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Abstract 

Simple and easy to engineer metal-sensing molecules that are capable of differentiating metal 

ions and producing metal-specific signals are highly desirable. Metal ions affect the thermal 

stability of proteins by increasing or decreasing their resistance to unfolding. This work 

illustrates a new strategy for designing bivalent fluorescent fusion proteins capable of 

differentiating metal ions in solution through their distinct effects on a protein’s thermal 

stability. A new dual purpose metal sensor was developed consisting of biotin protein ligase 

(BirA) from B. pseudomallei (Bp) fused to green fluorescent protein (GFP). When coupled 

with differential scanning fluorimetry of GFP-tagged proteins (DSF-GTP) for signal-

transduction detection, Bp BirA-GFP yields distinct protein unfolding signatures with Zn(II) 

and Cu(II) ions in aqueous solutions. The limit of detection of the system is ~1 µM for both 

metal species. The system can be used in a variety of high-throughput assay formats 

including for the screening of metal-binding proteins and chelators. Bp BirA-GFP has also 

the additional benefit of being useful in Cu(II) ion field-testing applications through simple 

visual observation of a temperature-dependent loss of fluorescence. Bp BirA-GFP is the first 

example of a protein-based dual purpose Cu(II) and Zn(II) ion sensor compatible with two 

different yet complementary signal-transduction detection systems. 
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1. Introduction 

Transition metals such as zinc, copper and iron are essential biological microelements and 

their concentration must be tightly regulated to avoid deficiencies or toxic effects in living 

organisms. The presence of Zn(II) ions in tap water indicates corrosion of copper pipes but it 

is not linked to health or safety concerns [1]. However elevated copper intake can lead to 

gastrointestinal symptoms and liver toxicity and can adversely affect individuals carrying the 

Wilson disease gene and children predisposed to childhood copper cirrhosis syndromes [2]. 

Sensitive detection of transition metals in environmental and biological samples requires 

complex analytical instruments such as atomic absorption, and inductively coupled plasma 

mass spectrometers. Electrochemical methods are also commonly used. They require simpler 

instruments that are easier to use but they suffer from a lower detection sensitivity [3]. 

Alternatively, colorimetric or fluorescent metal chemosensors and chemodosimeters [4, 5] 

can be used with variable sensitivity and selectivity. These often lack specificity and require 

masking agents for other biologically relevant metal ions such as iron and copper. 

Colorimetric kits are routinely used to detect Zn(II) ions in serum and urine. 

Biosensors consist of a metal-binding biomolecule and a signal transduction system. DNA-, 

RNA- and protein-based sensors have been described for a large panel of metal ions [6-11]. 

Carbonic anhydrase-based systems are most sensitive for detection of Cu and Zn [12]. 

Protein-based metal biosensors often include a fluorescent reporter system for detection [13-

16]. DsRed has been shown to detect as little as 10 nM of Cu(I) or (II) ions [13]. A histidine 

modified eGFP was engineered that can sense a concentration of 10 nM of Cu(II) ions [17]. 

Another reengineered GFP includes a metal coordination site and was shown to be highly 

sensitive to Pb ions at micromolar concentrations [18]. Metal ion quenchable fluorescent 

proteins that are uniquely modulated by Cu(II), Ni(II), Co(II) and Zn(II) ions have been 

developed as biosensors and imaging probes [19]. Fully synthetic blue fluorescent protein 
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analogs were recently developed as Zn(II) chemosensors [16]. Unfortunately, although very 

sensitive, most chemo- or biosensor transduced signals cannot distinguish between metal ions 

when detectable levels of interfering metal ions are present.  

Simple and easy to engineer metal-sensing probes that are capable of identifying more than 

one metal ion and producing metal-specific signals are highly desirable. Along these lines, a 

GFP chromophore inspired chemosensor was successfully developed that is capable of 

simultaneous determination of Hg(II) and Zn(II) ions [20]. A quinolinyl-substituted 

anthracenone can be used either as a chemosensor for Zn(II) or a chemodosimeter for Cu(II) 

via two independent chemical mechanisms [21]. More recently, a pyridoxal-based dual 

chemosensor was engineered for both visual detection of Cu(II) and ratiometric fluorescent 

detection of Zn(II) [22]. Developing such designer molecules with desired properties and 

solubility remains challenging.  

Metal-binding proteins containing zinc fingers [23, 24] are well suited to be genetically 

engineered into biosensors and chemodosimeters [25]. Here again, reengineering these 

proteins with desired properties is not easy. Transition metals affect the stability of proteins 

by increasing or decreasing their unfolding temperature. Although metal ion binding to a 

protein can easily be measured by differential scanning calorimetry or differential scanning 

fluorimetry (DSF), such techniques have not yet been exploited as an integrated signal 

transduction and detection system. Recent developments such as DSF-GTP [26-28] and the 

principle of selective protein unfolding [29] inspired us to evaluate a selection of metal-

binding proteins tethered to GFP as metal ion sensing probes. Unexpectedly, this proof of 

concept study identified the recently characterized Burkholderia pseudomallei (Bp) biotin 

protein ligase (BirA) [30] as a sensitive metal-sensing protein capable of detecting and 

differentiating Zn(II) and Cu(II) ions in aqueous solution when tethered to GFP.  
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2. Material and methods 

2.1 Cloning, expression and purification 

Bp DnaG-GFP and DENV RdRp-GFP were produced as described previously (Moreau et al., 

2012). Ec BirA-GFP [31], Bp BirA-GFP [30] and Mt BirA-GFP [32] were produced as 

described previously. For Bp LigA-GFP and HIVint-GFP, E. coli expression codon 

optimized Bp LigA and HIVint coding sequences (Bioneer) were cloned into pIM013 (pET-

uvGFP) [33] to create pAC284 (pET-N-6His-HIVint-GFP-C) and pAC292 (pET-N-6His-

BpLigA-GFP-C). Bp LigA-GFP was expressed in E. coli BL21(DE3)RIPL using Overnight 

Express TB Medium (Novagen) containing 100 µg mL-1 ampicillin and 50 µg mL-1 

chloramphenicol. Cultures (100 mL) were incubated at 37 °C with shaking until OD600 

reached 0.5, then reduced to 16 °C for a further 2.5 days. HIVint-GFP was expressed in E. 

coli KRX using standard TB medium containing 100 µg mL-1 ampicillin. Cultures (100 mL) 

were incubated at 37 °C with shaking until OD600 reached 1.5, then induced with 0.1% 

rhamnose and reduced to 16 °C for a further 24 hr. Lysis and purification procedures were 

performed as previously described [26, 34]. All proteins were stored in 50 mM phosphate 

buffer, pH 7.8 with 300 mM NaCl, 20 mM imidazole, 2 mM β-mercaptoethanol and 10% 

glycerol at concentrations ranging between 50-100 µM. Protein concentrations were 

determined by Bradford assay and GFP fluorescence. Protein integrity and purity were 

assessed by SDS-PAGE.  

2.2 DSF-GTP melt curve experiments 

All DSF-GTP [26, 28] melt curve experiments were run in sealed 96-well, hard-shell, skirted 

PCR plates (Bio-Rad) with a CFX-96 (Bio-Rad) thermal cycler to determine transition 

midpoints values for both test protein (TmP) and reference GFP (TmG). Melt curves were 
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generally run unless otherwise stated from 25-90°C, in 0.5 °C increments for 30 s using the 

FAM channel. Changes in Tm (∆TmP and ∆TmG) values were determined for each reaction 

condition compared to a control reaction. For protein refolding analyses two successive DSF-

GTP melt curves were run, with the first one from 25-60°C, followed by a second one from 

25-90°C. Specific DSF-GTP protocols and reagents list are detailed in the ESI. 

2.3 GFP-Basta for determination of protein aggregation 

GFP-Basta experiments were analysed in sealed 96-well, hard-shell, skirted PCR plates (Bio-

Rad) with a CFX-96 (Bio-Rad) thermal cycler to measure a sample’s GFP fluorescence 

(initial and residual after centrifugation) using a 2-min run at 25°C using the FAM channel. 

Centrifugation of samples was routinely performed in 8-well PCR strips at 18,000xg for 15 

min at 4°C. Metal ion-induced protein aggregation (i.e. with Zn(II) acetate or Cu(II) sulphate) 

was determined using a protocol similar to a previously described method [33]. The initial 

fluorescence of a fusion protein (at 1 µM in 25 mM ammonium sulphate (pH 5.7) and 5% 

glycerol) was first measured in each sample in the presence and absence of 12.5 µM Zn(II) or 

Cu(II) ions. Samples were then gradually heated from 25°C to a temperature corresponding 

to the start or end of their respective protein TmP peaks in the CFX-96 thermal cycler in 0.5°C 

increments for 30 s using the FAM channel. Heated samples were centrifuged and the 

supernatants transferred to a fresh 96-well plate for measurement of the residual fluorescence 

in each sample. All reactions were performed in triplicate. 

2.6 Blind water testing 

Equal volumes of Bp BirA-GFP at 1 µM in 50 mM ammonium sulphate (pH 5.7) and 10% 

glycerol were mixed with equal volumes of serial dilutions of tap water (laboratory recycled 

system diluted in milli Q water) with and without 125 µM EDTA. Melt curves were 

performed, followed by Tm and ∆Tm determination. Reactions were performed in triplicate. 
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The same water sample was independently tested for elemental analysis and quantitation by 

ICP-MS at the Advanced Analytical Centre, James Cook University. 

2.7 Spike and recovery accuracy assessment 

Equal volumes of Bp BirA-GFP at 1 µM in 50 mM ammonium sulphate (pH 5.7) and 10% 

glycerol were mixed with equal volumes of water samples (two commercial drinking water 

samples from different suppliers and one freshwater creek sample) with no added metal ion, 

or spiked with Zn(II) and Cu(II) ion solutions to final concentrations of 10, 20 and 30 µM. 

Standards were prepared by mixing 90 µL of 5 mM sodium bicarbonate with 10 µL metal ion 

solutions (pH 8.6). Spiked water samples were prepared in the same way. Melt curves were 

performed, followed by Tm and ∆Tm determination. Reactions were performed in triplicate 

along with standard curves for each metal from 0-70 µM. 

2.8 Isothermal Cu(II)-dependent fluorescence quenching format for field water testing 

Equal volumes of Bp BirA-GFP at 4 µM (in 50 mM ammonium sulphate (pH 5.7) and 10% 

glycerol) and Cu(II) sulphate solutions at 30, 20 and 10 µM were mixed and heated for 10 

min in a temperature gradient ranging from 65-85°C with a thermocycler (Kyratec 

Supercycler). Samples were simply visualized over a UV transilluminator at 365 nm. 

Alternatively a CFX96 thermal cycler with monitoring set to the FAM channel was used as 

indicated with readings taken prior to heating, and at 30 s intervals throughout the 10 min 

incubation (cf ESI for detailed methods). 

3. Results and discussion 

Metal-binding protein evaluation and selection 

Differential scanning fluorimetry of GFP tagged proteins (DSF-GTP) has been successfully 

applied to the characterization of protein-ligand interactions and as a high-throughput assay 
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for small molecule library screening [26, 27, 29-32]. The method allows real-time monitoring 

of the unfolding of a test protein tethered to GFP (Fig 1). The temperature-dependent 

unfolding and aggregation of the test protein leads to a measurable reduction in GFP 

fluorescence that can be transformed into a transition midpoint (TmP) peak followed by a 

second one when the GFP unfolds (TmG). Over the years, we have screened several 

fluorescent fusion proteins, including putative and well-characterized metal-binding proteins 

with a range of salts and buffer systems for their optimal storage. We noted significant and 

distinct changes in Tm for both test proteins and GFP, and their respective fluorescence 

intensity (HP and HG), especially with Zn(II) and Cu(II) ion solutions. These observations 

prompted us to evaluate the potential of DSF-GTP with a selection of metal-binding proteins 

fused to GFP as a new approach for the quantitation of Zn(II) and Cu(II) ions in aqueous 

solutions (Fig 1). 

 

Figure 1: General principle of a bivalent fluorescent fusion protein metal sensor. The 

fluorescent fusion protein consists of an N-terminal hexahistidine (H6) tag followed in order 

by the metal-binding protein, short linker and C-terminal GFP sequences. The fluorescent 

fusion protein is gradually heated leading to unfolding of the metal-binding protein (MBP) 

followed by unfolding of GFP. A typical DSF-GTP melt curve is shown for a candidate 
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fluorescent fusion protein. The curve shows a typical transition midpoint of unfolding for 

MBP (TmP) and another for GFP (TmG). Metal ions interacting with the MBP and GFP will 

lead to measurable concentration-dependent changes in TmP, TmG, HP and HG values. In 

principle, specific and measurable changes in at least two of these parameters would be 

required for sensitive and selective metal ion detection and identification. 

HIVint-GFP and RdRp-GFP [26, 29] were selected due to the presence of one Zn binding 

motif in the HIVint domain [35] and two well characterized Zn binding motifs in the RdRp 

domain [36]. Bp DnaG-GFP [29] and LigA-GFP were selected due to a predicted Zn finger in 

their respective sequences. Ec, Bp and Mt BirA-GFP [30-32] were chosen as control proteins 

due to the absence of zinc binding motifs in their sequences. All fluorescent fusion proteins 

were expressed and purified using a standard method and buffer for comparative evaluation 

[29]. Metal-binding proteins were not assessed with regards to their metal content in the 

initial evaluation. DSF-GTP melt curves were run from 25-90°C yielding distinct TmP and 

TmG for each test protein and GFP. HIVint-GFP, although soluble and fluorescent, yielded a 

very weak TmP peak and was thus abandoned. All remaining fusion proteins produced distinct 

Tm peaks for the test protein and GFP as well as significant HP/HG ratios > 0.25 (Table S1 

and Fig S1). We confirmed that the test proteins did not refold after running a partial DSF-

GTP melt curve spanning from 25-60°C prior another full run from 25-90°C.  

All fusion proteins were interrogated in parallel with Zn(II) acetate and Cu(II) sulfate 

solutions ranging from 3.1 to 12.5 µM (Fig S1). The TmG peaks for GFP shifted consistently 

towards lower temperatures in a concentration-dependent manner with Cu(II) but no 

significant shift was observed with Zn(II) ions. For Bp DnaG-GFP, RdRp-GFP and Ec BirA-

GFP, the presence of 3.1 µM of Zn(II) or Cu(II) led to near complete or total loss of their TmP 

peaks. Bp LigA-GFP was the only putative zinc-binding protein that showed a gradual 

concentration-dependent TmP shift towards lower temperature for both Zn(II) and Cu(II) ions. 



10 

 

The TmP peaks of Bp, Ec and Mt BirA-GFP orthologs were differently affected by increasing 

Zn(II) and Cu(II) ion concentrations. Mt BirA-GFP TmP was almost unaffected by both metal 

ions. Surprisingly, Bp BirA-GFP showed significant gradual TmP shifts towards lower 

temperature with increasing Zn(II) and Cu(II) ions. Bp BirA-GFP has recently been 

characterized but no structural data is available for Bp BirA [30]. Examination of the amino 

acid sequence of Bp BirA revealed the presence of two proximal cysteines (CSVAC) in its 

N-terminal region and two proximal histidines (HALH) in its C-terminal region that resemble 

zinc binding half-sites [37]. However, modelling of the Bp BirA structure did not indicate 

that any of these motifs are in close proximity to each other (Fig S2). CXXXC motifs have 

also been found to bind copper in conjunction with a distant histidine residue [38]. Within Bp 

BirA, it is possible that further metal coordinations could occur through interaction with 

suitable ligands. 

We confirmed that for all test proteins and GFP, the Tm shifts as well as the reduction or loss 

of TmP peak amplitude HP were due to metal ion binding by reversing their effect in the 

presence of excess EDTA (Fig S3). We did not observe any significant change in TmP peak 

for any of the zinc-binding proteins in the presence of excess EDTA, which was rather 

surprising as it is capable of stripping Zn(II) ions from many proteins [39]. Our data suggest 

that these proteins are not bound to zinc. Furthermore, we show that for RdRp and DnaG, the 

reduction or loss of TmP peak amplitude is due to Zn(II) and Cu(II) induced protein 

aggregation (Fig S4). It seems that for HIVint-GFP, Zn(II) binding also leads to protein 

aggregation but this could not be confirmed due to its very small TmP peak HP amplitude. The 

significant thermal destabilization and protein aggregation observed at relatively low Zn(II) 

ion concentrations for all tested proteins containing Zn binding motifs is rather intriguing. 

The data suggest that Zn(II) ions bind and destabilize the unfolded state of these proteins. 

Most of the literature is replete with structural and stability data of Zn binding protein [24] 
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but there is little data describing protein destabilization effects upon Zn(II) ion binding. As an 

example, Zn(II) ion binding to the HCCH motif of HIV-1 virion infectivity factor leads to 

protein aggregation [40]. Zn(II) ions have also been shown to preferentially bind the unfolded 

state of the porcine growth hormone protein leading to its thermal destabilization [41]. Our 

data adds to the growing list of Zn(II) ion induced protein unfolding and aggregation. 

This preliminary evaluation elevated Bp BirA-GFP as the most promising metal-sensing 

protein candidate due to its large TmP peak and HP values, and its progressive but strikingly 

different TmP and TmG peak downshifts that were obtained with increasing Zn(II) and Cu(II) 

ion concentrations. In fact, it became evident that Bp BirA-GFP could not only be used to 

detect and quantitate Zn(II) or Cu(II) ions in aqueous solution but it may also offer the 

possibility of differentiating these two M(II) ions. 

Validation of Bp BirA-GFP as a dual Zn(II) and Cu(II) ion sensor 

We evaluated serial dilutions of Zn acetate and CuSO4 to determine the sensitivity of Bp 

BirA-GFP (Fig 2). It was possible to measure significant Tm peaks with 0.5 µM of Bp BirA-

GFP and Tm downshifts with as little as 1 µM of Zn(II) and Cu(II) ions in aqueous solutions. 

The effects of Zn(II) and Cu(II) ions on Bp BirA and GFP were further analysed by plotting 

their respective ∆Tm as a function of [M(II)] and log[M(II)] (Fig 2). These plots revealed 

distinct metal-specific inflection starts, shapes and slopes, thus allowing not only the 

determination of M(II) ion concentration in solution but also their identification. In the case 

of Zn(II) ions a 1:1 binding mode is most likely to occur based on the progressive Tm curves 

and hyperbolic ∆Tm as a function of [Zn(II)] plot (Fig 2A-C). On the other hand, it is obvious 

that Cu(II) ions bind more than one site with different affinity on Bp BirA based on the melt 

curves and the apparent pseudolinear ∆Tm as a function of [Cu(II)] plot (Fig 2D-E). The 

striking nonlinear bimodal ∆Tm as a function of log[Cu(II)] plot suggests two distinct slopes, 
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supporting that Bp BirA has at least two different binding sites with different affinities for 

Cu(II) ions (Fig 2F). It is possible that upon partial unfolding a new binding site is exposed. 

The CSVAC motif could potentially interact with a histidine present in the N-terminal 

region. Additional ligand atoms observed in copper binding proteins can be provided by other 

residues such as methionine, glutamine and leucine [42]. Another intriguing phenomenon is 

the sudden increase in Tm amplitude ratio at higher Cu(II) ion concentration (Fig 2D). We are 

not sure as to why this happens (cf with the gradual decline in Tm amplitude ratio with Zn(II) 

in Fig 2A) but it offers a practical visual means to distinguish the metal species in solution. 

Most importantly, the different standard curves and lines obtained for ∆TmP and ∆TmG (Fig 2 

and Table S2) offer flexibility for data fitting, an extended linear range and a high-level of 

confidence at concentrations where both ∆TmP and ∆TmG reference lines can be used for M(II) 

ion determination. This is particularly evident in the case of Cu(II) sensing were both 

reference lines for ∆TmP (cf Fig 2E) and ∆TmG (cf Fig 2F) can be used to determine the 

concentrations of Cu(II) ions ranging from ~1-10 µM. Bp BirA-GFP is the first example of a 

protein-based dual purpose Cu(II) and Zn(II) ion sensor offering two different yet 

complementary signal detection strategies. 

 



13 

 

 

Figure 2: Thermal destabilization of Bp BirA-GFP in response to Zn(II) and Cu(II) 

ions. A) DSF-GTP melt curve signature obtained with increasing Zn(II) ion concentrations. 

∆TmP and ∆TmG values obtained with increasing concentrations of Zn(II) ions (B) and semi-

log plot representation (C). DSF-GTP melt curve signature, ∆TmP and ∆TmG values in linear 

and semi-log plot representation obtained with increasing Cu(II) ion concentrations (D-F). Bp 

BirA-GFP at 0.5 µM in 25 mM ammonium sulphate (pH 5.7) and 5% glycerol in triplicate 

for each M(II) ion concentration. Data are presented using GraphPad Prism 8 with all data 

points included. Semi-log plots for Zn(II) ions (C) and Cu(II) ions (F) indicate different Bp 

BirA-GFP binding modes for these species. Data were fitted to a one site – specific binding 

model. 

Metal selectivity and buffer effects 

The utility of a metal sensor is limited by its metal selectivity. We assessed if other metal ions 

could significantly affect the Tm of Bp BirA-GFP. The effect of 37Rb(I),12Mg(II) and 20Ca(II) 

ions as well as a selection of transition metal ions (i.e. 25Mn(II), 26Fe(II), 26Fe(III), 27Co(II), 

28Ni(II), 29Cu(II), 30Zn(II) and 42Mo(VI)) were examined. At the metal ion concentration 
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shown (12.5 µM final) only Fe(II) ions slightly affected the TmP of Bp BirA (Fig 3A). The 

limits of detection were similar for both Cu(II) and Zn(II) ions (Fig 3B). 

 

 

Figure 3: Metal ion selectivity of Bp BirA-GFP. A) Average Tm values were determined 

from melt curves with Bp BirA-GFP at 1 µM in the presence of 12.5 µM metal ions (N=2). 

TmP axis is on the left and TmG axis is on the right. B) The limit of metal ion detection was 

determined with 0.5 µM BirA-GFP. Eight reactions were run to determine the SD of no metal 

ions (±0.259) and compared with the same number of reactions containing metal ions. 

Statistical analyses were performed using Welch’s t-test with GraphPad Prism 7.04. Here the 

concentrations are shown as initial metal ion concentrations in water samples before dilution 

with Bp BirA-GFP (1 µM). Final reaction concentrations for the metal ions and protein are 

half the values shown i.e. 1 µM which is also the absolute limit of detection for both metal 

ions. 

We tested a series of ammonium sulphate, sodium phosphate, gluconate and citrate buffers 

and additives with pH ranging from 5.7-8.7 to examine their effect on the TmP and TmG as 

well as the metal sensitivity and selectivity of Bp BirA-GFP. In general, buffers did not 

significantly affect TmP and TmG with the exception of a phosphate buffer at pH 5.7 that 

downshifted the TmP of Bp BirA-GFP (Fig S5). All phosphate buffers dramatically reduced 
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the sensitivity of Bp BirA-GFP to Cu(II) and Zn(II) ions due to formation of insoluble 

phosphate salts. Indeed, copper and zinc phosphate salts are mostly insoluble at all pH. We 

examined if the use of organic carboxylates as buffering agents could specifically affect the 

metal ion effect of either species on Bp BirA-GFP. The citrate buffer at pH 6 completely 

eliminated the effect of Zn(II) ions on Bp BirA. However, a small effect was still visible on 

Bp BirA with Cu(II) but not on GFP. A competing citrate metal ion chelating effect is most 

likely the reason for our data [43, 44]. The gluconate buffer at pH 5.7 did not seem to affect 

the effect of Zn(II) ions on Bp BirA nor GFP. However, it somewhat affected the effect of 

Cu(II) ions on Bp BirA and GFP. None of these buffers were found to improve the metal 

sensitivity or selectivity of Bp BirA-GFP and were not further investigated. 

The addition of biotin increases significantly the TmP of Bp BirA-GFP without affecting its 

TmG. This is due to changes in protein conformation similar to the one seen in Ec BirA upon 

binding of biotin [30]. Biotin does not interact with Zn(II) nor Cu(II) ions (Fig 4A-B; cf green 

dashed vs full curves for GFP). The binding of biotin significantly reduced the magnitude of 

Zn(II)-induced thermal destabilization of Bp BirA (i.e. ∆TmP) in Bp BirA-GFP. The 

conformational changes induced by the binding of Bp BirA to biotin increased the protein’s 

stability and resistance to unfolding without significantly affecting its affinity for Zn(II) ions. 

It can be concluded that the binding sites for biotin and Zn(II) ions are not overlapping in Bp 

BirA. No further conclusion could be inferred about the topology of the Zn(II) metal ion 

binding site in Bp BirA. 
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Figure 4: Zn(II) and Cu(II) ion binding of free and biotin-bound Bp BirA-GFP. The 

∆TmP and ∆TmG values of free and biotin-bound Bp BirA-GFP with increasing concentration 

of Zn(II) ions (A) and Cu(II) ions (B). Tm values were obtained with 0.5 µM Bp BirA-GFP in 

the presence or absence of 0.5 mM biotin (btn) as indicated. Metal ion concentrations are 

indicated on the abscissa. Dashed curves represent ∆Tm values obtained in the absence of btn 

(cf Fig. 2). All average values of ∆Tm are presented using GraphPad Prism 8 (N=3). Data 

were fitted to a one site – specific binding model or a straight line.  

The binding of Bp BirA to biotin also affected its binding with Cu(II) ions (Fig 4B). Indeed, 

the striking pseudolinear ∆Tm as a function of [Cu(II)] plot obtained for free Bp BirA-GFP 

suggesting two different Cu(II) ion binding sites in Bp BirA is no longer observed (cf Fig 

2E). Instead, a classic curve was obtained for biotin-bound Bp BirA-GFP, suggesting that 

only one Cu(II) ion can bind to biotin-bound Bp BirA (Fig 4B). However, it is not possible to 

assert if this interference with one of the Cu(II) ion binding sites is of a direct or indirect 

nature based on the data. It is safe to conclude that Bp BirA-GFP reacts very differently with 

Zn(II) and Cu(II) ions supporting different metal-binding topologies and modalities for these 

two species (Fig 2). In addition it would seem likely that biotin could be used to help 

differentiate Zn(II) and Cu(II) ions in a mixed sample, especially at low Zn(II) concentrations 

(cf Fig 4A and B). 
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Water testing 

Next, we evaluated the utility of Bp BirA-GFP for water testing. For this, tap water was 

collected in our laboratory, serially diluted in milliQ water and tested with Bp BirA-GFP and 

DSF-GTP. Based on the TmP and TmG signature that we obtained, we concluded that Zn(II) 

ions were present. A control experiment in the presence of excess EDTA supported that the 

∆Tm were due to M(II) ions in the water. We estimated a concentration of 27 ± 4 µM of 

Zn(II) ions in the tap water sample based on the slopes obtained by plotting ∆Tm as a function 

of log[M(II)] (Fig S6). Elemental analysis of the same water sample from the same container 

was independently performed by ICP-MS. The semi-quantitative ICP-MS scan indicated the 

presence of 13 µM Zn and 1.3 µM Cu in the tap water as well as significant concentrations of 

other metal species, including known signal suppressants such as sodium (Table S3). Based 

on the ICP-MS data, the highest possible final concentration of Cu in our reaction setup was 

0.65 µM which would be near the limit of detection of Bp BirA-GFP (Fig 3B) and would 

only have minimally affected the TmP and TmG values. We concluded that the presence of all 

other metal and counter ion species in the tap water did not significantly affect the TmP or TmG 

of Bp BirA-GFP. The recommended maximum impurity concentrations (RMIC) for Cu in 

Australia is 2 mg L-1 corresponding to 31.5 µM and 3 mg L-1 for Zn equating to 45.9 µM. Bp 

BirA-GFP is thus sensitive enough to be applied in water testing [1]. Real-time PCR is 

increasingly applied to detect microbial contaminants in routine water testing. We envisage 

that Bp BirA-GFP could easily be implemented as a cost effective alternative to ICP-MS for 

Zn and Cu testing in water testing facilities with real-time PCR capability. The current DSF-

GTP format allows testing of 96 samples in each run with a duration of ~90 min from sample 

preparation to analysis.     

For accuracy evaluation using spike and recovery assessment, three different water sources 

were used (cf Table S4 for main ion water composition). Water samples were spiked with 
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increasing metal ion concentrations ranging from 0-30 µM (Table 1). Reference metal ion 

standards contained 4.5 mM sodium bicarbonate (pH 8.6) and were fit using a linear 

regression model (cf Fig S7). The recovery (%) for all spiked concentrations and water 

sources that were tested ranged from 84-119% with an average of 102.1 ± 9.2%, highlighting 

a satisfactory metal ion detection accuracy of Bp BirA-GFP for both Zn(II) and Cu(II) 

species (Table 1 and Fig S8). 

 

 

 

 

 

 

 

 

Table 1: Spike and recovery of Zn(II) and Cu(II) ions in three different water samples 

 

M(II) ion 
µM 

Source 1 Source 2 Source 3 Source 1-3 

detected  
µM 

recovery 
% 

detected  
µM 

recovery 
% 

detected  
µM 

recovery 
% 

p-value 

 

95% 
CI 

 

 

Zn 

10 
10.1 

±1.5 
101 

10.5 

±0.9 
105 

10.7 

±1.6 
107 

BirA 

0.0548 

9.9-
10.9 

20 
19.0 

±1.7 
95 

18.3 

±2.7 
92 

20.3 

±1.8 
102 

BirA 

0.0453 

18.5-
20.0 

30 
27.3 

±1.7 
91 

27.8 

±1.0 
93 

29.3 

±2.2 
98 

BirA 

0.0001 

27.7-
29.0 

 

 

 

10 

10.4 

±1.1 
104 

11.7 

±1.4 
117 

11.7 

±1.9 
117 

BirA 
0.0001 

10.7-
11.8 
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Cu 

8.4 

±1.0 
84 

11.9 

±1.5 
119 

11.0 

±1.6 
110 

GFP 
0.0880 

9.9-
11.5 

 

20 

18.9 

±1.9 
94 

21.6 

±1.9 
108 

21.8 

±2.7 
109 

BirA 
0.1183 

19.8-
21.7 

18.1 

±2.1 
91 

21.2 

±2.7 
106 

19.2 

±1.7 
96 

GFP 
0.1865 

18.2-
20.4 

 

30 

27.6 

±2.3 
92 

30.1 

±0.8 
100 

33.4 

±1.5 
111 

BirA 
0.1253 

29.7-
32.0 

33.2 

±2.1 
111 

32.5 

±4.9 
108 

28.8 

±1.8 
96 

GFP 
0.0266 

30.2-
33.2 

Water samples were assayed by adding spike stock solutions calculated to yield the intended 
spike concentrations. Recoveries for spiked test samples were calculated by comparison to 
the measured recovery of spiked control in reaction buffer. All values represent the average 
of four independent repeats with samples in triplicate for each spike concentration (N=12). 
The p-values were determined using all the dataset (i.e. water sources 1-3) for each spike 
concentration (N=36). In the case of Cu(II) ions spike,  concentrations were determined with 
BirA as well as GFP standard curves separately (cf Fig S7C-D). One-sample t-tests were 
performed using GraphPad Prism 7.04 (cf Fig S8).  
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The obvious temperature-dependent increased Cu(II) ion sensitivity of GFP prompted us to  

evaluate the applicability of our fluorescent fusion protein in a simple isothermal Cu(II)-

dependent fluorescence quenching format for field water testing (Fig 5A). Here, the 

experimental setup involves mixing of the Cu(II) solution and Bp BirA-GFP followed by a 

10-min heat treatment and comparison of the residual fluorescence against a standard. 

 

Figure 5: Temperature-dependent fluorescence responses of Bp BirA-GFP to Cu(II) 

ions in water. A) Top view of a 2-dimensional grid examining the effect of increasing 

concentrations of Cu(II) ions and temperature on GFP fluorescence (as indicated in grey 

scale). Red arrowheads indicate the residual fluorescence in the same wells before and after 

heating. The colour photographs on the right, represent a visual examination of the samples 

with UV transillumination at 365 nm showing the gradual loss of GFP fluorescence with 

increasing concentrations of Cu(II) ions after 10 min incubation at 74°C. Equal volumes of 

Cu(II) ion solutions (0-30 µM) and Bp BirA-GFP (4 µM) were mixed. RMIC for Cu(II) ions 

is 31 µM. B) Simplified field testing matrix with control (top rows, white quadrant) and test 
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wells (bottom rows) in the presence or absence of EDTA (100 µM final as indicated by green 

arrowheads and dashed lines) Black numbers represent the initial Cu(II) ion concentrations in 

the water sample and control wells before dilution with Bp BirA-GFP. Blue numbers are the 

initial concentrations of Cu(II) ions in spiked test water samples. Blue quadrants show limits 

of testing conditions in acidic conditions (pH 4.9). Red quadrants show increased stability of 

Bp BirA-GFP due to the presence of 5 mM bicarbonate and increased pH in the water sample 

(pH 8.6). 

To further evaluate the limits of the isothermal Cu(II)-dependent fluorescence quenching 

format for field water testing, we determined the maximum concentrations of Ni(II), Fe(II) 

and Zn(II) ions that will interfere with the performance of the test. First, we performed a 

series of DSF-GTP melt curve experiments in the presence of increasing concentrations of 

Zn(II) with either Cu(II), Fe(II) or Ni(II) as well as Cu(II) with either Zn(II), Fe(II) and Ni(II) 

ions (Fig S9A). For most combinations of metal ions, the data suggest a simple cumulative 

effect model on TmP and TmG. The presence of Ni(II) ions (up to 100 µM final reaction 

concentration) showed very little effect on TmP and TmG (≤ 1°C) that would fall below the 

LOD for Cu(II) and Zn(II) ions. The presence of Fe(II) ions ≤ 25 µM also showed very little 

effect on TmP and TmG (≤ 1°C). The Zn(II) ion concentration cannot be determined in the 

presence of significant concentrations of Cu(II) ions as the latter are clearly dominant in their 

effect on TmP and TmG. Then we examined the effect of increasing concentrations of Cu(II) 

ions and temperature on GFP fluorescence in the presence or absence of 50 µM of either 

Fe(II) or Zn(II) ions in the water sample using a 2-dimensional fluorescence quenching grid 

format (Fig S9B). The data support the utility of the isothermal Cu(II)-dependent 

fluorescence quenching format for field water testing in the presence of ≤ 50 µM of either 

Fe(II) or Zn(II) ions in the water sample. 



22 

 

Finally, we designed a matrix that would allow identification of interfering conditions upon 

testing a water sample by introducing several controls including a metal ion reversal well 

(EDTA) and a 30 µM Cu(II) ion well (Fig  5 B). Acidic pH and increased pH due to the 

presence of bicarbonate were tested as potential interfering conditions. As expected acidic pH 

totally invalidated the test due to the low stability of GFP (cf blue quadrant Fig 5B). 

Surprisingly the presence of bicarbonate up to 5 mM in the water sample did not affect the 

sensitivity of Bp BirA-GFP to Cu(II) ions despite significantly increasing the stability and 

fluorescence of GFP (cf red quadrant Fig 5B). This fast and easy-to-use RMIC test for Cu(II) 

ions only requires a heating block and a UV or blue light source and can be performed as a 

qualitative or quantitative method in a 96-well plate with a run time of ~10 min. 

 

Metal chelator competition assay 

To operate effectively, metal chelators must be selective for a given metal ion over other 

abundant metal ions and cofactors. Metal-selective chelators are useful tools in biological 

investigations. EDTA is commonly used as an extracellular zinc chelator [45], for treating 

lead poisoning and as an anticoagulant. EDTA reversed the effects of Cu(II) and Zn(II) ions 

on the TmP and TmG values of Bp BirA-GFP. This prompted us to test if Bp BirA-GFP could 

be used as a screening tool for the identification and characterization of Cu(II) and Zn(II) 

binding proteins and chelating agents. The screening principle is based on reversal of the 

Zn(II) and Cu(II) ion effects on Bp BirA-GFP in the presence of a competing metal chelator. 

We evaluated the sensitivity of this assay with EDTA and BSA [46] due to their strong Zn(II) 

and Cu(II) binding properties. Here, Bp BirA-GFP (0.5 µM) was reacted with a chelator (10 

µM of EDTA or BSA) and either Cu(II) or Zn(II) ions (10 µM). Control DSF-GTP 

experiments were run in the absence of metal ions or chelators. As expected, EDTA and BSA 
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clearly reversed the TmP downshift effects of Cu(II) and Zn(II) ions on Bp BirA-GFP 

demonstrating the utility of this assay format for the detection of chelating agents (Fig 6A-B).  

 

Figure 6: Competitive metal ion binding of EDTA and BSA.  Reversal of metal ion effect 

in the presence of equimolar EDTA (A) or BSA (B) on Bp BirA-GFP melt curves. A metal 

chelator competition assay format was set up to determine the metal ion binding preference of 

EDTA (C and D) as indicated. Combinations of Cu(II), Zn(II) or Fe(II) ions (all at 10 µM) 

were evaluated in the presence or absence of 10 µM of EDTA or BSA (as indicated) and 0.5 

µM Bp BirA-GFP in 25 mM ammonium sulphate (pH 5.7) and 5% glycerol. Control 

experiments in the absence of metal ions are shown as blue dashed melt curves. Averaged 

melt curves are presented using GraphPad Prism 8 (N=3). 

Next, we examined if we could determine the metal ion binding preference of a chelator such 

as EDTA which is Fe(III)>>Cu(II)>Zn(II). Here, Bp BirA-GFP (0.5 µM) was reacted with 

EDTA (10 µM) and combinations of either Cu(II) and Zn(II) or Cu(II) and Fe(III) ions (10 

µM each). The affinity of EDTA is ~100 fold higher for Cu(II) than for Zn(II) ions. In this 
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case, the majority of free ions in solution affecting Bp BirA-GFP will be Zn(II). Our 

experimental data fit perfectly with the predicted melt curves (cf Fig 6A with Fig 6C). EDTA 

binds with even much higher affinity to Fe(III) ions than Cu(II) ions. Here, the free metal 

ions in solution affecting Bp BirA-GFP should thus be Cu(II) (cf Fig 6A with Fig 6D). Taken 

together, our data demonstrate the utility of the assay for screening water soluble metal ion 

chelators and examining their metal ion preference. 

 5. Conclusions 

We identified Bp BirA-GFP as a sensitive Zn(II) and Cu(II) ion sensor when coupled with a 

DSF signal transduction detection system. The differential metal ion effect on Bp BirA and 

GFP yielded distinct DSF melt curve signatures allowing identification and quantitation of 

the metal ion in solution. The dominant metal ion is Cu(II) as it affects both GFP and BirA 

Tm values to the same extent. Zn(II) and Cu(II) ions have additive effects on Bp BirA TmP but 

Zn(II) ions do not significantly affect the TmG of GFP at conc ≤ 10 µM. We can further 

reduce the effect of Zn(II) ions on BirA TmP in the presence of biotin (cf Fig 4A). This means 

that Cu(II) ion concentrations can be determined in the presence of Zn(II) ions ≤ 10 µM (i.e. 

20 µM in sample) using the GFP TmG standard curve but the reciprocal is not possible. 

However, Zn(II) ion concentrations can only be determined when Cu(II) ions are < 1 µM. 

Little to no interference was observed in the presence of other tested metal or counter ions. 

The data obtained with Bp BirA-GFP compared well with ICP-MS in a blind tap water test. 

In the United States, the Maximum Contaminant Level (MCL) for Cu is 1.3 mg L-1 (20.5 

µM) in drinking water (National Primary Drinking Water Regulations) and 5 mg L-1 (76.5 

µM) for Zn (Secondary Drinking Water Standards). Zn(II) and Cu(II) ion concentrations as 

low as 0.064 mg L-1 (i.e. ~1 µM) could be detected with Bp BirA-GFP (Fig 3B). Thus, with 

its added feature as a simple visual field testing system, we are confident that Bp BirA-GFP 
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could be developed into a versatile and cost-effective water testing system for Cu(II) ion 

detection due to its flexible readout formats (i.e. DSF-GTP and isothermal GFP fluorescence 

quenching methods). 

Bp BirA-GFP can be used for screening and identification of metal chelators and further 

specialized applications are envisaged in serology. For instance, total Zn in serum ranges 

from 0.66- 1.1 mg L-1 (10-17 µM) which is compatible with the detection range of Bp BirA-

GFP. Most Zn is protein bound in the serum requiring protein precipitation with trichloracetic 

acid to release it (e.g. the Wako Zinc kit (Novachem) has a detection range of 4-31 µM). 

Total Cu in serum ranges from 0.7-1.4 mg L-1 (11-22 µM) which is also compatible with the 

detection range of Bp BirA-GFP. Most test kits require masking agents to distinguish 

between Cu or Zn. Thus, it is foreseeable that Bp BirA-GFP combined with currently 

available masking agents could be further developed for testing total Zn and Cu in serum 

samples allowing further streamlining of medical and veterinary testing in laboratories with 

real-time PCR capability. The very small sample volumes required would be particularly 

advantageous in pediatric and small animal serology testing where only limited volumes of 

liquid biopsies are available.  

The sensitivity and dynamic range of the system is set by the concentration of the fluorescent 

fusion protein and its Tm values. A minor limitation of the system is the relatively long DSF 

run, but this could be reduced to less than one hour by increasing the ramp speed and 

shortening the dwell time of the instrument. Reducing the run time could have the benefit of 

increasing the detection range, with a possible downside being a loss in resolution. The 

hands-on time is negligible, and the whole process is straightforward and can be automated as 

liquid and plate-handling systems are routinely available in laboratories. Bp BirA-GFP can be 

safely used with any real-time PCR instrument used for other sensitive PCR applications with 

virtually no risk of cross contamination. Although the effect of metal ions can be reversed 
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with a suitable chelator such as EDTA and BSA, the temperature-dependent detection i.e. 

DSF-GTP or isothermal fluorescence quenching leads to unfolding and aggregation of Bp 

BirA-GFP. As such, Bp BirA-GFP can only be used once. 

The system is simple yet versatile, and we anticipate that further protein candidates with 

alternative metal sensitivities will be identified and developed in the future with our DSF-

GTP principle to provide a series of new bivalent metal-selective sensors. Although we did 

not test the system with other fluorescent proteins, we anticipate that GFP could easily be 

replaced. In this case, combining different fluorescent fusion proteins could pave the way to 

multiplexing metal ion detection. 
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Highlights 

• Burkholderia pseudomallei biotin protein ligase senses copper and zinc ions in water 
• GFP-tagged biotin protein ligase differentiates between copper and zinc ions 
• The assay format allows high-throughput screening of metal chelating agents 
• A simple visual in-field water testing format was devised for copper ion detection 
• Recommended maximum impurity concentrations of copper are easily detected in 

water 
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