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 Efficient methods are described for selection of new IMAC-tagged protein systems. 30

 Adsorption isotherms and binding kinetics of new IMAC resins determined.31

 Performance attributes of a new type of tag have been compared to the [His]6 tag. 32

 Impact of ligand structure on binding constants and resin capacities documented.33

Application uses of different metal-charged binuclear tacn ligands are described.34

35

36

ABSTRACT37

This study describes the determination of the adsorption isotherms and binding kinetics 38

of tagged recombinant proteins using a recently developed IMAC cassette system and 39

employing automated robotic liquid handling procedures for IMAC resin screening. These40

results confirm that these new IMAC resins, generated from a variety of different metal-41

charged binuclear 1,4,7-triaza-cyclononane (tacn) ligands, interact with recombinant proteins 42

containing a novel N-terminal metal binding tag, NT1A, with static binding capacities similar 43

to those obtained with conventional hexa-His tagged proteins, but with significantly increased 44

association constants. In addition, higher kinetic binding rates were observed with these new 45

IMAC systems, an attribute that can be positively exploited to increase process productivity. 46

The results from this investigation demonstrate that enhancements in binding capacities and 47

affinities were achieved with these new IMAC resins and chosen NT1A tagged protein. 48

Further, differences in the binding performances of the bis(tacn) xylenyl-bridged ligands were 49

consistent with the distance between the metal binding centres of the two tacn moieties, the 50

flexibility of the ligand and the potential contribution from the aromatic ring of the xylenyl 51

group to undergo π/π stacking interactions with the tagged proteins.52

53
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1. INTRODUCTION56

Immobilized metal affinity chromatography (IMAC) is a popular technique for the 57

purification of recombinantly-tagged proteins particularly at the laboratory scale, with 58

iminodiacetic acid (IDA) [1-3] and nitrilotriacetic acid (NTA) [4,5] the two most commonly 59

used metal ion chelators.. Despite their popularity, both of these chelating systems have a 60

number of limitations. The structurally unconstrained tridentate metal chelator, IDA, exhibits 61

comparatively low metal ion stability constants with most ‘borderline’ transition group metal 62

ions [6], such as Cu2+, Ni2+, Co2+ or Zn2+, with logKsc (or -values) between 7.2 and 10.7 [7]. 63

Since the affinity of histidine (as well as several other amino acid residues) for these metal 64

ions falls into a similar range (logKassoc values between 6.5 and 10.2), a frequently observed 65

phenomenon with IDA-based IMAC systems is metal ion transfer (MIT) from the resin to the 66

protein. This behavior leads to loss of metal ions from the IMAC adsorbent, and thus reduced67

binding capacity, with product contamination occurring due to the presence of leached metal68

ions [8]. On the other hand, the functional entities of the tetradentate ligand, NTA, occupy69

four coordination sites of borderline metal ions and result in larger -values, but typically 70

leave only one or two metal coordination sites available for interaction with e.g. histidyl 71

groups of a protein, depending on the coordination geometry of the metal ion. This reduction 72

in the number of coordination sites can lead to premature breakthrough of the tagged 73

recombinant protein. More critical, however, is the fact that NTA has recently been classified 74

within some national jurisdictions as a potential carcinogen [9]. These concerns on metal 75

leakage and ligand toxicity have resulted in limited application of IMAC adsorbents in several76

industrial sectors, e.g. the biopharmaceutical industry.77

The synthesis and properties of some members of the family of binuclear metal 78

chelating ligands, based on the macrocyclic 1,4,7-triazacyclo-nonane (tacn), have been 79

described and their ability to bind histidine-containing oligopeptides and tagged and untagged80
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proteins investigated [10-16]. Compared to conventional IMAC ligands, significantly higher81

metal ion stability constants were observed with Cu2+, Ni2+ and Zn2+ ions especially for the 82

bis(tacn) ligands, such as bis(tacn)ethane (dtne) or bis(tacn)-propane (dtnp). Even though tacn 83

and bis(tacn) ligands are tridentate chelators, the ligand-metal ion stability constants for Cu2+, 84

Ni2+ and Zn2+ are between three and ten orders of magnitude higher than those found with 85

NTA [7,17-19], making the tacn family virtually free of MIT effects. Moreover, bis(tacn)86

ligands are capable of immobilizing two metal ions simultaneously, which allows even 87

stronger protein retention to be achieved due to the potential for multipoint interactions. 88

In characterising the performance of chromatographic adsorbents, measurement of 89

their adsorption isotherms and binding kinetics is particularly useful [20-24]. Typically, static 90

(batch) adsorption experiments are used to deliver this isotherm and kinetic information and 91

to facilitate prediction of the binding behavior of the same proteins in dynamic column 92

formats, operated under different conditions of ionic strength, pH, temperature flow rate and 93

sample loading in packed or fluidized beds [25-31]. Until recently, the generation of such 94

information has often been time consuming and labour intensive. For example, in a previous 95

study on the interaction between several immobilized metal-loaded chelating ligands and 96

different untagged proteins, such as hen egg white lysozyme, bovine myoglobin and bovine 97

cytochrome c [13,21], many thousands of sample and buffer dilutions and metal ion 98

replacement experiments were manually carried out, taking over ~18 months, to obtained the 99

required sets of experimental data. The emergence [32-34] of high throughput techniques, 100

based on robotic microfluidic liquid handling systems, for the screening of chromatographic 101

resins, such as ion exchange, hydroxyapatite or hydrophobic interaction materials, has 102

provided an opportunity to circumvent these limitations with IMAC procedures. 103

In this study, we describe the application of such robotic procedures in the104

determination of the adsorption isotherms and binding kinetics of tagged proteins in IMAC 105
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systems under static (batch) binding conditions. To this end, different tacn-derived ligands, 106

chemically immobilized onto SepharoseTM 6 FF (Figure 1) and loaded with Cu2+, Ni2+ or Zn2+107

ions, have been evaluated. Compared to the manual methods hitherto employed,. the 108

application of similar automated liquid handling systems with these IMAC adsorbents was not 109

only expected to significantly reduce the consumption of reagents but also to increase110

throughput via miniaturisation, The performance of these IMAC resins was investigated with 111

a recombinant protein, namely N-terminally tagged glutathione S-transferase (GST), 112

containing a new type of tag, called NT1A, specifically designed for enhanced molecular 113

recognition with this class of IMAC resins. Key binding parameters (maximum capacity, Qmax114

association constant, Ka, and adsorption kinetics, ki) were determined and compared to those 115

obtained with a conventional tag system, represented by His6, and a commercial IMAC resin116

with the same recombinant protein. A further objective of this study was to determine the 117

influence of the spacer group linking the two tacn units on the interaction with the NT1A- and 118

His6-tagged protein in terms of their Qmax and Ka, values with these IMAC systems.119

120

2. EXPERIMENTAL121

2.1. Materials and reagents122

Glutathione Sepharose 4B and Ni SepharoseTM 6 FF were purchased from GE 123

Healthcare (Uppsala, Sweden). The synthesis of the tacn and bis(tacn) ligands (Figure 1) and 124

their immobilization onto SepharoseTM 6 FF (GE Healthcare, Uppsala, Sweden), activated 125

with epichlorohydrin, was performed according to our published procedures [11,13]. 126

Available X-ray crystallographic data [14] and established energy minimization/docking 127

algorithms [35] based on software programs developed by Molecular Simulations Inc. (San 128

Diego, USA), were employed to generate a model for the interaction of the histidinyl groups 129

of the NT1A tag in its -helical or -sheet conformations with the (Cu2+)2-Ligand complexes. 130
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Metal salts (Ni(NO3)26H2O, Cu(NO3)21H2O and Zn(NO3)26H2O) were obtained from 131

Sigma-Aldrich (St Louis, MO, USA).132

2.2. Protein expression and purification133

The fusion proteins were expressed using E. coli strain BL21 cells containing the 134

plasmid vector pTrc99A [36]. Cell pellets were re-suspended in 1× PBS buffer, pH7.2, and 135

the cells lysed by sonication with a Sonicator 3000 (Misonix, Farmingdale, NY, USA). The 136

filtered cell lysate was then purified by affinity chromatography using Glutathione Sepharose 137

4B with an ÄKTA Explorer 100 FPLC platform (GE Healthcare, Uppsala, Sweden) with 1x 138

PBS buffer as the loading and wash buffers. Step elution of the tagged proteins was achieved 139

with 10 mM reduced glutathione (Sigma-Aldrich, St Louis, MO, USA) in 50 mM Tris-HCl, 140

pH 8.0. The collected eluate was dialyzed into 1× PBS, pH 7.2. From SDS-PAGE analysis, 141

the eluted tagged proteins were of very high purity (nearly 100% by densitometry). The final 142

sample buffer was adjusted to 20 mM sodium phosphate, 1 M NaCl, 30 mM imidazole, pH143

7.3 (Buffer A). Samples were filtered, adjusted to a concentration of 3 mg mL-1 protein, and 144

stored at -20°C until used.145

2.3. Metal immobilization146

The tacn and bis(tacn) resins were washed with dH2O (5 × 10 mL) on a sinter funnel to 147

remove any residual 20 % (v/v) ethanol used for storage of the IMAC gel. The semi-dry gel 148

was transferred into 50 mL Falcon tubes (BD Biosciences, Franklin Lakes, NJ, USA) and 149

mixed for 1 h with a 50 mM metal nitrate solution (copper, nickel and zinc respectively) in a 150

ratio of 2 mL metal nitrate per 1 mL swollen gel. Excess metal nitrate was removed by 151

washing with dH2O (5 × 10 mL) and the gel resuspended in 20 % (v/v) ethanol. Samples of 152

the charged resins were freeze-dried, weighed and hydrolyzed with 4 M HCl for at least 48 h 153

at 50°C for analysis of metal ion concentrations by Atomic Absorption Spectroscopy (AAS).154

155
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2.4. Preparation of resin samples for adsorption and kinetic measurements156

The isotherm and adsorption kinetics measurements experiments were performed in 96-157

DeepWell plates (1 mL, Nalge Nunc, Roskilde, Denmark). An equal distribution of aliquots 158

(7.7 µL) of each suction dried resin was placed into the wells using a ResiQuotTM aliquotation 159

device (Atoll, Weingarten, Germany) [37]. Six wells in one section of the plate were left 160

empty for buffer blanks and determination of ci (see Figure 2, bottom right corner). In order to 161

prevent the gel drying, buffer A (10 µL) was added to each well and the plates were 162

immediately sealed with polyester sealing tape (Nalge Nunc, Roskilde, Denmark) before use.163

2.5. Isotherm, association constant and adsorption capacity measurements164

Adsorption isotherm experiments were performed at 20°C on a Tecan Freedom Evo 200 165

robotic workstation (Tecan, Männedorf, Switzerland), equipped with an 8-pipette liquid 166

handling arm, two gripping arms (ex-centric and con-centric), a Te-ShakeTM orbital plate 167

shaker, a Rotanta 46 RSC centrifuge (Hettich, Tuttlingen, Germany) and a Tecan Infinite 168

M200 plate reader. For isotherm generation, variable volumes of buffer A and the protein 169

stock solution (3 mg mL-1) were added according to the regime shown schematically in Figure 170

2 to the prepared deep well plates, giving the final liquid volume (220 µL). The plates were171

covered with lids and agitated on the shaker for 3.5 h at 1,400 rpm. After centrifuging for 5172

min at 4,000 rpm, the supernatants (100 µL) were mixed with buffer A (200 µL) in UV 173

transparent multi-titer plates (Greiner, Frickenhausen, Germany). The absorbances of these 174

solutions at 280 nm were then determined using the Tecan Infinite M200 plate reader.175

2.6. Determination of the adsorption kinetics176

The plate setup and experimental protocols for determination of the adsorption kinetics 177

were identical to those used for the isotherm measurements (Figure 2) with the exception that178

a constant protein concentration was used. The time of adding the aliquots of the protein 179

solution to the deep well plates was varied over the interval from t = 0 to t = 3,600 seconds 180
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with incubation times ranging from 14.4 to 211.50 minutes respectively (Table 1). To each 181

well containing the resin (7.7 µL) and buffer A (10 µL), buffer A (96 µL) and the protein 182

stock solution (114 µL, 3 mg.mL-1) were added, again resulting in the total liquid volume183

(220 µL per well). Buffer A was added to all wells at the beginning, whereas the protein 184

solution was added at different time intervals according to the regime shown in Table 1. The 185

total incubation time for each data point was calculated as the time interval between the 186

protein addition and the post-centrifugation transfer of the supernatant (100 µL) into a UV 187

transparent plate prepared with buffer A as outlined above.188

2.7. Isotherm curve fitting procedures189

The A280 absorbance data were transformed into protein concentration (mg.mL-1) values 190

using extinction coefficient values derived from the fusion protein amino acid sequences [38]. 191

The amount of protein adsorbed per mL resin, q*, was determined via a mass balance192

calculation. Since the conventional non-linear curve fit of q* versus equilibrium concentration 193

in the mobile phase, c*, does not account for the error in the predictor variable c*, the two key 194

Langmuir fitted parameters, namely the static capacity, Qmax, and the association constant, Ka, 195

were determined with the ci-VNLS method [39]. In the curve fitting approach employed, the 196

equilibrium concentration in the solid phase, q*, were thus described as a function of the 197

initial protein concentration, ci, as the latter is a truly independent variable. Accordingly, the 198

re-arranged form of the Langmuir function [40] for least-square curve fitting can be expressed199

in terms of Eqn.1 as follows:200

201

Eqn. 1

203

where VR and VL represent the resin and liquid volume, respectively. Curve fitting was 204

performed with OriginPro 8 (OriginLab Corporation, Northampton, MA, USA) using 205
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instrumental weighting based on q* standard deviation data. Coefficients of determination r2206

between the experimentally derived and the fitted data were generally larger than 0.995,207

suggesting the suitability of the Langmuir adsorption isotherm for the data fitting procedures.208

In addition, the derived values of Qmax (in mg.mL-1) and Ka in (mL mg-1) were converted to 209

µmol g-1 and mL mol-1, respectively, allowing a comparison based on the concentration of 210

protein bound rather than mass. As determined with freeze-drying samples of Sepharose 6 FF, 211

1 mL of suction dried gel corresponded to a dry mass of 71±2 mg. In order to eliminate 212

variation due to varying metal ion density per unit mass of resin, the dimensionless parameter 213

- the binding site occupancy, θp, - was calculated [41] from Eqn. 2a:214

Eqn. 2a

where215

Eqn. 2b

and NMe
2+ represents the molar amount of immobilized metal ions, nMe

2+ the maximum 216

number of metal ions immobilized by the respective ligand (nMe
2+ = {1;2}) and mR is the mass 217

of resin. The term θp can be described as the fraction of metal immobilizing ligands that 218

interacts with the protein and takes a value between 0 and 1.219

2.8. Adsorption kinetics curve fitting procedures220

For the determination of the rate of mass transfer to the stationary phase, the mobile 221

phase concentration of the tagged protein was normalized by dividing the actual 222

concentration, c, by the initial concentration ci. Plots of c/ci versus time were fitted to a 223

Langmuirian model according to the analytical solutions previously developed 224

[25,30,31,42,43] for ion exchange and biospecific affinity chromatography, based on the mass 225

balance equation, viz.226
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Eqn. (3)

where k1 and k2 are the forward and reverse reaction rate constants respectively, which 227

include the film diffusion, pore diffusion and surface reaction resistance terms. The ratio k1/k2228

is equal to the dissociation constant, Kd, or the reciprocal of the association constant, Ka
-1. The 229

resulting equation, Eqn.4, which describes c/ci as a function of time using the Langmuir 230

isotherm parameters Ka and Qmax [31,42-44] can be given by231

Eqn. 4a

with232

Eqn. 4b

and233

. Eqn. 4c

Nonlinear curve fitting was performed with a Microsoft Excel formatted macro using 234

the Solver plug-in. The coefficients of determination were r2 ≈ 0.99. These nonlinear curve 235

fitting methods iteratively determine the parameter values which best described the 236

experimental data in terms of the chosen model. A standard approach, known as chi-square 237

(2) minimisation, was used to ascertain the values of multiple parameters with minimization 238

of deviations between the predicted values derived from the theoretical curve of the model 239

and the experimental data. High coefficients of determination (r2) near to 1.0, as occurred in 240

the current investigation, are concordant with a high goodness of fit between the experimental 241

and predicted data and the reliability of the model in terms of the determined parameter 242

values.243

244
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3. RESULTS AND DISCUSSION245

3.1. General Considerations: 246

Based on observations that imidazolyl nitrogen atoms of histidine residues play a key 247

role in protein-metal affinity interactions with borderline metal ions, such as Cu2+ or Ni2+, and 248

that a positive correlation existed between the binding strength and number of vicinal 249

histidines, the use of polyhistidine tags to facilitate protein purification was introduced over 250

20 years ago [45]. When attached to the target protein at the N- or C-terminus via251

recombinant DNA methods, histidine tags, and in particular the hexa-His (His6) tag, have 252

become a popular tool for the laboratory scale purification of recombinant proteins by IMAC. 253

Concordant with this trend, surface plasmon resonance (SPR) methods have been used with 254

homologous series of polyhistidine peptides, ranging from His2 to His10, to reveal [46] that the 255

His6 oligopeptide has the highest affinity for nickel ions chelated to the immobilized nitrilo-256

triacetic acid (NTA) system.[0]257

Recently, the use of automated procedures for the screening of the interaction of phage 258

displayed random heptapeptides with Ni2+-tacn, (Ni2+)2-dtne and (Ni2+)2-dtnp, coupled with 259

the application of design criteria for tag removal by exopeptidases, such as dipeptidyl 260

peptidase 1 (DAP1, EC 3.4.14.1), led to the discovery in these laboratories of a novel set of 261

peptide tags, including the tag NT1A (HHHNSWDHDANR) [47-49]. With its two spatially 262

discrete regions of histidine residues, the tag NT1A has the ability to undergo two-point 263

interaction with the metal loaded bis(tacn) ligands, with histidine to histidine distances264

comparable to the distance between the two metal binding tacn centres. A model based on X-265

ray crystallographic data and energy minimisation methods for the interaction of the histidinyl 266

groups of the peptide tag NT1A with the (Cu2+)2-L
mx complex is shown in Figure 3.267

In our earlier studies using metal loaded bis(tacn) ligands with several untagged 268

proteins, namely hen egg white lysozyme, bovine myoglobin and bovine cytochrome c269
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[13,21], not unexpectedly, the affinities and binding capacities determined with these proteins 270

were relatively low due to the absence of a specific histidine-rich sequence or a surface 271

accessible ‘patch’ of histidine residues as the metal affinity binding site. More optimal use of 272

the tacn-based families of IMAC ligands can be achieved through the use of the tag NT1A, 273

which satisfies also the requirement for DAP-1 cleavage, with the corresponding tagged 274

recombinant proteins readily generated by genetic engineering methods and expressed by a 275

variety of cellular hosts, such as E. coli, P. pastoris or CHO mammalian cells.276

Besides the number of vicinal histidines, other factors are known to also play an 277

important role in determining the binding affinity of histidine-rich peptide tags with 278

immobilized metal complexes [16,20,41]. For example, the indolyl nitrogen (of tryptophan) 279

and thiol group (of cysteine) can also form coordination bonds with transition metal ions, 280

whilst contributing effects from aromatic side chains that are in the vicinity of histidine 281

residues have been observed [20,50-52]. The relative surface accessibility and conformation 282

of the histidine residues in the NT1A tag are also highly important [53]. With peptide tags283

containing multiple histidine residues, such as NT1A, the propensity exists to form stabilized 284

α-helix or -sheet conformations with the binding to immobilized metal ions thus 285

synergistically reinforced. Such behaviour has previously been utilized with the metal 286

chelating IDA adsorbents and several tagged proteins, like human fibroblast interferon and 287

bovine somatotropin [8,54]. As the chemical structure of the linkage and the atomic distances 288

separating the two tacn units can be readily and rationally varied with the bistacn family of 289

IMAC ligands, knowledge of the isotherm and kinetic data with NT1A- and His6-tagged 290

proteins were thus expected to guide further development of more robust IMAC systems for 291

both laboratory scale and industrial application. 292

3.2. Evaluation of the isotherm binding parameters. 293

3.2.1. Binding behaviour of the mono- and the binuclear tacn-related IMAC adsorbents. The 294
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isothermal plots are shown in Figure 4 for the two fusion proteins (NT1A-GST and His6-295

GST) and a selection of the tacn- and bis-tacn IMAC resins. As has been experimentally 296

found [16,44-46,50,53] with conventional mononuclear metal-ligand complexes, tags 297

containing six vicinal histidine residues, such as the His6 tag, provide a higher affinity than 298

tags containing only three vicinal histidines. Table 2 lists the derived protein capacities, Qmax, 299

and binding affinities, Ka, for the investigated metal chelating ligands. Importantly, the Qmax300

values for the interaction of NT1A-GST and His6-GST with the Cu2+-dtne, -dtnp and -dtnb 301

resins progressively increased from 12.3±0.3 mg/mL and 18.8±2.4 mg/mL to 44.7±0.6 302

mg/mL and 51.4±1.0 mg/mL respectively as the chain length of the n-alkyl group linking the 303

two tacn units was increased, a finding consistent with the original design criteria that was 304

used for the selection of the NT1A tag by phage display screening procedures. From the305

various sets of experimental data, Qmax and Ka differences were also evident (cf. the isotherm 306

results illustrated for His6-GST and NT1A-GST, Figure 4, panels A and D and Table 2), 307

whereby compared to the Cu2+-tacn SepharoseTM 6 FF, the commercial GE Ni2+ SepharoseTM308

6 FF, a IMAC resin specifically designed for scaling up the purification of histidine-tagged 309

proteins, had a slightly higher affinity for His6-GST than NT1A-GST and also a higher 310

capacity with the His6-tagged protein. A similar, albeit less pronounced, trend was evident for 311

the corresponding mono-nuclear tacn system, an observation which can be explained by the312

lower binding affinity of the mononuclear metal-immobilizing ligand for the NT1A tag. 313

Several of the binuclear tacn-IMAC resins, e.g. Cu2+-Lpx SepharoseTM 6 FF, showed similar or 314

even higher Qmax and Ka values for the His6- and NT1A-tagged GST as the corresponding GE 315

Ni2+ SepharoseTM 6 FF resin. Interestingly, for the His6-GST-Zn2+-Lmx and the His6-GST-316

Cu2+-dtne interactions, the isotherms were bimodal, suggesting the presence of two classes of 317

binding sites with these systems. 318

3.2.2.Effect of the metal ion on the protein capacities, Qmax, and binding affinities, Ka. From 319
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the experimental data, a general trend was evident for the interaction of the three immobilised 320

metal ions, Cu2+, Ni2+  and Zn2+, with both fusion proteins in terms of the static protein 321

capacities (Qmax), namely the trend followed the order Qmax (Cu2+) > Qmax (Ni2+ ) > Qmax322

(Zn2+) (Figure 4, panels C and F). No significant binding of the His6- or NT1A-tagged GST 323

was observed with Zn2+-Lox or Zn2+-tacn (Table 2). The isothermal experiments with the Zn2+-324

charged IMAC resins consistently exhibited the lowest protein association constants, whereas 325

the Ka values for the Cu2+- and Ni2+-charged resins exhibited ligand specific variations. In the 326

case of the tacn and Lox ligands, the Ka values were higher for the Cu2+-charged resins than 327

for the Ni2+-charged resins; however, the opposite trend was observed with the Lmx and Lpx328

ligands. The subte variations evident with these IMAC resins, in terms of their binding 329

capacities, affinities and effect of different metal ions, reflect the sensitive ability of the 330

peptide tag to probe the solvated microenvironments and coordination geometries of the 331

immobilized metal ion-chelating ligand complex as it actually exists at the surface of the 332

adsorbent rather than evidenced from bulk solution experiments with the free ligand complex 333

and the corresponding tag peptide by, e.g. NMR titration studies [55].334

3.2.3.Binding site occupancy of the IMAC resins. The isotherms obtained with the Cu2+-335

charged IMAC resins derived with the Lox-, Lmx- and Lpx-SepharoseTM 6 FF are shown in 336

Figure 4, panels B and E. With either tagged protein, the isothermal shapes, as well as the 337

maximum values of the static protein capacity Qmax were similar. The Qmax values follow the 338

trend Lpx > Lmx > Lox, whilst in the case of NT1A-GST, the Qmax values for the Lpx- and Lmx-339

derived resins were very similar. The binding site occupancies θp’s for these different tacn-340

based IMAC systems, as well as the commercially available Ni2+-charged IMAC resin, with 341

the His6-GST were also similar, i.e. θp was ~0.12 in each case. In contrast, the θp value for the 342

GE Ni SepharoseTM 6 FF resin and NT1A-GST was only 0.07 (Table 2). Since the term θp343

eliminates system variation due to ligand density and metal loading, these dimensionless θp344
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values mean that in these experimental systems on average about 12 % of the theoretical 345

content of metal ion density on the resin (assuming two metal ions were present per bis(tacn) 346

molecule) is involved in the interaction with the tagged protein molecules.347

With the Ni2+-charged bis(tacn) resins, which consistently exhibited lower static 348

capacities, the binding site occupancies, θp’s, were also within the same range, i.e. θp near to 349

0.12, whilst in the case of the binding of His6-GST to the Ni2+-Lmx and Ni2+-Lpx resins, the θp350

values were slightly higher (θp = 0.14 to 0.15). It can therefore be concluded that the lower 351

capacities observed with some of the immobilized Ni2+ ion IMAC systems are a consequence 352

of the lower accessibility of the tagged proteins to the immobilized Ni2+-chelated ligands. It 353

can also be noted that Ni2+ ions have a propensity to form sandwich like structures with the 354

bis-tacn ligands, whereby one Ni2+ ion can be shared with two tacn moieties. If this scenario 355

occurs with, for example, the Lox ligand then only 50 % of the theoretical value of Ni2+ ions356

loaded onto the resin can be achieved, i.e. the metal ion to tacn binding site ratio with the 357

binuclear bis(tacn) ligand would be 1:2. In contrast, the Cu2+ and Zn2+ ions do not typically 358

manifest this behaviour, resulting in the metal ion loading values approaching more closely 359

the theoretical 1:1 value. It can be noted, however, with the Zn2+-charged resins the θp values 360

were in the range of 0.03 to 0.05, confirming that the low observed capacities are not a result361

of low ligand densities or low levels of metal loading, but rather lower affinities. These 362

observations are consistent with previous studies whereby the protein binding capacities of 363

Zn2+-charged IMAC resins have also been found to be lower than the corresponding Cu2+ or 364

Ni2+ systems [13,20,53]. The higher binding capacity Qmax of the commercial Ni SepharoseTM365

6 FF resin for His6-GST, on the other hand, may simply reflect the higher ligand density (ca.366

340 µmol g-1 for this resin) compared to the “in-house” prepared tacn-derived resins (with367

ligand densities of ca. 200-230 µmol g-1). The corresponding binding site occupancy θp of the 368

commercial GE Ni SepharoseTM 6 FF resin was, however, only 0.11 and in terms of this369
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characteristic, the properties of this IMAC adsorbent are therefore similar to those observed 370

for the Cu2+- and Ni2+-charged bis(tacn) xylenyl bridged resins.371

Although charging of immobilized ligands with metal ions is often assumed to go to 372

completion, frequently this assumption is not validated experimentally. As evident from the 373

atomic absorption spectroscopy (AAS) data acquired in the present study, it is clear that the 374

experimental values for metal ion loading were slightly below the theoretical values, based on 375

complete occupancy of all immobilised ligands, the density of which was determined by 376

elemental analysis. If incomplete charging of the chelation sites with the metal ions occurs,377

then conceptually three species of bis(tacn) ligands could be present in the chromatographic 378

resin: namely (i) residual uncharged ligands, (ii) ligands charged with one metal ion, and (iii)379

ligands charged with two metal ions. With mononuclear ligands, such as IDA, NTA or tacn, 380

only two species could exist. The metal free ligand sites will effectively act as weak ion 381

exchange groups. The distribution and abundance of each of these species will affect the 382

overall protein binding capacity and affinity, particularly if sandwich structures form, such as 383

those involving the interaction of two tacn units of the bis(tacn) ligands with the same metal 384

ion. Such effects have been observed previously with other types of immobilized bis(tacn) 385

ligands [13,21]. If this sandwich structure completely occurred with Ni2+ ions, for example386

with the ortho-xylenyl bridged bis(tacn) ligand, all of the coordination sites of a single metal 387

ion will be occupied leading overall to a reduction in capacity of the IMAC resin.388

Not unexpectedly, the static capacities as well as the binding site occupancies obtained 389

with mononuclear Cu2+- and Ni2+-charged tacn ligands were lower than their bis(tacn) 390

counterparts. This outcome reflects the lower affinity of the tag for the metal charged tacn 391

moiety per se. The origin of the substantial difference in immobilized ligand density between 392

the tacn SepharoseTM 6 FF and the commercial GE Ni SepharoseTM 6 FF resins is less clear. A393

possible explanation might be due to an alternative grafting method used for production of the 394
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commercial resin with longer and more flexible linkers incorporated into the GE Ni 395

SepharoseTM 6 FF backbone to enable greater accessibility to the ligand. Our preliminary data 396

with different activation chemistries using the tacn-family of chelating ligands as model 397

compounds are consistent with this possibility (unpublished results). 398

3.2.4.Determination of the association constants, Ka. As evident from the binding data shown 399

in Table 2, the Ka values (in mL mol-1) obtained with the binuclear tacn ligands were higher 400

for NT1A-GST than for His6-GST (except for Zn2+-Lpx), while for all mononuclear ligands 401

(tacn-SepharoseTM 6 FF and the GE Ni SepharoseTM 6 FF) the affinities were higher with the 402

hexa-His tagged protein. For some metal-bis(tacn) complexes (Cu2+-Lox, -Lmx and -dtnb), the 403

Ka values obtained with the NT1A-tagged protein were more than twice the values of the 404

corresponding association constants for the binding of His6-GST. These results are consistent 405

with the hypothesis of a two-point interaction as illustrated in Figure 2. Similarly, a two-point 406

interaction is also a likely scenario for the interaction between the His6 tag and the (M2+)2-407

bis(tacn) complexes, although in this case the association might not be as exclusive, with 408

binding via one metal ion also occurring resulting in a lower overall affinity.409

In the case of NT1A-GST, the distance between the two metal binding centers clearly 410

plays an important role given the trend in binding affinity for Cu2+-dtnb > Cu2+-dtnp > Cu2+-411

dtne. For example, the results for the binding of the two Cu2+ ions immobilized by the butyl-412

bridged bis(tacn) ligand are concordant with the interaction of two histidinyl moieties within 413

the NT1A tag, probably due to the greater flexibility of the ligand. With regard to the binding 414

of the His6-GST, the affinities of this tagged protein to Cu2+-dtnb and Cu2+-dtnp were similar415

and lower than for the corresponding binding of NT1A-GST and Cu2+-dtnp. This result is 416

consistent with a one-point interaction or a weaker two-point interaction that is distance 417

independent taking into account the stochastic features of the six-histidine peptide chain. The 418

low Ka values obtained with Cu2+-dtne for both tagged proteins could be due to either the 419
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formation of a ‘sandwich’ complex, which inhibits the interaction of the metal ions with the 420

protein molecules, or the shorter distance between the metal centers preventing a more 421

optimal two-point interaction.422

Surprisingly, the much less flexible metal chelated ligand, Cu2+-Lox, exhibited the 423

highest association constant with NT1A-GST. With chelating ligands containing the xylenyl 424

group, in buffers of high ionic strengths, a hydrophobic π/π stacking interaction with other 425

aromatic moieties present in the tagged proteins may occur. Since a tryptophan residue is 426

present in the NT1A tag sequence, with all of the xylenyl-bridged bis(tacn) ligands examined 427

in this study, participation of a salt induced hydrophobic π/π stacking is a likely scenario and 428

could explain the higher affinities for the NT1A-tagged rather than the His6-tagged protein. In 429

a general context, the participation of such effects could lead to mixed mode behaviour 430

analogous to that observed [56] with ion exchange mixed mode resins and thus the 431

opportunity to further optimise selectivity through modification of the buffer composition in 432

terms of salt type or concentration. With the Cu2+-charged bis(tacn) xylenyl IMAC resins the 433

trend of increasing NT1A-GST affinity is Lpx < Lmx < Lox; with this order reversed for the 434

Ni2+-charged ligands. It can be noted that the preferred coordination geometries of these 435

Group I borderline metal ions [6,7] with tacn-related ligands are square-bi-pyramidal in the 436

case of Cu2+ or Ni2+ ions, whilst Zn2+ ions can adopt a distorted trigonal-bipyraminal or 437

square bipyrimidal geometry with equal facility. Moreover, it is well known that the Ni2+438

cation has the smallest ionic radius of the three metal ions examined in this study [the ionic 439

radii of Cu2+, Ni2+ and Zn2+ are ~73, 69 and 74 pm respectively [57-59] and is more likely to 440

form a six-coordinate octahedral complex with electron donors than Cu2+ or Zn2+ ions, which 441

favor the formation of 5-coordinate complexes as observed by X-ray crystallographic 442

methods [14,58, Coghlan, Hearn et al., unpublished results]. As a consequence, if the tacn 443

units of the xylenyl bridged ligands come into close proximity due to the formation of the six 444
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coordination bonds with the Ni2+ ions, then the hydrophobic π/π stacking interaction between 445

the aromatic group of the ligand and the tryptophan or other hydrophobic side chains of the 446

NT1A tag will be less favored due to steric hindrance, leading in lower binding affinity.447

3.4. Binding kinetics evaluation448

The adsorption kinetic data are shown in Figure 5 for the incubation of 1.5 mg mL-1449

solutions of His6-GST or NT1A-GST with Cu2+-Lpx SepharoseTM 6 FF or the Ni SepharoseTM450

6 FF resins. Table 3 provides an overview of the binding rate constants k1 and k2 determined 451

via nonlinear curve fitting procedures as well as the dimensionless mobile phase protein 452

concentration c/ci determined at t = 24.6 min for these and the other metal chelated ligands.453

3.4.1.Adsorption to GE Ni SepharoseTM 6 FF. As apparent from these results, the forward 454

reaction rate constant k1 is lowest for this conventional IMAC system His6-GST/GE Ni 455

SepharoseTM 6 FF with 1.7 × 10-2 mL mg-1min-1 and about twice the value for the incubation 456

of NT1A-GST with the same adsorbent. Figure 5, however, reveals that the higher adsorption 457

rate with NT1A-GST is compensated by a lower static binding capacity obtained with this 458

commercially available resin. From a practical point of view, the absolute value of c/ci at a 459

given column residence time t governs the productivity of a chromatographic separation. 460

Phase distribution data for the second recorded data point at t = 24.6 min are listed in Table 3461

as this value reflects a residence time (tresidence) which conceivably would apply in process 462

scale column chromatographic separation due to the need for comparably low flow rates in 463

IMAC protein purification. At this particular residence time, the amount of tagged protein 464

bound by the GE Ni SepharoseTM 6 FF resin is the same for the two tags used. Only at lower 465

flow rates (i.e with tresidence > 30 min) is the commercial resin capable of binding more His6-466

GST than NT1A-GST per cycle. It can be noted, though, that the concentrations of the tagged 467

proteins used in these experiments were higher than it would normally be experienced in the 468

early stages of an industrial downstream processing procedure. If the concentration of the 469
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tagged target protein is low in the starting material, the low affinity between NT1A-GST and 470

Ni SepharoseTM 6 FF (cf. Figure 4 and Table 2) would lead to a reduced level of adsorption. 471

Therefore, when low protein concentration/low protein expression circumstances prevail with 472

fermentation broths and the achievement of high column capacities is the aim, then the use of 473

NT1A-tagged proteins with the Cu2+-bis(tacn) IMAC adsorbents would provide an alternative 474

option of higher productivity.475

3.4.2.Protein adsorption to the bis(tacn) xylene resins. From the binding data of the two 476

fusion proteins with the binuclear metal chelating ligand Cu2+-Lpx (Table 3), k1 is slightly 477

larger for the NT1A-tagged protein. A more significant difference was observed for Ni2+-Lpx478

with k1 twice the value for NT1A-GST as for His6-GST. In most resin cases, the k1 was 479

higher for NT1A-GST; the only exceptions being Cu2+-Lox and Cu2+-Lmx (cf. Table 3). The 480

highest values for k1 were determined for Cu2+-Lox and Zn2+-Lmx, with both showing no 481

significant difference for His6-GST or NT1A-GST. The difference between the His6- and 482

NT1A-tagged proteins was largest with the Ni2+-charged IMAC resins, while for the three 483

isomeric Ni2+-bis(tacn) xylenes, the k1 values obtained with NT1A-GST were all very similar. 484

In order to assess the impact of the binding kinetics from a practical perspective, the phase 485

distribution after a set time (e.g. 24.6 min) was used, i.e. with this incubation time 486

approximately 59 % of the His6-GST and 65 % of the NT1A-GST were bound. Apart from 487

Zn2+-Lpx, which like all Zn2+-charged resins showed only a low protein capacity, with all 488

bis(tacn) xylene resins a 5-10 % higher uptake of NT1A-GST than His6-GST was observed489

after an incubation time of 24.6 min. Unlike the GE Ni SepharoseTM 6 FF resin, the protein 490

capacities of all the bis(tacn) resins were comparable for His6- and NT1A-GST (cf. Table 2). 491

Considering this and the high association constants between NT1A-GST and metal charged 492

bis(tacn) SepharoseTM 6 FF, this cassette system allows both the adsorption of high quantities 493

of the target tagged protein and a high process productivity by rapid binding the target tagged 494
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protein even at low protein titers.495

4. CONCLUSION496

This study documents key parameters associated with the adsorption of tagged proteins497

to IMAC resins, exemplified with a new family of metal complexes of the immobilizing tacn 498

and bis(tacn) xylenyl-bridged ligands, based on the application of an automated liquid 499

handling robotic approach. The procedures are rapid, flexible and allow multiple IMAC resins 500

to be simultaneously evaluated. The binding affinities of the newly developed NT1A tag and 501

binuclear metal-bis(tacn) resins were found to be significantly higher than for the 502

conventional His6/mononuclear ligand resins, whilst comparable capacities were obtained. 503

When tested with His6-tagged protein, the corresponding IMAC resins derived from the504

bis(tacn) ligand family generally exhibited lower affinities than with the NT1A-tagged protein 505

equivalent, consistent with the high efficacy of the new cassette system. Differences in 506

binding performance among the bis(tacn) xylenyl-bridged ligands tested in this study are 507

explainable from consideration of the distance between the two tacn units, the ligand’s 508

flexibility and the potential contribution of the aromatic ring of the bis(tacn) xylene ligands to 509

undergo to a hydrophobic π/π stacking interaction. The study also highlights the advantages of 510

using ‘ligand tuning’ to improve the binding strength by changing the structural features of 511

the bridging group linking the tacn units. Chelating resins charged with Cu2+ and Ni2+ ions 512

exhibited similar binding site occupancies with the total protein capacity higher for the Cu2+513

loaded resins due to a higher metal ion density after the same time of charging. The Zn2+-514

charged resins generally had the lowest protein capacity and affinity and did not bind any 515

protein in the case of tacn or the o-xylenyl bis(tacn) based resins. The results obtained for 516

protein binding with the Zn2+-charged m- and p-xylenyl bis(tacn) SepharoseTM 6 FF, however, 517

indicate some potential for application in the pharmaceutical industry due to the metal’s 518

significantly lower toxicity[59].519
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Compared to other IMAC systems, these experiments have showed that in addition to 520

high affinities between NT1A tagged protein and metal charged bis(tacn) resins, adsorption 521

rate constants were also increased, indicating more rapid protein capture. These attributes of 522

the NT1A/metal bis(tacn) IMAC systems thus appear relevant to protein purification as 523

prominent issues like avoidance of metal ion leakage and ligand toxicity as well as the 524

opportunity for efficient tag removal have been designed into their development. With further 525

availability of panels of chelating ligand analogues targeted to specific tag structures, coupled 526

with access to automated robotic equipment for resin screening, a greater uptake of IMAC 527

procedures for the laboratory and larger scale purification of proteins could become a 528

practical short term goal since with a more diverse range of IMAC resins and conditions, 529

additional ways to enhance selectivity and productivity could be examined and the number of 530

unit operations reduced, either as at the capture stage or during the latter steps of downstream 531

processing.532
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632

LEGENDS TO THE FIGURES:633

Figure 1. Structures of the 1,4,7-triazacyclononane (tacn) and bis(tacn) metal coordinating 634

ligands immobilised onto a solid support material, e.g. SepharoseTM 6 FF, via epichlorohydrin 635

activation chemistry. (A) tacn; (B) 1,2-bis(tacn)ethane (dtne); (C) 1,3-bis(tacn)propane (dtnp); 636

(D) 1,4-bis(tacn)butane (dtnb); (E) ortho-bis(1,4,7-triazacyclonon-1-ylmethyl)benzene (Lox); 637

(F) meta-bis(1,4,7-triazacyclonon-1-ylmethyl)benzene (Lmx); and (G) para-bis(1,4,7-638

triazacyclonon-1-ylmethyl)benzene (Lpx).639

Figure 2. Schematic illustrating the protocol used for the determination of the isotherms and 640

binding kinetics of the tagged proteins with the various IMAC resins in a 96-well plate 641

format. The set up of the 96-well plate allowed the concurrent determination of five isotherms 642

with six data points in triplicate per multititer plate. Identical patterns represent identical 643

metal immobilizing IMAC resins, increasing opacity illustrates increasing initial protein 644
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concentration. Bl. = blank, ci = initial protein concentration (no resin).645

Figure 3. Schematic model illustrating the energy minimised three-dimensional structure and 646

proposed orientation of the histidinyl side chain groups of the NT1A tag interacting with the 647

(Cu2+)2-L
mx-complex. In this conformation, two histidine residues of the NT1A tag 648

simultaneously undergo coordinative covalent interaction with two copper(II) ions 649

immobilised by the Lmx ligand. One of the five valencies of copper(II) is occupied by water.650

Figure 4. Adsorption isotherms fitted to a Langmuirean model obtained with various metal 651

coordinated IMAC resins and the fusion proteins His6-GST (top row) and NT1A-GST 652

(bottom row). Error bars represent standard deviation (measurement in triplicate). 653

Experimental details are described in the Materials and Methods section.654

Figure 5. Normalized time-dependent protein uptake plots determined for the metal chelating 655

IMAC resins Cu2+-Lpx-SepharoseTM FF and GE Ni-SepharoseTM FF respectively and the 656

tagged proteins His6-GST and NT1A-GST. Data were fitted according to the kinetics model 657

of Horstmann et al. [43] as adapted by Mao and Hearn [31]. The error bars represent standard 658

deviation (measurement in triplicate).659

660

661

LEGENDS TO THE TABLES:662

663

Table 1. Experimental protocol used for the determination of the adsorption kinetics of the 664

tagged proteins with the different IMAC resins with the times varied for the addition of an 665

aliquot of the tagged protein at a constant concentration to the deep well plate over the 666

interval ranging from t = 0 to t = 3,600 seconds with incubation times ranging from 14.4 to 667

211.50 minutes respectively.668

669
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Table 2. Isotherm parameters derived from fitting the experimental data to a Langmuirean 670

model for the various IMAC ligand-metal complexes and the two tagged proteins His6-GST 671

and NT1A-GST. The values of Qm (mg mL-1) and Ka (mL mg-1) were obtained by nonlinear 672

curve fitting methods as described in the Materials and Methods; other results were obtained 673

by unit conversion/normalization (see text). Error values represent standard deviation (six 674

data points per curve, measurements in triplicates); nsb = no significant binding.675

676

Table 3. Parameters related to the protein adsorption kinetics determined by a nonlinear curve 677

fitting procedures according to the method of Horstmann et al. (1986) as adapted by Mao and 678

Hearn (2002). The asymptotic value of Qmax was set according to a first order adsorption 679

isotherm for selected protein-resin combinations according to procedures previously 680

described in the Materials and Methods. The error values represent standard deviation (six 681

data points per curve, in triplicates); nsb = no significant binding.682

683
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683

684

Figure 1. Structures of the 1,4,7-triazacyclononane (tacn) and bis(tacn) metal coordinating 685

ligands immobilised onto a solid support material, e.g. SepharoseTM 6 FF, via epichlorohydrin 686

activation chemistry. (A) tacn; (B) 1,2-bis(tacn)ethane (dtne); (C) 1,3-bis(tacn)propane (dtnp); 687

(D) 1,4-bis(tacn)butane (dtnb); (E) ortho-bis(1,4,7-triazacyclonon-1-ylmethyl)benzene (Lox); 688

(F) meta-bis(1,4,7-triazacyclonon-1-ylmethyl)benzene (Lmx); and (G) para-bis(1,4,7-689

triazacyclonon-1-ylmethyl)benzene (Lpx).690

691
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691

692

Figure 2. Schematic illustrating the protocol used for the determination of the isotherms and 693

binding kinetics of the tagged proteins with the various IMAC resins in a 96-well plate 694

format. The set up of the 96-well plate allowed the concurrent determination of five isotherms 695

with six data points in triplicate per multititer plate. Identical patterns represent identical 696

metal immobilizing IMAC resins, increasing opacity illustrates increasing initial protein 697

concentration. Bl. = blank, ci = initial protein concentration (no resin).698

699
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699

700

Figure 3. Schematic model illustrating the energy minimised three-dimensional structure and 701

proposed orientation of the histidinyl side chain groups of the NT1A tag interacting with the 702

(Cu2+)2-L
mx-complex. In this conformation, two histidine residues of the NT1A tag 703

simultaneously undergo coordinative covalent interaction with two copper(II) ions 704

immobilised by the Lmx ligand. One of the five valencies of copper(II) is occupied by water.705

706

707
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707

708

Figure 4. Adsorption isotherms fitted to a Langmuirean model obtained with various metal 709

coordinated IMAC resins and the fusion proteins His6-GST (top row) and NT1A-GST 710

(bottom row). Error bars represent standard deviation (measurement in triplicate). 711

Experimental details are described in the Materials and Methods section.712

713

714

715
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715

716

Figure 5. Normalized time-dependent protein uptake plots determined for the metal chelating 717

IMAC resins Cu2+-Lpx-SepharoseTM FF and GE Ni-SepharoseTM FF respectively and the 718

tagged proteins His6-GST and NT1A-GST. Data were fitted according to the kinetics model 719

of Horstmann et al. [44] as adapted by Mao and Hearn [31]. The error bars represent standard 720

deviation (measurement in triplicate).721

722

723

724
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724

725

Experimental 
point

Shaking time 
until next step 

(s)

Total 
incubation 

time
(min)

t6 3600 211.6

t5 3600 147.4

t4 1800 83.1

t3 1200 48.9

t2 420 24.6

t1 180 14.4

726

Table 1. Experimental protocol used for the determination of the adsorption kinetics of the 727
tagged proteins with the different IMAC resins with the times varied for the addition of an 728
aliquot of the tagged protein at a constant concentration to the deep well plate over the 729
interval ranging from t = 0 to t = 3,600 seconds with incubation times ranging from 14.4 to 730
211.50 minutes respectively.731

732

733
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734
His6-GST NT1A-GST

Metal ion & 
ligand

Qm

(mg mL-1)
Qm

(µmol g-1)
θp

(-)
Ka

(mL mg-1)
Ka

(M-1)
Qm

(mg mL-1)
Qm

(µmol g-1)
θp

(-)
Ka

(mL mg-1)
Ka

(M-1)

Cu2+-tacn 32.3±0.6 10.5±0.1 0.06±0.01 11.7±1.4 0.43±0.05 27.6±1.1 8.7±0.3 0.05±0.01 7.5±1.2 0.27±0.04

Cu2+-Lox 52.2±0.7 16.9±0.2 0.11±0.01 42.3±5.8 1.57±0.21 53.5±0.4 16.8±0.1 0.11±0.01 91.0±11.0 3.26±0.39

Ni2+-Lox 32.4±0.5 10.5±0.1 0.12±0.01 20.5±3.7 0.76±0.14 28.8±1.2 9.0±0.3 0.11±0.01 21.3±10.1 0.76±0.36

Zn2+-Lox nsb nsb nsb nsb nsb nsb nsb nsb nsb nsb

Cu2+-Lmx 55.6±2.7 18.0±0.6 0.11±0.01 31.2±2.7 1.15±0.1 62.2±1.6 19.5±0.4 0.12±0.01 71.5±12.4 2.56±0.44

Ni2+-Lmx 46.9±0.3 15.2±0.1 0.15±0.01 40.8±1.1 1.51±0.04 43.2±0.6 13.6±0.2 0.13±0.01 43.9±5.7 1.57±0.21

Zn2+-Lmx 19.5±1.7 6.3±0.4 0.03±0.01 6.1±1.3 0.23±0.05 21.1±0.5 6.6±0.1 0.04±0.01 11.3±1.2 0.40±0.04

Cu2+-Lpx 65.3±1.1 21.2±0.3 0.13±0.01 38.7±1.9 1.43±0.07 63.3±1.3 19.9±0.3 0.12±0.01 57.9±8.9 2.07±0.32

Ni2+-Lpx 48.7±1.1 15.8±0.3 0.14±0.01 47.3±9.6 1.75±0.36 42.6±0.8 13.4±0.2 0.12±0.01 65.9±21.6 2.36±0.77

Zn2+-Lpx 26.9±0.3 8.7±0.1 0.05±0.01 23.5±1.2 0.87±0.05 23.2±0.5 7.3±0.1 0.04±0.01 17.6±3.3 0.63±0.12

Cu2+-T2E 18.8±2.4 6.1±0.6 0.06±0.01 5.3±2 0.20±0.07 12.3±0.3 3.9±0.1 0.04±0.01 5.5±0.3 0.20±0.01

Cu2+-T2P 31.4±1 10.2±0.2 0.13±0.01 30.5±4.5 1.13±0.16 32.3±1.8 10.1±0.4 0.13±0.01 36.5±7.7 1.31±0.28

Cu2+-T2B 51.4±1 16.7±0.2 0.14±0.01 29.5±3.2 1.09±0.12 44.7±0.6 14.0±0.1 0.12±0.01 80.0±15.8 2.86±0.57

Ni2+-Seph. (GE) 73.5±2.6 23.8±0.6 0.11±0.01 14.5±1.8 0.54±0.07 51.5±0.8 16.1±0.2 0.07±0.01 5.7±0.4 0.20±0.01

735
Table 2. Isotherm parameters derived from fitting the experimental data to a Langmuirean model for the various IMAC ligand-metal complexes 736
and the two tagged proteins His6-GST and NT1A-GST. The values of Qm (mg mL-1) and Ka (mL mg-1) were obtained by nonlinear curve fitting 737
methods as described in the Materials and Methods; other results were obtained by unit conversion/normalization (see text). Error values 738
represent standard deviation (six data points per curve, measurements in triplicates); nsb = no significant binding.739
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740
741

His6-GST NT1A-GST

Metal ion & 
ligand

k1

(M-1 s-1)
k1

(M-1 s-1)

Cu2+-Lox 1) (7.2±0.2) × 10-2 (6.9±0.1) × 10-2

Ni2+-Lox 2) (5.0±0.0) × 10-2 (6.3±0.3) × 10-2

Zn2+-Lox nsb nsb

Cu2+-Lmx 2) (3.1±0.0) × 10-2 (2.3±0.0) × 10-2

Ni2+-Lmx 1) (3.4±0.1) × 10-2 (5.1±0.4) × 10-2

Zn2+-Lmx 3) (6.4±1.0) × 10-2 (7.1±1.4) × 10-2

Cu2+-Lpx (2.2±0.2) × 10-2 (2.6±0.2) × 10-2

Ni2+-Lpx (3.1±0.1) × 10-2 (6.0±0.5) × 10-2

Zn2+-Lpx 1) (3.2±0.3) × 10-2 (4.3±0.4) × 10-2

Ni2+-Seph. (GE) (1.7±0.1) × 10-2 (3.2±0.2) × 10-2

742
1)Qmax adjusted for His6-GST and NT1A-GST.743
2)Qmax adjusted for His6-GST.744
3)Qmax adjusted for NT1A-GST.745

Table 3. Parameters related to the protein adsorption kinetics determined by a nonlinear curve 746
fitting procedures according to the method of Horstmann et al. (1986) as adapted by Mao and 747
Hearn (2002). The asymptotic value of Qmax was set according to a first order adsorption 748
isotherm for selected protein-resin combinations according to procedures previously 749
described in the Materials and Methods. The error values represent standard deviation (six 750
data points per curve, in triplicates); nsb = no significant binding.751

752
753

754
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