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Abstract

Copper plays a dual role as nutrient and toxin during bacterial infections. While uropathogenic
Escherichia coli (UPEC) strains can use the copper-binding metallophore yersiniabactin (Ybt) to
resist copper toxicity, Ybt also converts bioavailable copper to Cu(ll)-Ybt in low copper
conditions. Although E£. coli have long been considered to lack a copper import pathway, we
observed Ybt-mediated copper import in UPEC using canonical Fe(l11)-Ybt transport proteins.
UPEC removed copper from Cu(ll)-Ybt with subsequent re-export of metal-free Ybt to the
extracellular space. Copper released through this process became available to an £. coli
cuproenzyme (the amine oxidase TynA), linking this import pathway to a nutrient acquisition
function. Ybt-expressing £. colithus engage in nutritional passivation, a strategy of minimizing a
metal ion's toxicity while preserving its nutritional availability. Copper acquisition through this
process may contribute to the marked virulence defect of Ybt transport-deficient UPEC.
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Introduction

Infected hosts control the chemical composition of different anatomical environments to
limit microbial growth. Prominent among these compositional changes are metal ions, which
may be withheld from microbes (termed “nutritional immunity”)or, conversely, deployed as
antimicrobial agents 1-5. Iron restriction is the prototypical nutritional immune response to
which numerous microbial siderophore-mediated iron uptake systems have evolved as a
countermeasure. In uropathogenic Escherichia coli (UPEC), the prominent virulence-
associated siderophore yersiniabactin (Ybt), is often secreted along side enterobactin, the
genetically conserved £. coli siderophore 6. Originally described in Yersinia pestis, Ybt
production is directed by asophisticated, multi-operon Yersinia High Pathogenicity Island
(HPI), which encodes Ybt biosynthetic enzymes, membrane transporters, and a transcription
factor (ybtA) -9, Yersinia HPI genes are among the most highly upregulated UPEC genes
during experimental urinary tract infections (UTI1s)10. Direct mass spectrometric detection of
urinary Ybt and serological detection of the outer membrane Ybt importer (FyuA) have
further implicated roles for the Yersinia HPI in clinical UTIs3:6:11,

Among HPI-encoded proteins, transport-associated outer and inner membrane proteins are
required for Fe(l11)-Ybt dependent growth and are expressed in a YbtA-dependent

manner 891213 FyyA (ferric yersiniabactin uptake A, Psn in Yersinia pestis) is an outer
membrane protein with structural and functional features that are typical of TonB-dependent
outer membrane siderophore transporters 13:14, YbtP and YbtQ are inner membrane ATP-
binding cassette transporters typical of siderophore systems, though their specific transport
specificities have not been conclusively demonstrated 91215 No catabolic enzymes or
siderophore reductases are encoded within the Yersinia HPI to guide further

investigation 1619, The precise fate of Ybt complexes following FyuA-mediated import is
therefore incompletely understood.

Although its iron-scavenging function led Ybt to initially be classified as a siderophore,
recent observations that Ybt binds and sequesters copper(l1) outside the cell to resist copper
toxicity suggest a broader metallophore mode of action 320, Nevertheless, a recent study
demonstrated a marked virulence defect in YbtPQ-null UPEC mutants during experimental
UTI but not during /n vitro growth in minimal medium 12, While this defect may be
attributable to deficient iron uptake during infection, it is notable that the enterobactin and
salmochelin siderophore systems remain functional in this mutant, representing alternative
iron uptake systems. A previous analysis also found 15-fold more Cu(l1)-Ybt complexes
than Fe(l11)-Ybt complexes in this infection model 3. Although £. colihave long been
regarded to lack a copper import system, these data raise the question of whether UPEC
import copper(11)-Ybt as a nutritional source of copper during infections.

In this study, we used direct mass spectrometric quantification to determine whether UPEC
obtain copper from Cu(I1)-Ybt. Using quantitative mass spectrometry, we found that UPEC
can quantitatively convert copper to Cu(l1)-Ybt during growth in low copper conditions. In
combination with 84Cu radiolabeling, we then found that the FyuA-YbtPQ import system
imports Cu(ll)-Ybt and removes the bound copper. The results support YbtPQ-facilitated,
non-destructive metal-Ybt complex dissociation followed by recycling of liberated, metal-
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free Ybt. Copper liberated by this import system supported the copper-dependent enzymatic
activity of £. coliamine oxidase, a classic cuproenzyme that produces a highly specific
product. Together, these results support a role for Ybt in a metallophore system that
minimizes copper toxicity while retaining nutritional access to this important biometal, a
strategy termed nutritional passivation.

Cu(ll)-Ybt forms during low copper UPEC growth

In high copper environments, Ybt protects UPEC by sequestering copper in a stable Cu(ll)-
Ybt complex 3. To determine whether UPEC similarly secrete Ybt and sequester copper in
low (non-toxic) copper environments, we used LC-MS/MS to quantify Ybt in 20 hour M63/
glycerol minimal medium culture supernatants from the model £. co/i uropathogen UTI89
(Fig 1). We quantified Cu(ll)-Ybt formation during culture and then measured the total
copper-binding capacity of secreted Ybt by performing a second Cu(ll)-Ybt quantification
after adding excess CuSQy4 (5 mM) to the supernatant. In unsupplemented medium, Ybt
copper binding capacity (5.1 pM) substantially exceeded Cu(lIl)-Ybt (0.6 uM) following 20
hours of UTI89 growth (Fig 1a). This low Cu(ll)-Ybt level corresponded to the low copper
content of this minimal medium (<4 pM by ICP-MS). When cultures were supplemented
with 5 UM CuSOQy, Ybt copper binding capacity still exceeded Cu(ll)-Ybt concentration
(10.1 uM and 5.4 UM, respectively) with no significant impact on final bacterial growth
density (Fig 1b). The increase in Cu(ll)-Ybt concentration (from 0.6 to 5.4 uM) with copper
supplementation was consistent with nearly quantitative copper chelation by Ybt. Metal-free
Ybt was readily detectable in both conditions, accounting for the observed excess Cu(ll)
binding capacity (Fig 1c). Together, these data indicated that UPEC can direct copper
speciation toward Cu(ll)-Ybt in both low and high copper conditions. This raises the
possibility that pathogenic bacteria may benefit from an ability to access copper from
Cu(I1)-Ybt to support nutritional demands during infection.

UPEC dissociate Cu(ll)-Ybt and regenerate Ybt

To determine whether Ybt-bound copper is accessible to £. coli, we used quantitative LC-
MS/MS to compare cellular interactions between extracellular metal-Ybt complexes and
UTI89. The K12 E. colistrain MG1655, which lacks the Yersinia HPI and does not
synthesize Ybt or express known Ybt importers, was used as a control strain 6. Each
bacterial inoculum was washed, resuspended at high density (0.8 OD600 units) in M63
minimal medium, and incubated for 2 hours. To distinguish exogenously supplied Ybt from
natively synthesized Ybt, we supplemented the medium with a low concentration (0.1 uM)
of stable isotope-labeled Cu(11)-[13Cg] Ybt or Fe(111)-[13C] Ybt.UTI89, but not MG1655,
depleted Cu(I1)-[13Cg] Ybt from the test medium, consistent with FyuA-mediated uptake 13
(Fig 2a). Notably, we also observedUTI189-specific appearance of metal-free [13Cg]Ybt in
the test medium, consistent with cell-mediated Cu(l1)-Ybt dissociation and secretion of the
resulting intact, metal-free metallophore (Fig 2b). Substitution of Cu(11)-[13Cg]Ybt with the
canonical import substrate Fe(I11)-[23Cg] Ybt yielded analogous results, with UT189-specific
Fe(111)-[13Cg] Ybt depletion and generation of metal-free [13Cg]Ybt in the test medium (Fig
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2c, d). Together, these findings suggest that £. coli expressing the Yersinia HPI are capable
of dissociating both Cu(ll)-Ybt and Fe(l11)-Ybt complexes.

Cu(Il)-Ybt uptake and dissociation require FyuA and YbtPQ

To identify specific determinants of Cu(ll)-Ybt and Fe(l11)-Ybt import in uropathogenic £.
coli, we used LC-MS/MS to quantify Ybt in £. coli ectopically expressing outer and inner
membrane proteins FyuA and YbtPQ. These proteins were expressed in UTI89AYbIA, a
transcriptionally-silenced YbtA-deficient strain incapable of yersiniabactin biosynthesis and
Fe(l111)-Ybt-dependent growth (Supplementary Results, Supplementary Fig 1) 821, In
UTI89AybIA cultures, exogenously-supplied Cu(ll)-Ybt remained extracellular (Fig 3a).
UTI89AybIA expressing FyuA (UTI89AybEA pfyuA) depleted Cu(ll)-Ybt from the medium
and increased cell-associated Cu(ll)-Ybt, consistent with outer membrane transport to the
periplasm 13. UTI89Ayb1A co-expressing both FyuA and YbtPQ (UTI89AYHLA p fruA
pybtPQ) depleted Cu(ll)-Ybt in both medium and cells while increasing metal-free Ybt in
the medium (Fig 3a, b, c). Cultures supplemented with the canonical substrate Fe(l11)-Yht,
yielded analogous results (Fig 3d, e, f). Together, these observations indicate that FyuA and
Ybt PQ are sufficient to import iron and copper-Ybt complexes in £. coli, and YbtPQ is
specifically required for complex dissociation to yield metal-free Ybt.

Non-reducible Ga(lll)-Ybt complexes are not recycled

Iron extraction from siderophore complexes often involves Fe(l11) reduction (to Fe(ll),
which has significantly lower siderophore binding affinity) in the presence or absence of
covalent siderophore modification (through hydrolysis or acetylation)to diminish metal ion
affinity 17:22-25 The Yersinia HPI lacks known siderophore hydrolase or reductase genes
that would suggest how this process proceeds for yersiniabactin complexes. The appearance
of metal-free Ybt following metal-Ybt import (Figs 2, 3) is consistent with reduction-only
dissociation without covalent siderophore modification. To assess the role of a purely
reductive dissociation pathway, we used Ga(lll)-Ybt as a non-reducible chemical probe 13,
Ga(lll) and Fe(lll) share comparable atomic radii, coordination chemistry, and charge,
which allows Ga(lll) to substitute for Fe(l11) in many siderophore complexes 2627, Unlike
Fe(l11), Ga(l1) cannot be reduced to Ga(ll) under physiological conditions, making it a non-
reducible metal ion probe 2829, When Ga(I11)-Ybt was substituted for Cu(l1)-Ybt and
Fe(I11)-Ybtin the experimental system described in Fig 3a-f, FyuA expression is again
necessary for import and cell-association (Fig 3g) 13. Unlike Cu(11)-Ybt and Fe(I11)-Ybt, Ybt
PQ expression neither diminished cell-associated Ga(ll1)-Ybt nor increased extracellular
metal-free Ybt (Fig 3h, i). These findings are consistent with Ga(lll)-Ybt as an import
substrate that resists cellular dissociation, as predicted for reductive dissociation of Ybt
complexes.

Cu(I)-Ybt and Fe(lll)-Ybt can be reductively dissociated

To further assess the plausibility of purely reductive Cu(ll)-Ybt and Fe(l11)-Ybt dissociation,
we examined /n vitro release of Cu(l) from Cu(ll)-Ybt and Fe(l1l) from Fe(l111)-Ybt using a
previously described 7 vitro system 30. At pH 7, Cu(I1)-Ybt or Fe(l11)-Ybt were incubated
with ascorbic acid, a reductant with a physiologically accessible reduction potential 3, and a
chelator that serves as a model for small molecules or protein side chains that would bind
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Cu(1) or Fe(I1) following /n vivo reduction 30. In these conditions, ascorbic acid was
sufficient to release Cu(l) (Fig 4a, b)or Fe(ll) (Fig 4c, d) from their corresponding Ybt
complexes at neutral pH. These findings support the plausibility of reductive Cu(ll)-Ybt and
Fe(l11)-Ybt dissociation in E. coli.

UPEC can use Cu(ll)-Ybt as a nutritional copper source

For the Cu(ll)-Ybt import and dissociation pathway to be valuable to UPEC, we
hypothesized that the copper obtained from Cu(ll)-Ybt complexes can be distributed to
cellular cuproproteins. To determine whether Ybt-derived copper remains cell-associated in
cells expressing the FyuA/YbtPQ system, we added radioactive 84Cu(I1)-Ybt to the
experimental system described in Fig 3. As expected, FyuA was necessary for cellular 84Cu
accumulation (Fig 5a), mirroring Cu(l1)-Ybt localization (Fig 3b). Although FyuA/YbtPQ
co-expression led to Cu(I1)-Ybt dissociation and secretion of metal-free Ybt (Fig 3c), 84Cu
remained cell-associated in bacteria co-expressing these proteins. These observations are
consistent with cellular retention of copper extracted from Cu(ll)-Ybt in UPEC.

To determine if copper extracted from Cu(ll)-Ybt is nutritionally useful, we measured the
activity of the cuproenzyme E. coli copper amine oxidase (ECAO or TynA) from cells given
Cu(I)-Ybt as a copper source 32, TynA is a well-characterized periplasmic enzyme that
catalyzes the specific conversion of phenylethylamine to phenylacetaldehyde in a copper-
dependent manner (Fig 5b) 33:34. Because UTI89 lacks native TynA expression (fynA is
absent in the UTI89 genome), we used UTI89 strains ectopically expressing #nA as a
highly-specific chemical readout of cuproenzyme activity. To measure TynA activity, we
developed a quantitative and specific LC-MS/MS assay to measure phenylacetaldehyde
levels in cell lysates that were incubated with phenylethylamine. In an otherwise low copper
medium, Cu(l1)-Ybt addition (0.2 uM) significantly increased TynA activity in wild type
UTI89 p#ynA, while no significant activity changes were detected in YbtPQ-deficient
UTI89AYbPQ ptynA (Fig 5¢). TynA activity could be rescued in UTI89AybtPQptynA by
CuSQy addition (50 uM) to the culture medium (Supplementary Fig 2). Together, these
results demonstrate that uropathogenic £. coli can direct Cu(l1)-Ybt-derived copper to
cuproenzymes, consistent with nutritional copper import by the yersiniabactin metallophore
system.

Discussion

Despite the presence of well-known (and possibly unknown 3%) copper-dependent enzymes,
E. coli have long been regarded to lack a copper import system. In this study, we show that
uropathogenic £.coli can use the yersiniabactin system to acquire copper to support copper-
dependent enzyme activity (Fig 6). This functionality may be useful both when copper is
scarce or when yersiniabactin has converted otherwise toxic levels of copper to Cu(ll)-Ybt.
The ability to access multiple bound metals may be a necessary accommodation to broad
spectrum microbial metallophore systems in general.

Copper toxicity may be particularly relevant to phagolysosomal compartments and other
restricted spaces where reactive oxygen species are abundant 36. By sequestering copper in
complexes and catalyzing superoxide dismutation, Ybt can protect pathogenic
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Enterobacteriaceae during infections 34. Directing copper speciation toward Ybt complexes,
however, has the potential to paradoxically starve the bacterium of this essential metal. In
this context, copper deficiency may arise in local environments where there is a molar excess
of Ybt over copper. By importing Cu(l1)-Ybt and removing its bound copper in a controlled
manner, UPEC retain nutritional access to this metal. Analogous, co-existing virulence-
associated countermeasures to both copper excess and scarcity have been shown in the
fungal pathogens Cryptococcus neoformans and Candida albicans, where they affect
different stages of infection 37-39, We suggest the term nutritional passivation for the
biological strategy of minimizing metal ion toxicity through chelation while preserving
nutritional access to the metal. In contrast with the prototypical rationale of acquiring
poorly-accessible iron, which appears to be typical of aerobic infection

microenvironments 1, metallophores engaged in nutritional passivation remain valuable even
when metal ions are abundant.

The similar metabolic fate of Ybt from Fe(l11) and Cu(ll) complexes suggest shared early
import pathways that later diverge to direct each metal ion toits respective trafficking
pathway. The putative reductase (or reductases) expected to be required for this process
remains unclear, as does its localization within the cell and possible interaction with YbtPQ.
Although previous studies in bacteria suggest that cuproenzymes derive their copper from
cytoplasmic sources 4041, our current knowledge of bacterial copper trafficking pathways
remains incomplete. The presence of a putative ferric siderophore reductase domain on the
cytoplasmic face of IrtAB, a Mycobacterium tuberculosis YbtPQ homologue, suggests that
these proteins import intact metal-siderophore complexes to the cytoplasm 18, Rather than
incorporating a cis-acting reductase domain, YbtPQ may instead recruit a frans-acting
cytoplasmic reductase to facilitate metal extraction from Ybt complexes. Alternatively,
YDbtPQ may facilitate periplasmic metal-Ybt dissociation by exporting cytoplasmic reducing
equivalents. Although strains lacking YbtPQ are not deficient for Ybt secretion, the
possibility also remains that YbtPQ encodes a Ybt export function that is functionally
redundant with other £. coli export proteins 1221, More detailed studies of YbtPQ will be
necessary to discern the specific mechanisms by which YDbtP and YbtQ function and interact
with copper trafficking pathways.

Nutritional demands for copper likely stem from its natural availability and distinctive redox
properties, which are used by numerous microbial enzymes to catalyze oxidative reactions.
These biochemical reactions would be expected to be operative in the aerobic extracellular
niche characteristic of the chronic mouse cystitis model where ybtPQ-deficient mutants are
markedly disadvantaged 1242, To date, copper demand in £. coliis tied to the aerobic
metabolism-related enzymes Cu, Zn-superoxide dismutase, cytochrome bo oxidase, multi-
copper oxidase and amine oxidase 3343-45, Of these, bacterial Cu, Zn-superoxide dismutase
has been noted to play a particularly important role in bacterial virulence 46. A recent survey
suggests that many other microbial metalloenzymes have yet to be discovered 35. Further
study is necessary to identify influential cuproenzymes that contribute to virulence during
UTI and other infections caused by Ybt-producing bacteria.

In disease-associated microenvironments, bacterial pathogens place a premium on
biosynthetic efficiency to limit metabolic demands. The yersiniabactin system, like several
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other bacterial siderophore systems, mitigates its biosynthetic costs by nondestructive
dissociation and recycling following metal uptake 47-4°. By enabling each Ybt molecule to
participate in multiple rounds of metal import, UPEC can divert metabolic energy and
building blocks to other important cellular functions, while maintaining Ybt concentrations
in the bacterial population 3C. This is in contrast to the genetically conserved enterobactin
system in UPEC, which requires both covalent siderophore modification and reduction for
efficient iron release 1719, As a metallophore engaged in nutritional passivation, Ybt
recycling may serve as an efficient and rapid response in host microenvironments of varying
metal ion composition.

Online Methods

Bacterial strains, plasmids and culture conditions

Uropathogenic £. coliisolate UT189 and the non-uropathogenic K-12 E£. coliisolate
MG1655 were used in this study 5152, Strains were grown in LB agar (Becton, Dickson and
Company), LB broth (Becton, Dickson and Company) or M63 minimal salts medium 33 with
antibiotics as appropriate. Ampicillin (100ug ml-1, Goldbio) and/or chloramphenicol (25ug
ml-1, Goldbio) were used for plasmid selection. Arabinose (0.2% v/v, Sigma) and IPTG
(ImM, Goldbio) were used for respective plasmid inductions. UTI89 mutant strains used in
this study are listed in Supplementary Table 1. In-frame deletions in UTI89 were made using
the standard red recombinase method, using pKD4 or pKD13 as a template, as previously
described 2455, Antibiotic resistance insertions were removed by transforming the strains
with pCP20 expressing the FLP recombinase. Plasmids were made using the pTrc99a vector
(pfyuA and ptynA) or a modified pBAD33 vector (pybtPQ), and genes were cloned using
standard PCR and recombination techniques. #ynA was cloned from the MG1655 genome.

Yersiniabactin preparation

Ybt was generated from UTI89AentB grown in M63 minimal salts medium supplemented
with 0.2% glycerol (v/v) and 10mg ml-1 niacin (Sigma) as previously described 53.
[13C]'Ybt with a 13C-substituted phenolic ring was produced from UTI89AentB AybtS
grown in M63 minimal salts medium supplemented with 0.2% glycerol (v/v), 13Cg-labeled
salicylic acid and 10mg ml-L niacin (Sigma).[13C51]Ybt was produced by UTI89Afurin
media supplemented with [13Cg]glycerol as previously described 3. Metal-Ybt complexes
were produced by adding iron(l11) chloride, copper(I1) sulfide or gallium(l1) nitrate (Sigma)
to Ybt. Metal-Ybt was applied to a methanol conditioned C18 silica column (Sigma) and
eluted with 80% methanol as previously described °6. Eluates were concentrated by
lyophilization. Dried samples were resuspended in deionized water and purified through
high-performance liquid chromatography (HPLC) using a C18 silica column (Whatman
Partisil). Metal-Ybt containing fractions were collected, dried down using a lyophilizer and
resuspended in deionized water. Metal-Ybt concentrations were determined using previously
described extinction coefficients 6.

Fe(lll)-Ybt dependent growth

Starter cultures grown overnight in M63 medium were used to inoculate a M63 culture with
2 mM EDDHA (Complete Green Company) at a common starting ODgqg. 1 UM HPLC-
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purified Fe(l111)-Ybt was added to cultures followed by an 18 hour incubation at 37 °C with
shaking, as previously described 8. Bacterial growth was monitored using ODggp.
Experiments were performed in three biological replicates.

Liquid chromatography-mass spectrometry (LC-MS)

LC-MS analyses were conducted using a Shimadzu UFLC-equipped AB-Sciex 4000 QTrap
operated in positive ion mode using a Turbo V ESI ion source and a Thermo LCQ Deca as
previously described 3. The samples were injected onto a Fused-core phenylhexyl column
(Ascentis Express, Supelco) with a flow rate of 0.4ml min-1 and the following solvents:
solvent A (0.1% (v/v) formic acid) and solvent B (90% (v/v) acetonitrile in 0.1% formic acid
(v/v)). The ion spray voltage was set to 5kV and the heater temperature was 500°C. The
declustering potential, nebulizer gas (G1), auxiliary gas (G2) and collision energy were set at
110V, 40V, 35V and 35V, respectively. Metal-Ybt quantification was carried out by LC-
MS/MS in multiple reaction monitoring mode using known collision-induced dissociation
fragmentations and Cu(l1)-[*3C,1]Ybt or Fe(111)-[13C»1]Ybt internal standards, and
calculated as a ratio of metal-Ybt peak area over internal standard peak area as previously
described 6.

Inductively coupled plasma-mass spectrometry (ICP-MS)

Copper concentrations in M63 minimal media were conducted using high resolution ICP-
MS (Agilent 7500ce ICP-MS) as done previously 6. Samples in M63 medium were diluted
50-fold using 2% nitric acid solution to reduce salt concentrations to levels compatible with
the ICP-MS instrument. The limit of detection of copper was measured to be 5ug/L in the
diluted M63 medium (4 uM in undiluted M63 medium). Machine was calibrated using
Environmental calibration standard (Agilent) and PerkinElmer Pure Plus ICP-MS standard
(PerkinElmer).

Ybt production in culture

Wild type UTI89 was inoculated in M63 minimal salts medium supplemented with 0 or 5
UM CuSOQy. Cultures were normalized for common starting OD600 of 0.001 and grown for
20 hours at 37 °C while shaking. An aliquot of each culture was serially diluted in
phosphate-buffered saline (PBS) and plated onto LB agar for CFU determination.
Remaining cultures were pelleted and the supernatant was collected for Ybt determination.
To measure Cu(l1)-Ybt levels, Cu(I1)-[*3C,1]Ybt was added to an aliquot of the supernatant
before application to a conditioned C18 silica column. To measure total Ybt, a separate
aliquot of the clarified supernatant was incubated with excess CuSO,4 (5 mM) for 1 hr at
room temperature before addition of Cu(11)-[*3C,1]Ybt and application to the C18 column.
Experiments were performed in three biological replicates.

Cell-associated metal-Ybt

Strains were grown overnight in M63 minimal salts medium supplemented with 0.2%
glycerol (v/v) and 10mg ml-L niacin (Sigma) as previously described 3. Strains were
resuspended to a starting OD600 of 0.8 in fresh M63 with supplements described above.
HPLC-purified 0.1uM metal-Ybt was added to cultures followed by a 2 hour incubation at
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37 degrees while shaking. Bacteria were pelleted at 7500%g for 10 minutes (Eppendorf) and
washed with PBS (Sigma). Fe(111)-[13C5;]Ybt internal standard was added to the collected
supernatant and applied to a conditioned C18 silica column. Bacteria were resuspended in
100% ethanol (Sigma) and pelleted at 20,000 g for 10 minutes. Supernatant was collected
and dried for 3 hours using a vacuum concentrator. Samples were resuspended in ultrapure
water and applied to a conditioned C18 silica column with added Fe(111)-[13C,1]Ybt internal
standard. Experiments were conducted in three biological replicates.

Fe(ll)-Ybt and Cu(ll)-Ybt reduction

To investigate Ybt complex reduction, we adapted a previously described 7 vitro system 7.
Fe(111)-Ybt (5 uM), bathophenanthrolinedisulfonic acid disodium salt hydrate (BPDS, 2.5
mM, Sigma), and L-ascorbic acid (50 mM, Sigma) were incubated in phosphate buffer (pH
7, Sigma) for 2 hours at room temperature in a 96 well plate. Fe(I11)-BPDS complex
formation was measured spectrophotometrically (Amax = 533nm) and Ybt levels were
quantified relative to Fe(l11)-Ybt with LC-MS/MS %6:57_ For Cu(I1)-Ybt reduction
bathocuproinedisulfonate (BCP, 2.5 mM, Sigma) was substituted for BPDS. Cu(l)-BCP
complex formation was measured spectrophotometrically (Amax = 484 nm) and metal-free
Ybt levels were quantified relative to Cu(l1)-Ybt with LC-MS/MS 53:56_ Experiments were
done in three biological replicates.

64Cu(I1)-Ybt Radiolabeling

64Cu (/0= 12.7 h, B*=17%, ~=39%, EC=43%, E,=0.656 MeV) was produced by a (p,n)
reaction on enriched 64Ni on a CS-15 biomedical cyclotron (Cyclotron Corporation,
Berkeley, CA) at Mallinckrodt Institute of Radiology, Washington University School of
Medicine and purified on an automated system using standard procedures 289, A stock
solution of 84Cu in 0.05 M HCI was diluted in 0.1 M ammonium acetate (NH4OAc) buffer
solution (pH 7) for radiolabeling purposes. A typical reaction involves using 74 — 111 MBq
(2 -3 mCi) of 64Cu added to 20 L of Ybt (5 nanomoles) and 0.1 M NH4OAc buffer to bring
the reaction volume to 100 pL. The reaction mixture was incubated on a mixer with 800 rpm
agitation at 37 °C for 1 hour. Labeling efficiency and radiochemical purity were determined
using radio-HPLC (Agilent 1200 system with a Flow-RAM radio-HPLC detector) on a C18
column (Kinetex, Phenomenex). The mobile phase consisted of water (A) and acetonitrile
(B) with a gradient of 0 — 100 % B over 10 min using a flow rate of 1 mL/min. The retention
time of 84Cu(l1)-Ybt was 6.1 min and a radiochemical yield of greater than 99% was
achieved and used without further purification.

Cell-associated 54Cu(ll)-Ybt

Strains were grown overnight and diluted to an OD600 of 0.8 in M63 minimal medium as
described above. HPLC-purified 0.1uM Cu(l1)-Ybt and 185,000 counts of 84Cu(I1)-Ybt
(0.925 uCi) were added to strains and grown for 2 hours while shaking. Bacteria were
pelleted at 7500 g for 10 minutes (Eppendorf) and washed with 1x PBS (Sigma) multiple
times. Cell-associated %4Cu levels were measured from pelleted bacteria using a gamma
counter (Packard 11, Perkin Elmer). Experiments were conducted with three biological
replicates.
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TynA activity quantification

Strains were grown overnight and diluted to an OD600 of 0.8 as described above. For the
CuSOQy control, both CuSO, (50 uM) and FeCl3 (100 uM) were added to the overnight
culture. After dilution, HPLC-purified Cu(ll)-Ybt (0.2 uM) or CuSOy, (50 uM) plus FeCl3
(100 uM) were added to strains followed by an hour incubation at 37 degrees while shaking.
Bacteria were pelleted at 7500 g for 10 minutes (Eppendorf) and washed twice with 1x PBS
(Sigma). Bacteria were resuspended in lysis buffer (100 mM sodium phosphate pH 7.0, 2.5
mM magnesium sulfate) with 1 mg/mL lysozyme, DNAse, 100 uM phenylmethylsulfonyl
fluoride, and an EDTA-free protease inhibitor tablet (SigmaFast Protease Inhibitor Cocktail
Tablet), and lysed by 3 freeze/thaw cycles. The lysate was spun at 20,817 g for 10 minutes at
4 °C. Phenylethylamine (1 mM, Sigma) was added to the clarified lysate and the reaction
was incubated for 1 hour at room temperature. The reaction was quenched using lysis buffer
with 5% formic acid and 100 uM internal standard (3-fluorophenylacetaldehyde, F-PAA,
Sigma) and applied to a conditioned C18 silica column (50 mg, UCT). The column was
washed using lysis buffer with 5% formic acid, and eluted in 100% methanol with 5%
formic acid. The phenylacetaldehyde product and F-PAA internal standard were derivatized
by incubation with semicarbazide (5 mM, Sigma) at 40 °C for 2 hours®0. The derivatized
phenylacetaldehyde (dPAA) product was measured by LC-MS/MS in multiple reaction
monitoring mode using known collision-induced dissociation fragmentations. TynA activity
was calculated as a ratio of dPAA peak area over dF-PAA peak area and normalized by the
final OD600 of each sample. Experiments using Cu(ll)-Ybt were conducted in three
biological replicates while CuSO, control experiments were conducted in duplicates.

Statistical analyses

Statistics and graphs were generated using GraphPad Prism 5 (GraphPad software).
Unpaired Student's #test (two-tailed) was used to compare between strains.

Data Availability

All data supporting the findings of this study are available within the paper and its
supplementary information files are available from the corresponding author on reasonable
request.
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Figure 1.
Cu(I)-Ybt formation during low copper UPEC growth. (a) In cultures of UTI89 grown in

M63 minimal medium (20 hours), the total copper-binding capacity of secreted Ybt (total
Ybt) exceeded available copper. Following 5 uM CuSO, addition to the culture medium,
excess copper-binding capacity was sustained, with a proportional increase in Cu(ll)-Ybt.
(b) CuSO,4 addition did not significantly affect UTI89 growth density.(c) Metal-free Ybt was
detectable in unsupplemented medium. LC-MS/MS chromatogram (/m/z 482—295) of
culture supernatant showed the two isomer peaks of metal-free Ybt. Results are shown as
mean + s.d., n=3, **P< 0.01 based on a £test; NS, non-significant; CFU, colony forming
units.
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Figure2.
UPEC convert Cu(ll)-Ybt and Fe(l11)-Ybt to metal-free Ybt. High density cultures of model

uropathogen UTI89 and K12 strain MG1655 were supplemented with 0.1 uM Cu(ll)-
[3Cg]Ybt or Fe(111)-[13Cg]Ybt in M63 minimal medium for 2 hours. The model
uropathogen UTI89, but not the K12 strain MG1655, dissociated Cu(Il)-Ybt and Fe(ll1)-Ybt
complexes, regenerating metal-free Ybt. Representative LC-MS/MS chromatograms of
extracellular Cu(I1)-[*3Cg] Ybt (a, /efd) or metal-free [13Cg]Ybt (shown as two isomer peaks)
(b, fef?) from UTI89 and MG1655 cultures. Each chromatogram was scaled to its internal
standard peak height. LC-MS/MS quantification revealed significantly decreased
extracellular Cu(I1)-[*3Cg] Ybt (a, right) and increased extracellular metal-free [3Cg] Ybt (b,
right) in UTI89. Representative LC-MS/MS chromatograms of extracellular Fe(l11)-
[13Cg]Ybt (c, lefd or metal-free [13Cg]Ybt (shown as two isomer peaks) (d, /ef?) from UTI89
and MG1655 cultures. LC-MS/MS quantification revealed significantly decreased
extracellular Fe(111)-[13Cg]Ybt (c, right) and increased extracellular metal-free [13Cg] Ybt (d,
right) in UTI89. Results are shown as mean +s.d.; 7=3; ***P < 0.001, ****P < 0.0001 based
on a ttest.
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Requirements for Ybt complex uptake and dissociation. Cu(ll)-, Fe(lll)-and Ga(l11)-Ybt, and
metal-free Ybt were quantified in UTI89 cultures supplemented with respective metal-Ybt
complex (0.1 uM).(a, d, g) Extracellular metal-Ybt complexes remained extracellular in
UTI89AYbIA, a strain lacking HPI expression. (b, e, h) YbtPQ expression (UTI89AybtA
puA pybtPQ compared to UTI89AybEA p fyuA) significantly diminished cell-associated

levels of Fe(l11)-Ybt and Cu(l1)-Ybt but not redox inactive Ga(ll1)-Ybt.(c, f, i) YbtPQ

expression caused a corresponding increase in extracellular, metal-free Ybt accumulation in
cultures supplemented with Cu(ll)- and Fe(l11)-Ybt but not Ga(l11)-Ybt. Results are shown

as mean = s.d.; 7=3; ****P < (0.0001 based on a #test, NS = non-significant, ND = not

detected.
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Reductive dissociation of Cu(l)-Ybt and Fe(l11)-Ybt. (a, b) Cu(Il)-Ybt (5 uM) and (c, d)
Fe(I11)-Ybt(5 uM) were incubated with BCPS (bathocuproinedisulfonate, 2.5 mM) orBPDS
(bathophenanthrolinedisulfonic acid, 2.5mM) respectively in PBS for 2 hours. In the case for
Fe(l11)-Ybt, bathophenanthroline (BPDS) was used as the Fe(ll) acceptor, while
bathocuproinedisulfonate (BCPS) was used as the Cu(l) chelator for Cu(l1)-Ybt. Addition of
reducing agent (50 mM ascorbic acid) resulted in significantly increased (a) Cu(l) and (c)
Fe(ll) release, and (b, d) metal-free Ybt. Results are shown as mean + s.d.; 7=3; ****pP <

0.0001 based on a #test, NS = non-significant.
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Figure5.
Cu(I)-Ybt as a nutritional copper source in £. coli. (a) Comparable cellular copper

accumulation (measured as 84Cu counts per minute) in UTI89AybtA pfyuA and
UTI89AYHIA p fyuA pybtPQ following supplementation with Cu(l1)-Ybt (0.1 uM)

and %4Cu(Il)-Ybt. (b) £. coliamine oxidase (TynA) selectively catalyzes phenylethylamine
deamination to phenylacetaldehyde, ammonia, and peroxide in a copper-dependent manner.
(c) TynA activity in UTI89 p#ynA grown in M63 minimal medium was dependent upon
addition of exogenous Cu(ll)-Ybt (0.2uM) and YbtPQ expression. Results are shown as
mean * s.d., n=3, **P< 0.01, ****P < 0.0001 based on a #test; NS, non-significant.
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Figure 6.

Model of Cu(ll)-Ybt transport, utilization and recycling. Extracellular Ybt interacts with
copper to form stable Cu(l1)-Ybt complexes. Cu(lIl)-Ybt import requires the outer membrane
receptor FyuA and the inner membrane TonB complex. The ATP-binding cassette
transporters YbtP and YbtQ are necessary for Cu(l1)-Ybt dissociation and nutritional copper
use. YbtPQ activity is unclear and may involve cytoplasmic Cu(ll)-Ybt import or
periplasmic Cu(I1)-Ybt dissociation (black dotted box). Metal-free Ybt released by this
process is secreted while copper is directed to cuproenzymes.
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