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Materials and Methods 

Expression and Purification of Hpn-FRET. To construct Hpn-FRET, a synthetic 

gene encoding Hpn was ordered (Bio Basic), amplified by PCR, and cloned between 

ECFP and EYFP using SphI and SacI in the plasmid system described in previous 

reports.26 The Hpn-FRET plasmid was transformed into BL21star(DE3) and a 10 ml per 

culture grown from a single colony was diluted into 1 L autoclaved LB medium 

containing 50 mg ampicilin for protein expression. The cells were grown at 37 oC, 250 

rpm until OD600 = 0.6. Then the temperature was lowered to 16 ºC, protein expression 

was induced with 0.5 mM IPTG, and cells were grown overnight. The cells were 

harvested by centrifugation and resuspended in 30 ml buffer A (10 mM Tris-HCl [pH 

6.5], 300 mM NaCl, 1 mM DTT) with 10 mM EDTA and 10 mM PMSF. The cells were 

lysed by sonication, and the lysate was cleared and centrifuged at 12,000 rpm for 25 min. 

The supernatant was incubated with DE23 cellulose resin for 1 hr at room temperature to 

remove DNA and filtered through a 0.45 μm filter. The supernatant was then dialyzed 
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against 1.5 L buffer A twice for 2hr each time at 4 oC. Then, 100 mM Tris [pH 8.8] was 

added, and the supernatant was applied to a Ni-NTA column pre-equilibrated with buffer 

B (10 mM Tris [pH 7.4], 300 mM NaCl, 1 mM DTT). The column was washed with 5% 

buffer C (10 mM Tris-HCl [pH 7.4], 500 mM imidazole, 300 mM NaCl, 1 mM DTT) and 

eluted with a linear gradient from 5% to 100% buffer C over 40 ml. Peak fractions were 

pooled, concentrated, and incubated with 20 mM KCN. The sample was then run on a 

Superdex 200 column with buffer B.  The purity of Hpn-FRET was verified by SDS-

PAGE gel (Figure S1). 

Fluorescent Measurements. Fluorescence measurements were done on a Varian Cary 

Eclipse Fluorescence Spectrophotometer. The samples were excited at 433 nm, the 

excitation and emission slit widths were set to 5 nm and the emission spectrum was 

scanned from 453 nm to 650 nm at 120 nm / min using a moving average smoothing 

function. For the titration curves, 0 μM to 2 μM of each metal was added to a solution of 

250 nM Hpn-FRET in buffer B without DTT and the intensity ratio at the peaks was 

taken as a measure of FRET change (Ratio = I527 / I477). Metal stock solutions (100 μM) 

were prepared from the following salts with purity > 99 %: NiCl2. 6H2O, ZnCl2, CoCl2. 

6H2O, CuCl2. 6H2O, MnCl2, MgCl2, CaCl2, Cr(NO3)3. 9H2O, Fe(NH4)2SO4 and FeCl3. A 

100 mM Bi(NO3)3 stock solution in 50% glycerol was used as the Bi3+ source. For 

selectivity measurements the response of 250 nM Hpn-FRET to 1.5 μM of the tested 

metals in the presence and absence of Ni2+, Zn2+, and Co2+ was measured. 

CD Measurements. CD measurements were done on an Aviv 202 CD 

spectrophotometer. The CD spectra of 2 μM Hpn-FRET in 20 mM Tris-HCl [pH 7.4] in 

the absence and the presence of 12 μM Ni2+, Zn2+, Co2+, and 100 μM Bi3+ were scanned 
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in 1 nm increments in triplicates from 190 nm to 260 nm. The spectra were averaged, 

smoothed, and subtracted from the buffer before fitting was done using the Olis Global 

Works fitting program with the CDSSTR algorithm and the SDP 48 (43 soluble and 5 

denatured proteins) and SMP56 (43 soluble and 13 membrane proteins) as basis sets 

(Table S1). 

ICP-MS Analysis. 2 ml aliquots of Hpn-FRET (1 μM) in buffer B without DTT were 

incubated with either 10 μM Ni2+, Zn2+ or Co2+ or with 20 μM total metal of 1:1 mixtures 

of Ni2+/Zn2+, Ni2+/Co2+ and Zn2+/Co2+. The samples were concentrated 10-fold with a 

5000 MW cut-off filter in a centrifugal concentrating device. Each sample was then 

diluted 3-fold and concentrated again. This was repeated 3 times before the protein 

concentrations were measured by UV-vis and the samples were analyzed for metal 

content by ICP-MS to determine the equivalents of metal to protein in each sample  

(Table S2). ICP-MS measurements were performed on a Thermo Finnigan Element 2 

High-Resolution ICP-MS. The samples were diluted with 0.8 N HNO3 by a factor of 500, 

analyzed in medium resolution using an external calibration technique. Machine drift was 

monitored using 115In and 75As as internal standards at ~50 ng/g. Potential interferences 

were monitored by comparing the measured 63Cu/65Cu, 66Zn/64Zn and 112Cd/111Cd rations 

to those found in nature. 

Kd Measurements and Fitting. For the Kd measurement of Hpn-FRET with Ni2+ and 

Zn2+, Ni2+/ citrate, and Zn2+/ CN- buffers were prepared respectively in 100 mM Tris-HCl 

(pH 7.4) and 100 mM NaCl. Free Ni2+ concentrations were buffered from 1.37 × 10-9 to 

6.32 × 10-6 M using 0.3-1.9 mM Ni2+ and 1.5-20 mM citrate. Free Zn2+ concentrations 

were buffered to 3.94 × 10-11 to 6.64 × 10-7 M using 0.1-1 mM Zn2+ and 5- 20 mM CN-. 
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Free metal concentrations were calculated using the program HySS200632 and reported 

complexation constants and Ka values33 (Supporting Information). The metal loading of 

Hpn-FRET was measured in each Ni2+/citrate or Zn2+/CN- buffer. Kd measurements for 

Hpn-FRET with Bi3+ were done by adding increasing amounts of Bi3+ (5 μM to 110 μM 

Bi3+ from 1 mM Bi(NO3)3 stock solution in 50% glycerol) to 250 nM Hpn-FRET in 

buffer B without DTT. The obtained binding curves were fitted with the Hill 1 equation 

using Origin 8 (Table S3). 

Fluorescent Measurements in E. coli. The Hpn-FRET plasmid was transformed into 

BL21*, cells were pre-cultured overnight in LB medium, harvested by centrifugation, and 

inoculated into freshly prepared MOPS minimal media35 with 50 mg/L ampicilin by 

1:500 dilution. The cells were grown at 37 ˚C up to OD600 = 0.4 - 0.5 and cooled down to 

room temperature. Protein expression was induced with 0.1 mM IPTG. 1, 2, 5, 10, 20, 50, 

100, 200, and 400 μM NiCl2, ZnCl2, bismuth subsalycilate (suspension in water), and 

Pepto Bismol were added to aliquots of the original culture. Bacterial cells were grown at 

16 ˚C overnight. Fluorescent measurements were taken for each culture by diluting cell 

culture with 600 μM TBS (10 mM Tris-HCl [pH 7.4], 150 mM NaCl) buffer to OD600 ~ 

0.5. The samples were excited at 420 nm and the emission spectrum was collected from 

450 nm to 550 nm four times for each sample and a moving average smoothing function 

was applied. The signal from TBS was subtracted and the ratio of intensities at 527 nm 

and 477 nm was used in the calculation of the FRET change. 

Kd Measurements of Hpn-FRET for Ni2+ and Zn2+.  

H+ + Cit3- ↔ HCit2-   logK= 6.39 

2 H+ + Cit3- ↔ H2Cit-   logK= 11.16 
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3 H+ + Cit3- ↔ H3Cit   logK= 14.28 

Ni2+ + Cit3- ↔ NiCit-   logK= 6.59 

Ni2+ + H+ +Cit3- ↔ NiHCit  logK= 10.50 

Ni2+ + 2 H+ +Cit3- ↔ NiH2Cit+ logK= 13.30 

Ni2+ + 2 Cit3- ↔ Ni(Cit)2
4-  logK= 8.77 

Ni2+ + H+ + 2 Cit3- ↔ NiH(Cit)2
3- logK= 14.90 

 

H+ + CN- ↔ HCN   logK = 9.04 

Zn2+ + 2 CN- ↔ Zn(CN)2  logK = 11.07 

Zn2+ + 3 CN- ↔ Zn(CN)3
-  logK = 16.05 

Zn2+ + 4 CN- ↔ Zn(CN)4
2-  logK = 19.62. 

For the Kd measurement of Hpn-FRET with Ni2+, Ni2+/citrate buffers were used to 

obtain free Ni2+ concentrations ranging from 1.37 × 10-9 M to 6.32 × 10-6 M using Ni2+ 

binding constant to citrate and the proton association constants for citrate obtained from 

the NIST Critical Stability Constants of Metal Complexes (given above).1 Free Ni2+ 

concentration were calculated using the program HySS20062 for total Ni2+ concentrations 

in the buffer from 3.0 × 10-4 M to 1.9 × 10-3 M and citrate concentrations from 1.5 × 10-3 

M to 2.0 × 10-2 M. In the preparation of these buffers, [Tris-HCl] (pH 7.4, 100 mM) > 

[citrate] (1.5- 20 mM) > [Ni2+] (300 μM- 1.9 mM) >> [Hpn-FRET] (250 nM ) are used to 

maintain buffering capacity at a certain citrate concentration to precisely control free Ni2+ 

concretions. Hpn-FRET concentration used in this measurement is 250 nM in 10 mM 

Tris-HCl (pH 7.4) and 100 mM NaCl and the Ni2+ loading was measured for each Ni2+ 

buffer prepared (Figure 4a). The change in the FRET ratio, which is also equal to the 
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nickel occupancy of Hpn-FRET, versus the free Ni2+ concentration in the buffer was 

plotted and the binding curve was fitted for the Hill 1 equation3 using Origin 8 (Table S1) 

For the Kd
 measurement of Hpn-FRET with Zn2+, Zn2+/CN- buffers were prepared 

and free Zn2+ was computed employing Zn2+ complex formation constants with cyanide 

given above. Free Zn2+ concentrations ranging from 3.94 × 10-11 M to 6.64 × 10-7 M were 

prepared by using total Zn2+ concentrations ranging from 1.0 × 10-4 M to 1.0 × 10-3 M 

and CN- concentrations ranging from 5.0 × 10-3 M to 2.0 × 10-2 M. The obtained binding 

curve was fitted with the Hill 1 equation in Origin 8 (Table S1). 

Hpn-FRET without His6-tag was cloned, expressed, and purified following the 

same procedure for Hpn-FRET (Hpn binds Ni-NTA column). It shows the same FRET 

response to various metal ions as Hpn-FRET with an N-terminal His6-tag (Figure S7). 

Reference: 

1 A. E. Martell and R. M. Smith, Standard Reference Database 46, 2001. 
2 L. Alderighi, P. Gans, A. Ienco, D. Peters, A. Sabatini and A. Vacca, Coordin. 

Chem. Rev., 1999, 184, 311. 
3 J. N.Weiss, FASEB J., 1997, 11, 835. 
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Table S1. CD fitting results for Hpn-FRET in the absence and presence of various 
metal ions using Olis Global Works with CDSSTR algorithm and the SDP 48 and 
SMP56 basis sets. 

 
Hpn-FRET 

 
+ 6 eqiv 

Co2+ 
+ 6 eqiv 

Ni2+ 
+ 6 eqiv 

Zn2+ 
+ 100 
μM Bi3+ 

H1:Alpha-helix 0.13 0.11 0.13 0.23 0.23 
H2:Disordered alpha-helix 0.1 0.1 0.11 0.16 0.21 

S1: Beta-strand 0.23 0.21 0.19 0.16 0.12 
S2: Disordered beta-strand 0.18 0.18 0.16 0.16 0.14 

T: Turns 0.16 0.19 0.16 0.14 0.13 
U: Unordered 0.21 0.2 0.24 0.17 0.15 

No.Helix segments per 
100mer 2.6 2.6 2.7 3.9 5.3 

No.strand segments per 
100mer 9 8.9 8.2 7.9 7.2 

Ave length of Helix 8.9 8.3 8.9 9.8 8.4 
Ave length of strand 4.6 4.4 4.4 4 3.7 

      
Standard Deviation 0.08 0.06 0.07 0.07 0.07 

 

 

 

 

Table S2. ICP-MS results for Hpn-FRET loaded with different metals.  

 
Concentration (μM) 

 
Metal: Hpn-FRET 

 
 Hpn-FRET Ni Zn Co Ni Zn Co 

Hpn-FRET 10.40 0.32 0.18 -- 0.03 0.02 -- 
Hpn-FRET+ Ni((II) 6.64 36.22 -- -- 5.16 -- -- 
Hpn-FRET+ Zn(II) 6.34 -- 28.90 -- -- 4.56 -- 
Hpn-FRET+ Co(II) 5.74 -- -- 21.40 -- -- 3.73 

Hpn-FRET +Ni(II) +Zn(II) 7.84 8.19 33.55 -- 1.05 4.28 -- 
Hpn-FRET +Ni(II) +Co(II) 5.48 20.61 -- 3.51 3.76 -- 0.64 
Hpn-FRET +Zn(II) +Co(II) 6.40 -- 29.24 1.49 -- 4.57 0.23 
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Table S3. Fitting results for binding curves of Hpn-FRET to Ni2+, Zn2+ and Bi3+ with 
the Hill 1 equation. 

 K N r2 

Ni2+ 7.89 × 10-8 ± 8.8 × 10-9 1.21 ± 0.16 0.986 

Zn2+ 1.03 × 10-9 ± 9.3 × 10-11 1.42 ± 0.22 0.989 

Bi3+ 6.19 × 10-5 ± 1.0 × 10-6 6.23 ± 0.71 0.998 
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Figure S1. SDS-protein gel of the purified Hpn-FRET. Lane 1 is Hpn-FRET after Ni-
NTA column, lane 2 is after gel filtration, lane 3 is the supernatant, lane 4 is the lysate, 
lane 5 is the insoluble fraction of the cells, lanes 6-9 are different fractions from Ni-NTA 
column and lanes 10-13 are different fractions from the gel filtration column.  
 

 

 

 

Figure S2. CD spectra for Hpn-FRET in the absence and presence of metals. a) 2 μM 
Hpn-FRET was used in the absence of metal or with 6 equiv of Ni2+, Zn2+, Co2+ or 100 
μM Bi3+. b) Difference spectra were generated by subtracting the spectrum of apo-Hpn-
FRET from the spectra of Hpn-FRET treated with metals. 
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Figure S3. Fluorescence spectra of 250 nM Hpn-FRET without metal (orange), with 
the addition of 1.5 μM Ni2+ (pink), 1.5 μM Zn2+ (green), and 1.5 μM Co2+ (blue). 
 

 

 

 
 
Figure S4. Competition of a) Zn2+ and b) Co2+ with other metal ions for binding to 
Hpn-FRET. 250 nM Hpn-FRET with 6 equiv of the respective metal ion is shown in 
black and the addition of 6 equiv Zn2+ or Co2+ to the sample is shown in white. All 
measurements were done in triplicates. 
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Figure S5. Fluorescence spectra of E. coli in the absence of additional metal (black), 
in the presence of 400 μM bismuth subsalycilate (red) and 400 μM Pepto Bismol (blue).  
 

 
 

 
 
Figure S6. Gel filtration profile of purified Hpn-FRET (MW= 64.0 kDa) in the 
absence (red) and presence of 10 μM Ni2+ (black) on a Superdex 200 column with total 
column volume of 120 ml. Molecular weight standards (green) (600 kDa, 158 kDa, 44 
kDa, 17 kDa and 1.35 kDa) and control protein AKAR1 (pink) (MW= 85.1 kDa) are 
shown as well. AKAR1 is a protein kinase A activity reporter, which has a sensory 
domain between YFP and CFP. As both AKAR1 and Hpn-FRET have different domains 
linked with flexible sequences and are not globular proteins they have large 
hydrodynamic volumes and elute early on the size exclusion column compared to the 
molecular weight standards which are globular proteins. 
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Figure S7. FRET response of 250 nM Hpn-FRET (black) and 250 nM Hpn-FRET 
without His6-tag (white) in the absence of metal and with the addition of 1.5 μM Ni2+, 
1.5 μM Zn2+ and 1.5 μM Co2+. 
 

 

 

 

 

Supplementary Material (ESI) for Chemical Science
This journal is (c) The Royal Society of Chemistry 2010



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


