; however, when this system is
bypassed by metal ionophores that artificially deliver Cu, the
cells experience uncontrollable levels of metal-induced stress.
Future studies will be aimed at comparing the targets of
artificially delivered Cu vs Cu overload from high Cu content in
the media to better understand why cells are experiencing Cu
stress, even if the measurable levels are not elevated.

The identification of proteins involved in iron—sulfur cluster
biogenesis as protein expression level hits for the PT-containing
conditions is in line with previous work showing that iron—
sulfur clusters are targets of excess Cu and that the ionophore
activity of PT may help mediate this effect.**~** In fungi, PT has
been shown to act as a Cu ionophore to import Cu into the cell,
leading to Cu toxicity and damage to iron—sulfur clusters in
metabolic enzymes.* In addition, PT was observed to impact
the iron—sulfur cluster assembly system, particularly the transfer
of the cluster from its scaffold to the target protein, as well as
proteins involved in metabolic processes such as the citric acid
cycle and amino acid synthesis.”*~*® The unique upregulation of
several proteins under the PT alone condition suggests that this
treatment may influence other pathways in the cell aside from
iron—sulfur cluster maturation and may elicit distinct responses
in biological processes such as amino acid and lipid biosynthesis.

Although the protein expression level analysis provided some
insight into the E. coli response to pharmacologically induced Cu
stress, they identified relatively few hits (<1—4% of the assayed
proteins). In contrast, a significantly larger fraction (6—15%) of
the assayed proteins in the folding stability analysis were
identified as hits. The stability changes observed for the protein
hits identified in the pulse proteolysis analysis could in principle
result from direct protein—ligand binding interactions, where
the ligand in these cases could be Cu, PT, a Cu-PT complex, or
PcephPT. Alternatively, a hit could come from a protein that was
indirectly stabilized or destabilized by a partner protein that was
directly impacted by binding to one of the treatment
components. We aimed to better understand the underlying
effects driving the peptide hit behaviors by looking for consistent
trends. We reasoned that protein stability hits resulting from
direct Cu—protein interactions are likely to correlate with the

cellular Cu concentration, which our ICP-MS results showed
covers a range based on treatment conditions. However, we
could not rule out the impact of PT or PcephPT on protein
stability, which would be independent of Cu concentration. The
deconvolution of the separate effects of Cu and small molecules
was facilitated by the cluster analysis that revealed four main
clusters of hit behaviors driving stability changes for different
groups of proteins.

Our data provide evidence that unregulated Cu may target
central carbon metabolism in E. coli, similar to the findings of
recent work exploring the response to copper stress in
Staphylococcus aureus.*” Of the 31 proteins in the Cu-driven
category, six are involved in glycolysis or the TCA cycle. We
showed that two of these enzymes, GAPDH and IDH, had
catalytic activities directly inhibited by Cu in purified form and
in cell lysates obtained from whole cells treated with Cu and PT.
GAPDH was also found to be a target of silver toxicity in E.
coli®® A striking number of peptides from ribosomal proteins
(28 peptides, ten proteins) and tRNA ligases (two peptides, two
proteins) were also found in the Cu-driven category, suggesting
the peril of increasing intracellular Cu may target the ribosome
and protein biosynthesis."”** Predictably, peptides from
proteins involved in cell redox homeostasis were shown to
have Cu-driven stability changes, suggesting that Cu’s ability to
catalyze the generation of reactive oxygen species or otherwise
incite oxidative stress may contribute to its mode of action, in
addition to its other discovered effects on metabolism and
translation. By separating the effects of Cu from the effects of its
small molecule carriers, this analysis reveals both established and
novel mechanisms of action for Cu-induced cell death.
Moreover, we now have evidence that these effects can be
amplified by the presence of a small molecule ionophore with
the ability to functionally overwhelm Cu homeostasis.

Proteins not classified as having stability changes driven by Cu
were classified as being driven by either PT or PcephPT. Such
stability changes were independent of Cu concentration and
suggest unique modes of action mediated by the presence of the
small molecule chelator and prochelator. Of the 61 peptides
classified in the PT-driven stabilization cluster, 36 (59%) are
from proteins involved in the unfolded protein response,
although most of these peptides correspond to two main
proteins, dnaK and groL, and many other peptides are from
protein chaperones or proteases. These results implicate PT-
driven activities in having a direct effect on protein quality
control. Interestingly, iron—sulfur cluster biogenesis transcrip-
tional regulator iscR is clustered into the PT-driven cluster and
not into the Cu-driven cluster, implying that the presence of the
small molecule chelator impacts this protein’s stability more
than increasing cellular Cu alone. As noted above, past studies
have shown that the antifungal effect of PT is due to its
disruption of enzymes containing iron—sulfur clusters,"”** while
other studies have shown that excess Cu could be the primary
interactor.'>"****! Our results suggest PT alone has a strong
effect on inducing the transcriptional regulation of iron—sulfur
cluster biogenesis, while Cu and PT each may directly target
iron—sulfur cluster containing enzymes.

Despite their different outcomes regarding intracellular Cu
levels in B-lactamase-expressing E. coli, PcephPT and PT were
shown in our previous work to have similar minimum inhibitory
concentrations (MICs) against E. coli that expressed a f-
lactamase enzyme capable of cleaving PcephPT.*® Since
PcephPT functions by releasing PT, it is reasonable to expect
the two molecules to share some aspects of their modes of
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action, while also having distinct targets due to their different
structures. Indeed, the cluster analysis revealed 91 peptides
mapping to 49 proteins for which the stability changes were
driven uniquely by PcephPT. This set of proteins was enriched
4-fold in ribosomal proteins and proteins involved in translation,
which is in line with a thermal proteome profiling study in E. coli
that uncovered targets of ampicillin, an antibiotic that shares
structural similarity with the A-lactam core of PcephPT.>
Overall, our analysis indicates that small molecules such as PT
and PcephPT have both a metal-driven mode of action and
modes of action independent of the metals they bind.

One advantage of using protein folding stability measure-
ments to understand the biological activities of small molecules
is that protein folding stability is closely connected to protein
function. However, it can be challenging to connect a detected
protein folding stability change to a specific functional change in
complex biological systems due to the limited availability of
appropriate functional assays. Fortunately, two of the protein
hits identified in this work, GAPDH and IDH, are enzymes with
well-established assays®>® that can be performed on both the
purified protein and the protein in unpurified cell lysates
obtained from treated E. coli. Our enzyme activity data on these
proteins demonstrated that changes in enzyme stability
(GAPDH) or enzyme conformation (IDH) led to changes in
the function of the purified enzymes. Low micromolar
concentrations of PT and Cu were sufficient to reduce
GAPDH and IDH activity by at least 85% in treated whole
cells. Interestingly, while 2 mM Cu consistently inhibited
GAPDH, IDH was not as reliably inhibited in treated cells. Our
ICP-MS results show high variation in the amount of cell-
associated Cu after treatment with 2 mM Cu (Figure 1a), which
could explain the variable effects of this treatment on enzyme
inhibition for IDH if the amount of Cu imported is close to its
ICsp. This result highlights the importance of the small molecule
PT as a delivery vehicle that allows even low concentrations of
Cu to consistently affect enzyme stability and activity. As
showcased in our work with these key metabolic enzymes, it is
likely that other proteins exhibiting significant ligand-induced
stability changes also experience changes in their functions.

In this work, we show that increasing intracellular Cu can
affect a wide range of protein targets. Although protein
expression levels alone failed to identify the direct targets of
PT and Cu, measuring changes in protein stability revealed
proteins involved in multiple biological processes that are
directly disrupted by treatment with PT, Cu, and a prodrug of
PT. Furthermore, we observed a clear link between changes in
protein stability and changes in protein function, thereby
elucidating new insights into long-standing questions about the
specific targets and functional consequences of cellular toxicity
induced by Cu. More generally, these findings point to the utility
of protein stability-based methods such as one-pot STEPP-PP as
powerful tools for interrogating protein—metal and protein—
drug binding interactions on the proteomic scale to gain insights
into the complex mechanisms behind a drug’s mode of action.
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