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Abstract

Bacterial pathogens secrete chemically diverse iron chelators called siderophores, which may 

exert additional distinctive functions in vivo. Among these, uropathogenic E.coli often co-express 

the virulence-associated siderophore yersiniabactin (Ybt) along with catecholate siderophores. 

Here we used a novel mass-spectrometric screening approach to reveal that yersiniabactin is also a 

physiologically favorable copper (II) ligand. Direct mass-spectrometric detection of the resulting 

Cu(II)-Ybt complex in mice and humans with E. coli urinary tract infections demonstrates copper 

binding to be a physiologically relevant in vivo interaction during infection. Yersiniabactin 

expression corresponded to higher copper resistance among human urinary tract isolates, 

suggesting a protective role for this interaction. Chemical and genetic characterization showed that 

yersiniabactin helps bacteria resist copper toxicity by sequestering host-derived copper (II) and 

preventing its catechol-mediated reduction to copper (I). Together, these studies reveal a new 

virulence-associated function for yersiniabactin that is distinct from iron binding.
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Introduction

Siderophores are a chemically diverse group of secondary metabolites used extensively by 

microbes – and possibly higher vertebrates – to bind and acquire ferric iron (see review)1,2. 

While chemists recognize the ability of some siderophores to bind non-ferric metal ions3–8, 

investigations into pathophysiologic functions of siderophores solely address their favorable 

interaction with ferric iron9–12. The marked chemical diversity and differential iron-binding 

affinities among siderophores raises the possibility that some may have evolved to bind non-

ferric metal ions to fulfill additional physiologic functions. Indeed, alterations in physiologic 

metal composition at sites of infection may drive bacterial pathogens to secrete siderophores 

with differential metal specificity to maintain fitness within the host (see review)13,14. 

Understanding the functional consequences arising from this chemical coevolution between 

host and pathogen may provide new insights into the selective pressures driving siderophore 

chemistry and bacterial pathogenesis.

Genetic and metabolomic studies associate siderophore production with virulence among 

multiple human pathogens, particularly among E. coli and related Gram-negatives15–21. 

Although bacterial expression of a single siderophore type is sufficient for iron acquisition 

in vitro, most uropathogenic E. coli (UPEC) express multiple siderophore types17,22, often 

including the virulence-associated phenolate/thiazolidine siderophore yersiniabactin. All 

yersiniabactin-expressing UPEC strains described to date co-express the chemically distinct, 

catecholate siderophore enterobactin and occasionally the enterobactin derivative 

salmochelin17. Epidemiologic studies suggest that E. coli strains that progress from bladder 

infection to kidney or bloodstream infection are more likely to carry the fyuA gene, a 

correlate of yersiniabactin-producing strains19,23. Exactly how yersiniabactin expression 

facilitates invasive infections has been unclear.

In this study we devised a mass spectrometry-based screen to determine whether non-ferric 

metals bind yersiniabactin in physiologically relevant fluids. This approach identified 

prominent copper (II) binding by yersiniabactin in human urine. Direct mass spectrometric 

analyses of urine from humans and mice confirmed the presence of copper(II)-yersiniabactin 

complexes during infection with yersiniabactin-expressing strains. Functional studies 

demonstrated that this binding interaction is competitive with iron (III) and protects 

uropathogens by binding copper and preventing its catecholate-mediated reduction. 

Together, these studies reveal a new activity for yersiniabactin as a pathogenic 

countermeasure to copper-based antibacterial functions in humans.

Results

Identification of a copper (II)-yersiniabactin complex

To screen for metals that bind yersiniabactin (Ybt) in a biologically relevant environment, 

we devised a liquid chromatography-constant neutral loss (LC-CNL) mass-spectrometric 

screen based on a common ion-fragmentation pathway identified for model metal-

yersiniabactin complexes. This fragmentation pathway resulted in a 187 mass unit neutral 

loss, consistent with rearrangement of the C13-C14 bond to lose the carboxy-terminal 

thiazoline (C8H13NO2S, Fig. 1a and 1b). To identify biologically relevant metal-Ybt 
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complexes, we added apo-Ybt to pooled urine samples from six healthy donors and 

analyzed the mixture using LC-CNL over a mass range encompassing the calculated range 

of naturally-occurring terrestrial metal complexes (6Li to 239Pu). The LC-CNL ion 

chromatogram revealed formation of a dominant, novel analyte with m/z 543 (peak 1, Fig. 

1c) in addition to a peak corresponding to Fe(III)-Ybt and its deuterated internal standard 

(Supplementary Results, Supplementary Figure 1a and 1b). The new peak 1 was absent in 

urine alone treated with internal standard or when apo-Ybt was added to water (data not 

shown). Although urine is a highly complex mixture containing thousands of small 

biomolecules, the simplicity of the resulting chromatograms suggested that the 187 mass 

unit loss is highly specific to Ybt. Peak 1 matched no previously reported spectra, also 

exhibited a neutral loss of 187 mass units, and was formed by adding apo-Ybt to urine, 

suggesting formation of a new and biologically plausible yersiniabactin complex.

Peak 1 was first subjected to additional mass analyses. The CNL mass spectrum of this 

complex exhibited a prominent M+2 peak at m/z 545, approximately one third the height of 

the base peak. MS/MS analysis of the M and M+2 peaks at m/z 543 and 545 exhibited 

product ion spectra with identical fragmentation patterns differing by 2 mass units 

(Supplementary Figure 2a). The apo-Ybt spectrum lacked this prominent M+2 peak, 

suggesting a prominent isotope-pattern contribution from the unknown Ybt binding partner 

(Supplementary Figure 2b). A Ybt-derived base peak ion 61 mass units higher than the Ybt 

[M+H]+ ion with a prominent M+2 isotope peak was consistent with a singly charged cupric 

complex of the form [Ybt+Cu(II)-H]+. The observed isotopic pattern was consistent with the 

natural 63Cu and 65Cu isotope abundances of 77% and 23%, respectively24. The m/z value 

of this complex was consistent with the presence of copper (II), rather than copper (I), which 

would require an additional proton to yield a singly charged ion at m/z 544, rather than the 

observed 543.

Further confirmation was pursued by adding molar excess of copper (II) sulfate to UTI89 

ΔentB (which produces Ybt as the only siderophore) culture supernatant, followed by 

preparative chromatography. Application of this copper(II)-treated supernatant to a 

preparative C18 column resulted in retention of a blue-colored fraction on the column that 

was eluted with 80% methanol. The LC-MS chromatogram of this blue fraction was 

dominated by peak 1. This fraction was subjected to accurate mass determination on a 

Bruker Q-TOF Maxis using positive ion electrospray mode, which again showed the 

prominent M+2 ion and supported the formula C21H25CuN3O4S3 for peak 1 ion at 543.0393 

(Fig. 1d). The presence of 21 carbons was confirmed by detection of 13C-labeled peak 1 at 

m/z 564 in supernatants from bacteria grown in [13C3] glycerol (Supplementary Figure 3a). 

MS/MS of this peak 1 isotopologue revealed a new dominant MS/MS neutral loss of 195 

mass units, supporting the proposed common C8H13NO2S neutral loss (Supplementary 

Figure 3b). Together, these results supported the identity of peak 1 as a stable copper (II) 

complex of Ybt that formed spontaneously when Ybt was exposed to physiologic 

concentrations of copper in human urine.
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Cu(II)-yersiniabactin is stable in the presence of iron

To determine whether cupric and ferric ion species bind competitively to Ybt, we quantified 

relative copper(II)- and iron(III)-yersiniabactin (Cu(II)-Ybt and Fe(III)-Ybt, respectively) 

yields in competitive binding experiments. Increasing concentrations of cupric sulfate were 

added to PBS containing 0.01 M ferric chloride at pH 7.0 at 25 C for one hour (Fig. 1e). One 

micromolar apo-yersiniabactin was then added to these samples and the Cu(II)-Ybt/Fe(III)-

Ybt ratio was determined by LC-MS following a two-hour incubation. The Cu(II)-Ybt/

Fe(III)-Ybt ratio exhibited a positive correlation with copper (II) concentration, consistent 

with competitive binding between aqeuous cupric and ferric species.

To determine whether iron displaces copper from Cu(II)-Ybt complexes in our experimental 

conditions, we monitored an extended time course of Cu(II)-Ybt levels in the presence of 

ferric ions. Twenty five micromolar apo-Ybt was incubated with 25 μM cupric sulfate for 

one hour to form Cu(II)-Ybt. Next, 0.025 M competing ferric chloride was added and the 

resulting Cu(II)-Ybt level was followed over a 24 hour time course (Supplementary Figure 

4). The Cu(II)-Ybt level was unchanged, consistent with a low rate of ferric ion 

displacement in our analytical and experimental conditions.

Cu(II)-yersiniabactin forms in vivo during infections

To determine whether Ybt is expressed and binds copper during infection, we used LC-

MS/MS to analyze murine urine and bladder tissue following experimental infection with 

the model uropathogen UTI89. A strong signal with the expected Cu(II)-Ybt MS/MS 

transition and retention time was observed in all 30 bladder tissue and urine sample from 

infected, but not mock infected, mice 24 hours after pathogen inoculation (Supplementary 

Figures 5a and 5b). The median Cu(II)-Ybt/Fe(III)-Ybt molar ratio was 15.3 (range = 0.38–

84.8) (Supplementary Figure 5c). 29 of 30 (97%) urine samples from infected mice 

exhibited a Cu(II)-Ybt/Fe(III)-Ybt molar ratio >1, consistent with favorable in vivo Cu(II)-

Ybt formation. These findings demonstrate that a typical urinary pathogen expresses Ybt 

during murine infections, and that a greater abundance of copper (II) complexed siderophore 

is subsequently detected in biological samples derived from infected mice.

To determine whether Ybt is expressed and binds copper during human urinary tract 

infections, we analyzed 32 midstream urine samples from a cohort of women with acute 

cystitis for Cu(II)-Ybt. LC-MS/MS analysis of cultured urinary pathogen isolates from these 

patients confirmed infection by a Ybt-expressor in 15 out of 32 subjects. Scanning neutral 

loss analysis of urine from a patient infected with a Ybt-expressing strain revealed a strong 

Cu(II)-Ybt signal with the expected m/z 543 ion and its characteristic 65Cu isotopomer at 

m/z 545, confirming in vivo formation of Cu(II)-Ybt (Fig. 2a). Quantitative analysis 

using 13C-labeled internal standards demonstrated significantly (p<0.0001) higher urinary 

Cu(II)-Ybt levels in patients infected with Ybt expressors (13/15 positive) than in patients 

infected with non-expressors (0 of 17 positive) (Fig. 2b). Together, these data demonstrate 

that uropathogenic E.coli can express Ybt during human urinary tract infections and that this 

Ybt binds host-derived copper.
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To determine whether the extent of in vivo copper and iron binding was similar, we 

measured the Cu(II)-Ybt/Fe(III)-Ybt molar ratio in urine (Supplementary Figure 6). In the 

13 samples with detectable Ybt complexes, the median Cu(II)-Ybt/Fe(III)-Ybt ratio was 2.9 

(range= 0.12–20.9) (Fig. 2c) with 92% (12/13) patients exhibiting a molar ratio >1. These 

data indicate that Ybt binds host-derived copper at least as extensively as ferric iron during 

human infections.

Yersiniabactin protects E.coli from copper toxicity

Copper ions are toxic to E. coli and other bacteria at low micromolar concentrations25,26. By 

binding copper ions, Ybt may act as a pathogenic countermeasure to copper toxicity. To 

determine whether copper resistance is a virulence correlate, we measured the effects of 

copper on bacterial growth in a previously described collection of co-existing urinary and 

non-urinary E. coli isolates from 13 UTI patients17. These experiments were conducted 

within the normal serum copper concentration range of 10 μM. This analysis revealed that 

the E.coli strains infecting the urinary tract were significantly (p<0.0005) more copper 

resistant than coexisting non-urinary strains from the same patients with 10 out of 13 urinary 

isolates exhibiting >107 higher CFU/mL (Fig. 3a).

It is known from previous work that 10 of 14 urinary isolates and 6 of 18 non-urinary 

isolates produce Ybt17. When growth in copper-supplemented media was grouped by Ybt 

expression, the Ybt-expressors exhibited significantly (p<0.0013) greater copper resistance 

(Fig. 3b). Together, these data show that urinary isolates exhibit greater copper resistance 

than non-urinary isolates in a UTI patient population and that enhanced copper resistance is 

strongly associated with Ybt production.

To determine whether Ybt production has a functional impact on copper resistance, we 

compared the Ybt-deficient mutant UTI89ΔybtS to the wild type uropathogen control 

UTI89. After an 18-hour incubation, copper (II) sulfate inhibited UTI89ΔybtS growth 

significantly more than that of wild type UTI89. Over a range of 5 to 25 μM copper (II) 

sulfate, wild type cultures yielded an average of 1.34 log more CFUs than UTI89ΔybtS 

cultures (p=0.0032, Fig. 3c). To confirm that Cu(II)-Ybt is expressed in this experimental 

system, we performed LC-MS analysis of culture supernatants treated with 25 μM copper 

(II) sulfate. Cu(II)-Ybt complexes were observed in wild type, but not UTI89ΔybtS, 

conditioned media (Supplementary Figure 7). Together, these findings show that intact Ybt 

gene plays a mechanistic role in copper resistance.

To determine whether Ybt directly protects bacteria from copper toxicity, we examined the 

effect of purified apo-Ybt on viability of UTI89ΔybtS (Ybt biosynthesis mutant) cultures 

exposed to 10μM copper sulfate (Fig. 3d). Copper addition alone resulted in a substantial >3 

log CFU/mL decrease in bacterial viability. Apo-Ybt protected copper-treated bacteria 

almost completely from cytotoxicity, with only a 0.024 log decrease in viable cells 

compared to wild type (p = NS). Addition of pre-formed Cu(II)-Ybt complexes abolished 

the protective effect, suggesting that an unoccupied copper-binding site on apo-Ybt is 

required for cytoprotection. In the absence of copper, apo-Ybt alone had a negligible effect 

on bacterial viability. These results show that copper binding by exogenous Ybt directly 

protects bacteria from copper toxicity.
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Yersiniabactin prevents Cu(II) reduction by catecholates

To determine whether other UPEC siderophores affect copper susceptibility, we evaluated 

copper toxicity in established UTI89 mutants with defined siderophore deficiencies17 (Fig. 

4a). As noted above, UTI89ΔybtS was more susceptible to copper than the wild type strain 

(p = 0.0021). Conversely, additional deletion of the catecholate biosynthesis gene entB in 

this strain background (an ΔentBΔybtS double mutant), significantly (p = 0.0032) increased 

survival. The single ΔentB mutant, which expresses Ybt, exhibited a supraphysiological 

survival benefit in the presence of copper. These results are consistent with previous work 

describing copper (II) reduction by catechols to more toxic copper (I) ions27,28.

To test whether the absence of copper reduction by catecholate siderophores explains 

increased copper resistance in the the UTI89ΔentB mutant, we examined copper toxicity to 

UTI89 in the presence and absence of enterobactin or 2,3-dihydroxybenzoic acid (DHB), the 

catecholate moiety incorporated into enterobactin and salmochelin. Treatment with 10 μM 

copper (II) sulfate alone caused a 2.5 log reduction of viable colonies. While 20 μM 

enterobactin or DHB alone had a minimal effect, their addition to copper (II) sulfate 

significantly (p<0.0072 and p<0.0039, respectively) increased copper cytotoxicity, 

decreasing viable cells to below the level of detection (LOD = 20 CFU/mL) (Fig. 4b). These 

data show that antibacterial synergy between enterobactin and copper (II) is attributable to 

enterobactin’s catecholate groups.

To confirm that enterobactin reduces copper (II) and to determine whether Ybt affects this 

reaction, we monitored copper (I) formation by purified reagents using a bathocuproine-

based spectrophotometric assay (Fig. 4c). Addition of either 20 μM enterobactin or DHB to 

samples containing 17.5 μM copper (II) sulfate resulted in a strong bathocuproine signal 

corresponding to 84.7% and 93.1% reduction of copper (II) to copper (I), respectively. This 

signal was almost completely blocked when apo-Ybt was added before enterobactin or 

DHB. In contrast, changing the order of addition such that enterobactin or DHB were added 

before apo-Ybt restored the copper (I) signal. Together, these results demonstrate that the 

catecholate groups of enterobactin and related siderophores reduce copper (II) to more 

cytotoxic copper (I) and that yersiniabactin protects bacteria not only by sequestering copper 

(II) but also by inhibiting its catecholate-mediated reduction.

Discussion

Although yersiniabactin and catecholate siderophores are regarded as redundant iron-

acquisition molecules, this study shows that they assume disparate roles in modulating 

copper chemistry and toxicity at the host-pathogen interface. These results suggest that the 

chemical biology of pathogenic siderophores extends beyond issues of iron binding and 

acquisition. Precedent for microbial copper chelation is found among environmental 

bacteria29,30. While not a siderophore, methanobactin serves an analogous function by 

binding Cu(I) to satisfy a high nutritional copper requirement driven by synthesis of a 

particulate methane-monooxygenase, which accounts for up to 20% of methanotrophic 

bacterial proteins4,31,32. The algal hydroxamate siderophore schizokinen may weakly bind 

Cu(II), with differing effects on copper toxicity to environmental bacteria5. Although our 

data are consistent with protective copper sequestration as a yersiniabactin function, 
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yersiniabactin could benefit bacteria by obtaining copper as a nutritional source under other 

circumstances. Yersiniabactin’s ability to bind copper during infection may thus derive from 

an ancestral function or reflect an example of convergent chemical evolution.

Although copper resistance proteins are described in a wide variety of bacteria33–36, it is 

unclear if copper resistance represents a virulence-associated adaptation. This question is 

readily addressed in E. coli, where disease-associated strains exhibit evidence of multiple 

virulence-associated adaptations. By demonstrating enhanced copper-resistance among 

disease-associated isolates, this study suggests an important role for copper ions as an 

antimicrobial defense in human UTI pathogenesis. A role for copper-based immune 

defenses is further supported by observations of infection-associated increases in copper14,37 

and use of copper transporters by phagocytic cells to kill internalized bacteria38. It is 

possible that disease-associated isolates without high level copper resistance (in the present 

study, 4/14 isolates) are indicative of patients with subtle differences in pathophysiology or 

copper-based antimicrobial responses (Fig. 3b). Regardless, the sum of bacteriologic and 

bioanalytic findings suggests a role for host-derived copper as a virulence-associated 

selection factor among uropathogenic E. coli.

While catechols are excellent iron-binding functional groups, their ability to directly reduce 

cupric ions provides a chemical rationale for acquisition of non-catecholate siderophores by 

bacterial pathogens27,39–41. Copper (II) is significantly more bactericidal when reduced to 

its copper (I) valence, which has been attributed to an improved ability of copper (I) to 

generate reactive oxygen species or to freely penetrate bacterial membranes and inactivate 

intracellular iron-sulfur clusters25. Thus, yersiniabactin’s ability to prevent copper (II) 

reduction and intracellular penetration may additionally protect pathogenic bacteria during 

infection. Targeting yersiniabactin biosynthesis or the strains that perform this may thus be a 

useful therapeutic approach. Although it is unclear which yersiniabactin coordination sites 

facilitate copper binding, it is notable that this molecule contains three nitrogenous 

heterocycles (thiazolines/thiazolidine), reminiscent of imidazole-rich copper coordination 

sites in ceruloplasmin42 and the nitrogen heterocycles in methanobactin6,32,43. Similar 

structural features in other siderophores and microbial products may facilitate similar 

copper-binding functions 44.

Siderophore profiling by mass spectrometric methods has yielded important insights into 

pathogenicity of E. coli and other important pathogens17,21,39–41. To date, neither 

pathogenic siderophore secretion nor in vivo metal ion selectivity of these siderophores have 

been directly observed and quantified. This work shows how tandem mass spectrometry, 

together with an understanding of gas phase ion chemistry, can also identify metal-binding 

interactions of these diverse molecules. Its notable sensitivity also permits use of LC-

MS/MS to directly interrogate in vivo metal binding rather than relying solely upon attempts 

to simulate in vitro the complex metal availabilities at sites of infection.

Bacterial pathogens have adapted to a shifting array of evolutionary challenges by secreting 

a chemically diverse range of secondary compounds and proteins. Yersiniabactin may be 

one of many multifunctional, virulence-associated metal binders secreted by pathogenic 

bacteria. In future studies, similar binding interactions could be discovered and validated for 
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other important biomolecules or other secondary compounds using an analogous chemical 

biology approach.

Methods

Bacterial strains and cultivation

The uropathogenic E.coli isolate UTI89 was used as the model pathogen in this study16,45. 

Urinary and rectal isolates are from a previously described collection17. Briefly, distinct, 

coexisting strains were identified by pulsed-field gel electrophoresis (PFGE) from a 

longitudinal patient study. Strains were not considered to be “rectal” if they were isolated 

from a urinary source at any time during the study.

Bacteria were cultured in for siderophore product analysis in M63 medium supplemented 

with 0.2% glycerol and 10 mg/mL niacin (Sigma) as previously described17. Bacterial 

production of yersiniabactin and its 13C and deuterium-labeled internal standards is 

described in Supplementary Methods. To assess copper sensitivity, overnight cultures in 50 

mL M63 minimal media were washed twice in phosphate buffered saline (PBS, Sigma), 

centrifuged at 6,500 rpm, and resuspended in fresh M63 minimal media at a density of 108 

colony forming units per milliliter (CFU/mL). Bacterial viability was determined as 

CFU/mL of the culture media 20 hours after addition of defined copper (II) sulfate (Sigma, 

~99% pure) concentrations with test agents in 2 mL reaction volumes in 6-well tissue 

culture plates.

Liquid chromatography-mass spectrometry

LC-MS analyses were conducted using a Shimadzu UFLC-equipped AB-Sciex 4000 QTrap 

operated in positive ion mode using the Turbo V ESI ion source and a Thermo LCQ Deca as 

previously described17. The QTrap samples were injected onto a Fused-core™phenylhexyl 

column (100 × 2mm, 2.7 μm particle, Ascentis Express, Supelco) with a flow rate of 0.4 mL/

min. The gradient used was as follows: Solvent A (0.1% formic acid) was held constant at 

98% and solvent B (100% acetonitrile in 0.1% formic acid) was held constant at 2% for 2 

minutes, solvent B was increased to 65% by 10 minutes and then to 98% by 12 minutes. The 

ion spray voltage was set to 5 kV. The heater temperature was 500°C. The declustering 

potential, nebulizer gas (G1), auxiliary gas (G2) and collision energy were set at 110, 40, 35 

and 35V, respectively. In vivo Cu(II)-Ybt quantification was carried out in the MRM mode 

using 13C-labeled siderophore standards with previously identified CID fragmentations17. 

Cu(II)-Ybt/Fe(III)-Ybt ratio determinations were made by calibrating with standard curves 

conducted in 1x PBS buffer for in vitro or human urine for in vivo determinations 

(Supplementary Figure. 6).

Liquid chromatography-constant neutral loss (LC-CNL) analysis

The UFLC-4000 QTrap was used with the chromatography and ion source settings 

described above to identify compounds with a common neutral fragment loss of 187 m/z 

units. The collision energy was set to 35 V and the first mass analyzer (Q1) was set to scan 

from m/z 200 to 700 amu while the second mass analyzer (Q3) simultaneously scanned at 

187 m/z units less than Q1. Sensitivity was maximized by selecting the low-resolution (2 
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mass unit window, 0.7 FWHH) setting. In this manner, only ions exhibiting a neutral loss of 

187 mass units were detected. As d4-ferric-yersiniabactin retained the 187 amu neutral loss, 

it was used as an internal standard in this analysis.

Human specimen collection

Study protocols were approved by the Institutional Review Board of the University of 

Washington. All patients provided written informed consent for the collection of samples 

and subsequent analysis. Clean-catch midstream urine specimens were obtained from female 

patients at the University of Washington, Seattle, WA with acute uncomplicated cystitis 

using previously described symptoms of dysuria, urinary frequency, or urinary urgency with 

a concentration of uropathogens in the urine of ≥1×102 colony-forming units (CFU/mL). 

One-tenth volume of Sigma FAST protease inhibitor solution (Sigma, St. Louis, MO) was 

added to freshly voided urines prior to clinical centrifugation to remove cellular material and 

the supernatant was frozen at −80°C. Uropathogens in midstream urine were identified using 

standard methods46. E. coli UTI urine specimens and pathogen isolates with urine white 

blood cell count ≥ 350 collected between 01/06/2010 and 11/15/2010 were selected for 

analysis.

Mouse infections

All animal studies using mice were approved by the Animal Studies Committee of 

Washington University. Six- to seven-week old female C3H/HeN mice obtained from 

Harlan Sprague Dawley, Inc. (Indianapolis, IN) were infected with 107 CFU/mL UTI89 or 

PBS control as described47. Murine urine samples were collected on the day of tissue 

harvest. Bladders were aseptically harvested at the indicated time point and homogenized in 

1 mL PBS. CFU determination of viable bacteria in homogenates was conducted as 

described.

Biological specimen preparation

For the purposes of LC-CNL scans, urine samples from asymptomatic individuals were 

collected and pooled in metal-free Nalgene beakers and centrifuged in 50 mL Falcon flasks 

at 7,000 rpm for 15 minutes at 4°C. Apo-yersiniabactin and deuterated ferric-yersiniabactin 

internal standard were added to a final concentration of 20 μM to human urine supernatants 

to identify metal ion binding partners. To measure Cu(II)-Ybt in human urine, as well as 

murine urine and bladder homogenates, 2.5 μL each of 13C cupric- and ferric- internal 

standard was added to 850 μL of bladder homogenate or 500 μL urine, respectively. Samples 

were centrifuged at 14,000 rpm for 2 minutes. Yersiniabactin in the supernatant was 

extracted using preparative C18 chromatography (UCT, Inc., Bristol, PA) and eluted in 500 

μL 100% methanol. Five microliters of the eluate was analyzed by LC-MS/MS to determine 

Cu(II)-Ybt levels.

Free copper (I) determinations

Free copper (I) was determined spectrophotometrically using the copper (I) indicator 

bathocuproinedisulfonic acid (Sigma, 92% pure)48,49. Briefly, 25 μM bathocuproine, 25 μM 

apo-yersiniabactin, and 17.5 μM copper (II) sulfate, were used in combination in order-of-
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addition experiments, as well as alone as controls in PBS. Either 20 μM enterobactin 

(Sigma) or its catecholate moiety, 2,3-dihydroxybenzoic acid (DHB, Sigma) were added as 

bioreductants. Following a 30 minute room temperature incubation, 25 μM bathocuproine 

was added and copper (I) levels were determined by measuring the visible absorbance at 480 

nm of the cuprous-bathocuproine complex. Final copper (I) concentrations were determined 

by comparison to a standard curve.

Additional methods

For descriptions of strain preparation and statistical analyses, see Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A yersiniabactin neutral loss screen reveals formation of a novel copper(II)-
yersiniabactin complex in human urine
(a) Yersiniabactin and its metal complexes exhibit a dominant 187 mass unit neutral loss 

upon CID fragmentation of the positive ESI-derived ion. This neutral loss is consistent with 

rearrangement to lose the terminal carboxylated thiazoline. (b) A 187 mass unit neutral loss 

is evident in MS/MS product ion spectra of ferric-yersiniabactin (Fe(III)-Ybt) at m/z 535, 

aluminum-yersiniabactin (Al(III)-Ybt) at m/z 506, and gallium-yersiniabactin (Ga(III)-Ybt) 

at m/z 548. A constant neutral loss (CNL) scan based on this conserved fragmentation 

pathway was used as a metallomic screen to identify physiologic yersiniabactin binding 

partners. (c) Representative constant neutral loss chromatograms of urine samples in the 

presence and absence of purified apo-yersiniabactin. The combination of apo-yersiniabactin 

and urine results in formation of a prominent new peak (peak 1). Peaks corresponding to the 

internal standard (int. std) are indicated. These results were confirmed in three independent 

experiments. (d) High resolution positive ion ESI mass spectrum is consistent with the 

empiric formula for a singly charged Cu(II)-Ybt ion and demonstrates the prominent natural 

abundance M+2 ion expected from 65Cu. (d) Competitive binding experiments were 

conducted by titrating cupric sulfate into solutions containing a fixed concentration of 0.01 

M ferric chloride and 0.01 M apo-yersiniabactin. Data indicate competitive binding between 

cupric and ferric ion for the ligand. Cu(II)-Ybt/Fe(III)-Ybt ratios were determined by 

comparing selected ion chromatogram peak ratios to those from a standard curve.
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Figure 2. Cupric-yersiniabactin is produced in cystitis patients infected with yersiniabactin-
producing strains
(a) A scanning constant neutral loss spectrum reveals the spectrum for Cu(II)-Ybt at its 

expected retention time. The expected copper isotope peaks at m/z 543 for 63Cu and m/z 545 

for 65Cu peak are present at the expected ~2:1 ratio. (b) Urinary Cu(II)-Ybt was detected in 

13 of 15 patients infected with a yersiniabactin-expressing pathogen and in none of the 

patients with yersiniabactin non-expressors. Cu(II)-Ybt levels are reported as a fraction of 

the corresponding 13C internal standard peak height. (c) In urine samples with detectable 

yersiniabactin complexes, the median Cu(II)-Ybt (m/z 543) to Fe(III)-Ybt (m/z 535) ratio is 

2.941, indicating preferential in vivo copper (II) binding.
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Figure 3. Yersiniabactin promotes E. coli growth in copper-toxic conditions
Urinary and non-urinary E. coli isolates from a UTI patient population were cultured in the 

presence of 10 μM copper (II) sulfate for 18 hours. Growth was determined and expressed as 

total CFU/mL. (a) Urinary strains demonstrate greater resistance to copper toxicity than 

coexisting rectal strains. For each patient, CFU/mL from the non-urinary strain was 

subtracted from CFU/mL from the coincident urinary strain to yield a difference. In the four 

patients from whom multiple coincident urinary and non-urinary strains were recovered, the 

mean difference in colony forming units is reported. The median value of these differences 

was 2.11 x 107 CFU/mL, with a range of −5.4 x 103 to 1.66 x 108. (b) Yersiniabactin-

expressors were more resistant to copper toxicity than non-expressors (p<0.0013). These 

results were confirmed in three independent experiments. (c) Yersiniabactin-expressor 

(UTI89) and non-expressor (UTI89ΔybtS) cultures treated with 0–25 μM copper (II) sulfate 

revealed an average of ten-fold survival advantage for the yersiniabactin expressor (p-value 

= 0.012, 0.0004, 0.009, 0.002 and 0.023, respectively, t-test). (d) Purified apo-yersiniabactin 

or Cu(II)-Ybt was added in 1.5-fold molar excess over 10 μM copper (II) sulfate to 

yersiniabactin-deficient (UTI89ΔybtS) culture. Samples containing copper alone 

demonstrated a >3 log CFU/mL decrease in viability. Apo-yersiniabactin (apo-Ybt) addition 

restores growth to untreated wild type levels (p = ns). This cytoprotective effect is unique to 

apo-yersiniabactin, and is not observed upon addition of pre-formed Cu(II)-Ybt. These 

results were confirmed in three independent experiments.
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Figure 4. Catecholate siderophores and yersiniabactin exert opposing effects on copper 
cytotoxicity
(a) Growth of wild type (UTI89), yersiniabactin (ΔybtS), catecholate siderophore (ΔentB), or 

total siderophore (ΔentBΔybtS) expression mutants in the presence of copper was 

determined. Results were consistent with copper-dependent cytoprotective effect for 

yersiniabactin and cytotoxic effect for catecholate siderophores. (b) Exogenous addition of 

20 μM of the siderophore enterobactin, or its catecholate moiety 2,3-dihydroxybenzoate 

(DHB) enhances copper (II) sulfate toxicity in UTI89. (c) Apo-yersiniabactin prevents 

catechol-dependent reduction of copper (II) sulfate to copper (I) in an order-of-addition 

dependent manner. The complete reaction system consisted of 17.5 μM copper(II) sulfate, 

either 20 μM enterobactin (ent) or its catecholate moiety 2,3-dihydroxybenzoic acid (DHB), 

25 μM apo-yersiniabactin (Ybt), and 25 μM of the copper(I) indicator bathocuproine 

sulfonate. Reagents were added in the order indicated and Cu(I)-bathocuproine absorbance 

was determined 30 min after addition of the last reagent. Results were confirmed in three 

independent experiments.
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