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Abstract

Metal complexation reactions can be used effectively as sensors to measure concentrations of 

phosphate and phosphate analogs. Recently, a method was described for the detection of 

phosphate or ATP in aqueous solution based on the displacement by these ligands of pyrocatechol 

violet (PV) from a putative 2:1 (Yb3+)2PV complex. We have not been able to reproduce this 

stoichiometry and report this work in order to correct the coordination chemistry upon which 

sensor applications are based. In our work, colorimetric and spectrophotometric detection of 

phosphate was confirmed qualitatively (blue PV + Yb3+; yellow + Pi); however, the sequence of 

visual changes on the titration of PV with 2 equiv. of Yb3+ and back titration with ATP as 

described previously could not be reproduced. In contrast to the linear response to Pi that was 

reported previously, the absorbance response at 443 or 623 nm was found to be sigmoidal using 

the recommended 2:1 Yb3+:PV solution (100 µM:50 µM, pH 7, HEPES). Furthermore, both 

continuous variation titration and molar ratio analysis (Job plot) experiments are consistent with 
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1:1, not 2:1, YbPV complex stoichiometry at pH 7 in HEPES buffer, indicating that the deviation 

from linearity is produced by excess Yb3+. Indeed, using a 1:1 Yb3+:PV ratio produces a linear 

response in ΔAbs at 443 or 623 nm on back titration with analyte (phosphate or ATP). In addition, 

speciation analysis of the Yb–ATP system demonstrates that a 1:1 complex containing Yb3+ and 

ATP predominates in solution at µM metal ion and ATP concentrations. Paramagnetic1H NMR 

spectroscopy directly establishes the formation of Yb3+–solute complexes in dilute aqueous 

solution. The 1:1 YbPV complex can be used for the colorimetric measurement of phosphate and 

ATP concentrations from ~2 µM.
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Introduction

Phosphates and nucleotides are key metabolites in biology and play a central role in biology 

and medicine [1, 2]. Since phosphates per se contain no inherent near-UV–vis chromophore, 

they present a challenge to the development of sensitive and practical methods for detection. 

Approaches to this problem have included electrochemical [3], conductive [4], refractive 

index [5–7] and fluorescence [8, 9] detection, but have been limited by poor sensitivity and 

selectivity. Methods based on chemical derivatization may complicate the analytical 

procedure [9–11], but when combined with indirect detection they offer the most promising 

strategy for the development of sensitive and specific analytical methods for this class of 

compounds [4, 12–15]. Importantly, the strong chelating properties of phosphates, including 

nucleotides, for particular metal ions can be exploited in detection assays. Various 

approaches for detecting phosphates and derivatives utilizing selective coordination 

chemistry have been described [16–22].

Recently, Yin et al. [23–25] reported the indirect detection of HPO4
2− and ATP using an 

ytterbium (Yb3+)–pyrocatechol violet (PV) complex (see Fig. 1 for the structure of PV). 

These works reported the formation of a blue putative Yb2PV complex in neutral aqueous 

solution, which, in the presence of added HPO4
2− and ATP, undergoes ligand exchange [23–

25], releasing the free PV dye (which is yellow). The exchange reaction was conveniently 

monitored by UV–visible spectroscopy, observing the disappearance of the Yb3+–PV 

complex (623 nm) or the release of the free PV at 423 nm [23].

The chelating properties of phosphates and nucleotides can lead to the formation of more 

than one kind of metal complex in solution depending on the pH and other specific 

conditions [26–30]. Specifically, Yb3+ has been reported to form several complexes with 

phosphate and ATP [28]. Given the limitations on the solubility of the Yb3+–Pi system, 

which impedes analysis by potentiometry, less information is available on this system. 

However, the Yb3+ and ATP system has received more attention [26, 28, 30–32] in studies 

ranging from spectrophotometric analysis at µM concentrations [30] to studies at much 

higher concentrations using alternative techniques such as potentiometry [28], electron spin 

echo [31] and NMR spectroscopy [32]. Not surprisingly, Yb3+ complexes with ATP display 
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both 1:1 and 1:2 stoichiometries. The 1:1 complexes are generally the major complexes at 

low (µM) concentrations and at high metal-to-ligand ratios (excess metal ion) [26, 30]. The 

1:2 complexes predominate at higher concentrations (mM) and at low metal to ligand ratios 

(excess ligand) [27, 28]. At intermediate concentrations, both 1:1 and 1:2 complexes are 

observed [28]. Some X-ray structures have been reported for the Yb3+–Pi system [33–36]. 

For example, one report describes a 1:1 complex with metal coordinated to eight O atoms 

forming two orthogonal interpenetrating tetrahedral geometries [34]. However, the relevance 

of this structure to the complex in solution is uncertain. There are no structures in the crystal 

database for Yb3+–ATP complexes.

We were originally interested in exploring the applicability of the Yb3+–PV sensor to the 

detection of phosphorus-containing compounds. However, we were unable to quantitatively 

reproduce the original observations of Yin et al. with phosphate or ATP, prompting us to 

reinvestigate the underlying complexation chemistry. Here we report on findings indicating 

that their assumed Yb3+–PV complex stoichiometry, which is fundamental to the accurate 

application of this system to phosphate and ATP determination, is incorrect.

Materials and methods

Solid pyrocatechol violet (Sigma–Aldrich, St. Louis, MO, USA, and Alfa Aesar, Karlsruhe, 

Germany), ytterbium(III) chloride hexahydrate (99.998%, Sigma–Aldrich), and 

ytterbium(III) oxide (99.998%, REacton®, Alfa Aesar) were used to prepare the 10 mM 

stock solutions. The UV–vis spectra were acquired at ambient temperature on a PerkinElmer 

(Waltham, MA, USA) Lambda 25 spectrophotometer employed in a dual beam mode using 

10 mM HEPES buffer as a blank. Water purified with the E-pure system from Barnstead 

(Dubuque, IA, USA; up to 17.8 MΩ cm−1) was used throughout. The NMR studies were 

carried out using paramagnetic parameters, as reported previously [37]. Specifically, the1H 

NMR studies were carried out using a short acquisition time (0.05 s) and large sweep 

widths. The31P NMR studies were carried out using an acquisition time of 0.1 s.

Stock solutions

PV was dissolved in deionized water. The resulting solution was transferred to the 

volumetric flask and diluted with water. The PV stock solution was standardized at pH 5.3 in 

10 mM acetate buffer solution, based on a molar absorbance value of 14,000 M−1 cm−1 at 

445 nm [38]. Concentrations calculated based on weight were within 3–5% of those 

obtained by molar absorbance. The stock solution was prepared fresh before each analysis. 

This solution was found to be stable for several days.

The Yb3+ stock solution was prepared from either YbCl3·6H2O or Yb2O3 with identical 

results. YbCl3·6H2O was dissolved in deionized water, while Yb2O3 was dissolved in conc. 

HCl with stirring and under heating, and slowly evaporated until a neutral vapor reaction 

was obtained. The resulting solution was transferred to the volumetric flask and diluted with 

water. The Yb3+ stock solution was standardized by EDTA titration at pH 6.0 in acetate 

buffer using xylenol orange as a complexometric indicator [39]. Similar results were 

obtained using PV as a complexometric indicator. The Yb3+ solution was stable for weeks; 
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solutions were used for up to two weeks after preparation. Substrate stock solutions (10 

mM) were prepared in aqueous solution from the salts.

General procedure for UV–vis spectroscopic analysis sample preparation

Step 1: Blue YbPV complex samples Samples of 50 µM PV and 0–100 µM Yb3+ were 

prepared by adding aliquots of stock solutions of YbCl3 and PV to 5.0 mL of 10 mM 

HEPES buffer at pH 7.0. In a typical procedure, the YbCl3 stock was added to the buffer 

first, and the PV stock was added after shaking. The resulting solution was shaken for a 

minimum of 10 s, transferred to the quartz cuvette, and the UV–vis spectrum was recorded 

immediately.

Step 2: Measuring analyte concentrations Analyte (0–100 µM) was added directly to the 

freshly prepared YbPV solution. The development of the yellow color from the Yb–analyte 

complex is complete within 30 s. No significant changes were observed within the 15 min 

needed to make the measurement.

Results and discussion

Stability and ruggedness of the sensor system

Seeking to explain discrepancies between our results and those reported by Yin et al. for 

their putative Yb3+
2–PV phosphate sensor, we first looked for inadvertent errors in the 

assays as carried out in our laboratory. Assay results obtained using the procedure described 

in “Materials and methods” are in fact reliably reproducible. After development, the sensor 

color is stable for at least 2 h, particularly if the PV is kept at a stoichiometry with the metal 

of 1:1 or less, although a precipitate can be observed after standing overnight. No differences 

were observed in spectroscopic signature in samples that had been purged and maintained 

under a blanket of argon. The data presented in Figs. 2, 3 and 4 were obtained in duplicate or 

triplicate and the error bars in most cases are covered by the plotted symbol. The assay was 

also carried out by several different operators, and using two different Yb3+ salts from two 

suppliers (“Materials and methods”) with identical results. Deviations from the procedures 

as described can introduce variability into the results, in particular during the preparation of 

the stock solution in HEPES buffer (pH 7.0), since both PV and Yb3+ solutions can change 

irreversibly over time. At pH 7, the PV solution changes color from red to yellow and finally 

to brown, indicating oxidation. Oxidation was previously reported to take place above pH 

7.5 [40]; however, little or no oxidation was observed at pH 7.0 in HEPES buffer on the 

timescale of the experiment. The Yb3+ solution deposits precipitates of sparingly soluble 

ytterbium hydroxide after storage for about one week [41].

When stock solutions of PV and YbCl3 were premixed before adding them to the buffer, the 

absorbance maximum of the resulting Yb3+–PV complex shifted from 614 to 638 nm. The 

selection of appropriate solution preparation and mixing times and analyte concentrations of 

the substrate is critical if the assay is to yield repeatable results. Thus, errors in the assay 

could be introduced unless consistent time protocols are used.

The procedures described here call for the preparation of solutions which, unless buffer is 

added to keep the added analyte volume constant, have at the most a 1.5–2% dilution factor. 
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A 2% dilution is within the experimental error. Since the ratio of Yb3+ to PV (YbPV 

complex) is kept constant in all samples, the only variable is analyte concentration.

A few cautionary notes for the application of this method to the determination of phosphate 

and phosphorus-containing compounds are needed. First, the complexes that form between 

Yb3+ and phosphorus-containing compounds are very insoluble. If the assay is done at 

equilibrium conditions, the precipitation of the Yb3+–phosphorus compounds could shift the 

measurements using this method. This fact is one of the reasons why we recommend that the 

assay is carried out within a short time period (15 min) with the concentration ranges 

defined in this work. In our hands, results obtained during 15 min time periods are accurate, 

whereas measurements made when samples have been left for longer than 1 h may be less 

reliable. Presumably the kinetics of precipitation are relatively slow, so that this issue is less 

of a problem in practice.

One can observe interference in phosphorus compound determination when other metal ions 

are present. Specifically, we found problems with the assay when Zn2+, Cu2+ and Ca2+ were 

present at 20, 10 µM, and ≥10 mM, respectively. Although the total intracellular 

concentrations of Ca2+ (0.1 mM), Zn2+ (0.1 mM) and Cu2+ (10 µM) [42] imply that Zn2+ 

and Cu2+ should, in principle, interfere with assay, this may not actually happen, because the 

latter two metal ions are known to be strongly chelated in cells [42]. Thus, even when 

extracts of biological samples are used directly without prior dilution, Zn2+ and Cu2+ are 

strongly chelated by metalloproteins and other abundant small-molecule chelators. These 

complexes are likely to compete favorably with the PV molecule and little metal ion 

exchange takes place. The presence of Ca2+ is not likely to interfere with the assay because 

the concentration is less than that needed for interference. Overall, we conclude that the 

metal ion content in these samples is not likely to cause interference when assaying many 

biological samples.

However, the ability of Yb3+ to form coordination complexes with proteins and other 

biometabolites that naturally chelate Ca2+, Cu2+ and Zn2+ does limit the application of this 

assay. If Yb3+ displaces Ca2+, Cu2+ and Zn2+ from the proteins or other intracellular 

chelators, this Yb3+ will no longer interact with PV and will therefore skew the assay 

measurement. This effect is similar to the well-known transmetallation phenomenon 

observed for Gd-based MRI contrast agents [43]. Of the three potential problems with this 

assay, we view the latter to be the most serious, perhaps because this is less easily 

controlled. We recommend that a standard curve of added Pi should be tested before 

extensive use on biological samples.

Effect of phosphate and ATP on the Yb3+ and PV assembly in HEPES buffer at pH 7.0

The ability of the putative Yb2PV complex to act as a colorimetric sensor for phosphate was 

then reinvestigated using the conditions of Yin et al. [23–25]. The absorbances at 443 and 

623 nm of a mixture of 100 µM Yb3+ and 50 µM PV in 10 mM HEPES, pH 7.0, were 

monitored as a function of phosphate concentration, resulting in the spectroscopic changes 

observed in Fig. 2a and in the changes in absorbance shown in Fig. 2b. We also observed a 

blue to yellow color change consistent with sequestration of Yb3+ from the relatively weak 

Yb–PV complex to form a more stable Yb3+–phosphate complex, with displacement of the 
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PV dye. However, in surprising contrast to the linear response to phosphate reported 

previously [23–25], the absorbance difference versus phosphate concentration was found to 

be sigmoidal (Fig. 2b). The effect of ATP on the Yb2PV system was also measured, and the 

data is presented in the Supplementary material (Figs. S1, S2). As shown in Fig. 2b, this 

analyte also produced a sigmoidal curve rather than the linear response reported previously 

[23–25].

The small initial absorbance change upon the addition of phosphate to 20 µM suggests that 

free Yb3+ exists in this solution, complexing the added phosphate or ATP. When the total 

phosphate concentration increases from 20 to 120 µM, the UV–vis spectra change 

significantly, suggesting that free metal ions are increasingly unavailable and that the metal 

is now being displaced from the Yb–PV complex, resulting in the observed color transition 

from blue (Yb–PV complex) to yellow (PV). These observations are inconsistent with the 

results of Yin et al. [23–25] and prompted us to redetermine the Yb and PV complex 

stoichiometry.

The Yb3+ and PV complex stoichiometry is 1:1

We determined the Yb3+ and PV complex stoichiometry by both the continuous variation 

and the molar ratio methods [44]. The continuous variation studies of the Yb3+ and PV 

complex stoichiometry were carried out in 10 mM HEPES solution at pH 7.0. The total 

concentrations of both Yb3+ and PV were kept at 100 µM. In Fig. 3a, we display the 

absorbance as a function of PV mole fraction at three representative wavelengths. In all 

cases, the absorbance maximum is located at a mole fraction of 0.5. The 2:1 stoichiometry 

of a Yb2PV complex would require the absorbance maximum to occur at 0.33. Therefore, 

the simplest interpretation of this data is the formation of a 1:1 complex in 10 mM HEPES at 

pH 7.0.

Although alternative interpretations, including several complexes with stoichiometries that 

yield an average 1:1 stoichiometry are possible, such as the 2:2 complex, the most likely 

interpretation for the data presented is a 1:1 complex. The possibility that the complex is a 

ternary complex of Yb3+–PV–Pi is less likely. This conclusion was reached because the 

spectrophotometric signature of a sample of a 1:1 mixture of Yb3+–PV with equimolar Pi is 

nearly identical to the spectroscopic properties of a solution of uncomplexed PV.

The formation of the 1:1 complex formation was supported by studies using the molar ratio 

method, where the PV was kept constant and equal to 50 µM, and the Yb3+ was varied from 

0 to 100 µM in the 10 mM HEPES buffer (pH 7.0). The only complex detected under these 

conditions was the 1:1 complex, since the transition from the line with the positive slope to 

the line with zero slope is observed at a 1:1 ratio of Yb3+ to PV (Fig. 3b). These results 

support the equilibrium shown in Eq. 1, but not that shown in Eq. 2, as the determinant 

process in sensor formation. (It was not possible to extend these studies using speciation 

titration methods due to the limited solubility of the YbPV.)

(1)
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(2)

To eliminate the possibility that other factors such as adventitious metal ions could explain 

the discrepancy between our findings and those of Yin et al., we verified that doubly distilled 

water from a different source, the treatment of HEPES buffer solution with Chelex 100 ion 

exchange resin, or the use of starting materials from a different supplier did not change the 

results. We note that our conclusions are supported by some early work on a range of other 

Yb3+ complexes [45–48].

UV–vis absorption of the Yb3+–PV system upon the addition of phosphate and ATP

The question of whether the correct complex has a 1:1 or 2:1 stoichiometry is crucial to the 

quantitative analysis of phosphates using this system. If the complex formed is actually a 1:1 

complex, but a ratio of 2:1 is used in 10 mM HEPES buffer at pH 7.0, then the solution will 

contain free, uncomplexed Yb3+. As we demonstrate here, added analyte will first 

coordinate to the free cation and nonlinearity in the titration will result. In Fig. 4a, we show 

the absorbance spectra observed for solutions containing a 1:1 Yb3+:PV ratio. The 

absorbance change at two wavelengths as a function of analyte concentration was calculated 

for both ratios (2:1 and 1:1 Yb:PV) and is shown in Fig. 4b, c. At a 2:1 ratio of Yb3+–PV, a 

nonlinear response of DA versus concentration is observed, in contrast to the linear plots 

obtained with the 1:1 ratio. For the 1:1 ratio, a small (10 µM) concentration of added analyte 

results in a proportional change in absorbance, indicating that the Yb3+ ions were initially 

bound to PV (Fig. 4a, phosphate as the added analyte). When all of the PV has been 

displaced from the YbPV complex, no further change in absorbance is observed, again 

consistent with 1:1, not a 2:1, Yb:PV stoichiometry (see Eqs. 3 and 4).

(3)

(4)

In Fig. 4c, we show the absorption change as a function of ATP concentration at ratios of 

both 1:1 and 1:2 Yb3+ to ATP (Fig. S1). As with Pi (Fig. S2), when the ratio of Yb3+–PV is 

2:1, a nonlinear response of ΔA versus concentration is observed, in contrast to the linear 

plots obtained when the ratio is 1:1. For the 1:1 ratio, even a low concentration of added 

analyte (10 µM) results in a significant change in absorbance, suggesting that all of the Yb3+ 

ions are pre-bound to the PV, as shown in Fig. 4a, with phosphate as the added analyte. 

When all of the PV is displaced from the YbPV complex, no further change in absorbance is 

observed, which is again consistent with a 1:1 stoichiometry.

In the case of the Yb3+–ATP system, several reports of complexes forming in aqueous 

solutions exist [26, 28, 30]. The higher solubility of Yb3+–ATP complexes has made 

speciation studies of this system possible, which were carried out in 0.1 KCl [28]. These 
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studies were carried out from pH 2 to 12 and involved a metal-to-ligand ratio from 1:1 to 

1:5. Using formation constants derived from this work, we were able to predict speciation 

for 1:1 and 1:2 Yb3+:ATP ratios at 50 µM Yb3+ (Fig. S3). These speciation diagrams show 

that at submillimolar concentrations of metal and analyte, the predominant species in 

solution is mainly the 1:1 complex. However, as the concentration increases to 1 mM, much 

more of the 1:2 complex forms at 1:1 and 1:2 Yb3+:ATP. At 1 mM Yb3+ and 2 mM ATP, 

almost 80% of the Yb3+ exists as a 1:2 complex.

To verify that the conditions illustrated in the speciation diagram are practicable, we 

prepared equivalent solutions at various pH values and confirmed that indeed such solutions 

can be prepared without any precipitation over most of the pH range (Fig. S3).

In addition to the speciation constants recommended by Martell and coworkers [49], some 

previous work had reported hydrolysis constants for a few additional species [50]. These 

species are minor at pH 7, but their importance increases as the pH increases and the 

concentration decreases. We chose to use the constants recommended by Martell and 

coworkers [49], and hesitated to include these species in a study that was carried out without 

considering these species [28]. However, to evaluate how the presence of such species might 

impact our studies, we have carried out speciation calculations including these values [50], 

and these speciation diagrams are shown in Fig. S4. The speciation diagrams in Figures S3 

and S4 show little difference at pH 7 at both low and high concentrations. However, at pH ≥ 

8, the hydrolyzed Yb3+–ATP species is accompanied by soluble Yb3+ hydroxides. Thus, at 

these higher pH values, the Yb3+ would not be completely complexed and the assay would 

no longer be accurately reporting the phosphorus content. This problem is more significant 

at low concentrations and underlines the importance of maintaining the assay conditions at 

pH 7.0, as instructed in the “Materials and methods” section.

Potentiometric studies were attempted with the Yb3+–Pi system. Unfortunately, the low 

solubilities of these complexes preclude proper evaluation of the Pi system in order to 

compare them with studies reported previously for Yb3+–ATP, where formation constants 

were obtained from solubility data [51, 52]. However, the available information supports a 

1:1 complex, in agreement with the results from our studies (Figs. 2, 4a).

1 H NMR studies of the Yb–PV complex system were attempted (data not shown). Given 

that Yb is paramagnetic, the presence of this ion effectively increases the relaxation times of 

all solution components, and line broadening would be anticipated for both free and 

coordinated PV [37]. The spectra obtained were so dramatically affected by the Yb3+ that 

most of the signals were broadened into the baseline, consistent with the coordination of the 

metal ion to the PV ligand.

The complexation reaction of Yb3+ with ATP was also examined by1H and31P NMR. 

Complexation of Yb3+ by ATP has been detected previously using magnetic methods [32]. 

Yb3+ ion increases the linewidth of signals as a function of its distance from particular 

nuclei. This effect is apparent in the1H NMR spectra presented in Fig. 5. Of the three signals 

in the 6.5–10 ppm region observed for free ATP in the absence of Yb3+ (6.0, 8.1 and 8.4 

ppm), the signal at 8.4 ppm broadens immediately into the baseline upon the addition of 
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even a low ratio (1:10) of Yb3+ to ATP. This observation indicates that this aromatic ring 

proton (H8) is either adjacent to a nitrogen atom that is directly coordinated to the Yb3+, or 

else it is located near the paramagnetic center. (The former possibility was discounted by 

Svetlova et al. [28] considering the weak basicity of the purine nitrogen atoms). The other 

two signals broaden progressively as the ratio reaches 1:1 and are shifted downfield (Fig. 5). 

The variability in the line broadening of these signals supports the interpretation that the 

nitrogen atom is not directly coordinated to the Yb3+. At ratios higher than 1:1, the signals 

continue to broaden but the chemical shifts of the signals show little further change.

Analogous studies were attempted using31P NMR spectroscopy; however, at the 

concentrations used to obtain the1H NMR spectra, the phosphate signals were excessively 

broadened (data not shown). Previously, higher concentrations of ATP were reported to 

exhibit31P NMR spectra at low metal to ATP ratios [32]. In summary, these NMR studies are 

consistent with the observation of a 1:1 complex between Yb3+ and ATP, in which the Yb3+ 

coordinates directly to the ATP in a multidentate manner involving the triphosphate groups.

Color changes and back titration of the Yb–PV systems with ATP

In light of the corrected sensor stoichiometry required by this work, we also reinvestigated 

the colorimetric response of the Yb3+–PV system assessed visually using the 2:1 [23–25] 

and 1:1 stoichiometries. Figure 6a shows the appearance of a series of solutions of PV (50 

µM, pH 7, HEPES) containing increasing concentrations of Yb3+ (0–50 µM) using a 1:1 

ratio of reagents. Back titration of the solution using ATP reverses the original (yellow to 

blue) color change. Figure 6b shows the corresponding series with [Yb3+] varied from 0 to 

100 µM using the 2:1 ratio of reagents. The color transition from yellow to blue is almost 

completed at 40 µM Yb3+, and further addition of Yb3+ does not appreciably change the 

color of the solution. Back titration of this solution with ATP manifests a more gradual color 

transition compared to the equimolar sensor in Fig. 6a.1 These visual images of the color 

development in the assay support the idea that the sensor stoichiometry is 1:1 Yb:PV, not 2:1 

as claimed previously [23–25].

Conclusion

The stoichiometry of the Yb3+–PV coordination complex is critical for applications of this 

method to phosphate detection and sensing. The stoichiometry of the complex that forms 

between Yb3+ and PV in aqueous solution at pH 7.0 has been suggested to be either 1:1 [45–

48] or 2:1 [23–25]. Our results demonstrate the Yb3+–PV complex stoichiometry to be 1:1. 

Based on the revised stoichiometry, we reinvestigated the colorimetric response of this 

sensor to added phosphates and ATP. The stoichiometries of the complexes that Yb3+ forms 

with phosphate and ATP were also investigated using indirect methods. Both of these 

compounds react with YbPV to form complexes with a predominant 1:1 stoichiometry at 

µM concentrations of metal and ligand, even though ATP is a multidentate ligand. The 

utilization of the correct Yb3+:PV stoichiometry is essential to obtain accurate phosphate 

1The photos illustrating the back titration with ATP in Fig. 6 do not compare to those reported previously [23]. It is curious that the 
details in the figure with the back titration reported previously in Fig. 2 of [23] show imperfections in the cuvettes and sample volumes 
consistent with an image reversal of samples shown in the initial titration.
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derivative concentrations (0–50 µM) based on a linear response of the sensor complex 

Yb3+PV to the analyte.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structure of the pyrocatechol violet (PV) monoanion, the predominant species at pH 7.0
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Fig. 2. 
The absorbances of solutions with a 2:1 Yb3+:PV ratio (100 µM Yb3+ and 50 µM PV) in 10 

mM HEPES buffer (pH 7.0) (a). The absorbance difference in the 100 µM Yb3+ and 50 µM 

PV solution in 10 mM HEPES buffer (pH 7.0) at two wavelengths (443 and 623 nm) upon 

phosphate (full symbols) and ATP (open symbols) addition (b)
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Fig. 3. 
a Continuous variation plot at three representative wave-lengths for the Yb3+ and PV system 

in 10 mM HEPES buffer at pH 7.0. The total concentration of Yb3+ + PV is equal to 100 

µM. Samples were prepared by adding the acidic stock solutions to the buffer. b Absorbance 

difference at 623 and 443 nm as a function of the [Yb3+]/[PV] molar ratio. The PV 

concentration was kept constant at 50 µM, and Yb3+ was varied from 0 to 100 µM
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Fig. 4. 
The absorbance of solutions with a 1:1 Yb3+:PV ratio (50 µM Yb3+ and 50 µM PV) in 10 

mM HEPES buffer (pH 7.0) (a). The effect of the Yb3+:PV ratio in 10 mM HEPES buffer 

(pH 7.0) on the absorbance change at 443 nm (circles) and 623 nm (squares) from phosphate 

(b), and ATP (c) addition. Filled symbols correspond to the absorbance change with a 2:1 

Yb3+:PV ratio (100 µM Yb3+ and 50 µM PV); open symbols to the absorbance change with 

a 1:1 Yb3+:PV ratio (50 µM Yb3+ and 50 µM PV)
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Fig. 5. 
1H NMR spectra of 5 mM ATP solutions with various amounts of added Yb3+. The Yb3+ to 

ATP ratio is shown next to and to the left of the spectra. The solution pH values were 

between 6.9 and 7.1. Paramagnetic parameters were used to record these spectra (see 

“Materials and methods”). The1H assignments are indicated on the bottom spectrum. X 
marks an unassigned proton signal

Gaidamauskas et al. Page 16

J Biol Inorg Chem. Author manuscript; available in PMC 2016 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
a Visual assessment of color changes in PV (50 µM) solutions in HEPES (10 mM, pH 7.0) 

upon the addition of [Yb3+] = 0–50 µM and then [ATP] = 0–50 µM (top). b Corresponding 

series for [Yb3+] = 0–100 µM and [ATP] = 0–100 µM (bottom)
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