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A B S T R A C T   

The introduction of a second coordination sphere, in the form of a protein scaffold, to synthetic catalysts can be 
beneficial for their reactivity and substrate selectivity. Here we present semi-native polyacrylamide gel elec
trophoresis (semi-native PAGE) as a rapid screening method for studying metal complex-protein interactions. 
Such a screening is generally performed using electron spray ionization mass spectrometry (ESI-MS) and/or 
UV–Vis spectroscopy. Semi-native PAGE analysis has the advantage that it does not rely on spectral changes of 
the metal complex upon protein interaction and can be applied for high-throughput screening and optimization 
of complex binding. In semi-native PAGE non-denatured protein samples are loaded on a gel containing sodium 
dodecyl sulphate (SDS), leading to separation based on differences in structural stability. Semi-native PAGE gel 
runs of catalyst-protein mixtures were compared to gel runs obtained with native and denaturing PAGE. ESI-MS 
was additionally realised to confirm protein-complex binding. The general applicability of semi-native PAGE was 
investigated by screening the binding of various cobalt- and ruthenium-based compounds to three types of haem 
proteins.   

1. Introduction 

There has been a surge in the design and production of artificial 
metalloproteins, with a wide range of functionalities, since the year 
2000 [1,2]. Protein scaffolds can offer an asymmetric and tuneable 
chemical environment to catalytically active metal complexes, which 
could improve the selectivity and reactivity and provide information 
about their reaction mechanism [1]. Different techniques can be 
employed to bind a synthetic catalyst to a protein scaffold: covalent 
attachment to e.g. cysteine residue or to an unnatural amino acid, 
binding via supramolecular interactions, metal exchange and attach
ment via dative interaction [2]. In our present study, the focus lies on 
artificial metalloproteins prepared via coordination by histidine. 

For screening the binding of transition metal complexes to proteins 
and for optimization of reaction conditions, a screening technique is 
desirable that can quickly and reliably identify protein-catalyst com
plexes requiring very little sample. Analysis of metal complex-protein 
interactions is typically done using electron spray ionization mass 
spectrometry (ESI-MS) or UV–Vis spectroscopy [3–7]. Both techniques 

typically require 5–120 μg of sample per data point, which can be time 
consuming to obtain in the context of a larger screening, data analysis 
can be complex and specific equipment is required. Here we introduce a 
polyacrylamide gel electrophoresis (PAGE) based technique to perform 
a screening to identify promising protein-catalyst combinations and to 
optimize reaction conditions before further analysis with ESI-MS and 
UV–Vis is performed. 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE) is fast and requires very little sample, however SDS-PAGE 
(ideally) separates proteins based on their mass only. SDS-PAGE in
volves denaturing protein samples by heating at 70–100 ◦C in the 
presence of 1) the surfactant SDS, to unfold and solubilize the protein 
and to provide uniform charge distributions and 2) β-mercaptoethanol, 
which is added to break sulphur bridges [8–10]. In an SDS-PAGE 
experiment protein samples are loaded on denaturing gels containing 
SDS. Small modifications of the molecular weight of the protein (such as 
those involved with the binding of small metal complexes) may not be 
sufficient for separation on gel. Another way to perform gel electro
phoresis is by native PAGE gel analysis, in which no denaturing agents 
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are used. In native PAGE, the fold, oligomeric state and charge of the 
protein are maintained and all contribute to the speed of migration 
through the gel [11]. However, as we will demonstrate, when protein 
modifications are small in size and neutral in charge (as is the case for 
most of our target complexes, see below) the binding of the complex 
does not necessarily lead to separated bands on native gel. 

In this study a new approach for screening the binding of transition- 
metal complexes is introduced, where semi-native gel analysis is used. A 
large variety of methods exist that are referred to as semi-native gel 
electrophoresis in literature [12–20]. We use the term to indicate that 
samples are prepared like for a native gel (i.e. without denaturating 
conditions), while the gels contain SDS as in a denaturing SDS-PAGE. We 
will show that semi-native PAGE can separate modified proteins con
taining transition-metal complexes from unbound proteins. In a two-step 
procedure, binding of transition metal complexes to three types of haem 
proteins was screened by semi-native PAGE and positive samples were 
subjected to ESI-MS to determine the present binding stoichiometries 
and detect whether axial ligands of our complexes remained after 
binding to the protein. 

2. Material and methods 

All chemicals were of analytical grade and were purchased from 
Sigma Aldrich unless otherwise specified. Myoglobin (Mb) from equine 
skeletal muscle was commercially obtained from Sigma Aldrich (M0630- 
1G, Missouri, USA). 

2.1. Synthesis and purification of complexes 

2.1.1. Synthesis of Ruthenium [2,2′:6′,2′′-terpyridine]-6,6′′-dicarboxylate 
(Ru1) 

[2,2’:6′,2′′-terpyridine]-6,6′′-dicarboxylic acid (compound I) was 
synthetized following the procedure described in Galaup et al. 2005 
[21], modified as follows: [Terpyridine]-6,6′-dicarbonitrile (1.5 g, 5.29 
mmol), ethanol (100 mL) and water (20 mL) were mixed in a 250 mL 
round-bottom flask. KOH (2.8 g, 49.9 mmol) was added to the mixture. 
The reaction mixture was refluxed overnight. TLC performed in Hex
ane/EtOAc (9:1) showed consumption of starting materials. Then the 
solvent was evapored and the resulting white residue was dissolved in 
water (100 mL). Upon adjusting the pH to 4 with aqueous HCl (1 M), a 
white precipitate was observed. The precipitate was removed by filtra
tion and washed with cold water (2 × 50 mL) and acetonitrile (2 × 50 
mL). Afterward, the solid was heated to reflux in a mixture of concen
trated H2SO4/concentrated CH3COOH (100 mL, 1:1) for 5 h. The reac
tion mixture was then poured onto ice. A white solid precipitate was 
formed and was filtered and washed with cold water and acetonitrile. 
The white solid was left to dry overnight under vacuum. (Yield: 70%) 1H 
NMR: (400 MHz, DMSO) δ 13.34 (s, 1H), 8.88 (dd, J = 7.8, 1.3 Hz, 1H), 
8.66 (d, J = 7.8 Hz, 1H), 8.22 (t, J = 7.8 Hz, 1H), 8.16 (dd, J = 7.6, 1.2 
Hz, 1H). Ruthenium [2,2′:6′,2′′-terpyridine]-6,6′′-dicarboxylate (DMSO) 
(H2O) (Ru1) was synthetized following the procedure described by 
Matheu et al. 2018 [22]. 

2.1.2. Synthesis of Ruthenium(1,2-bis(pyridine-2-carboxamido)-4,5- 
dimethylbenzene (2-)(CO)(OH2) (Ru2) 

N,N’-(1,2-phenylene)dipicolinamide (compound II) was synthetized 
following the procedure described by Kärkäs et al. 2013 [23]. Ruthe
nium(N,N’-(1,2-phenylene)dipicolinamide)(CO)(H2O) (Ru2) was syn
thetized following the procedure described by Kärkäs et al. 2013 [23], 
modified as follows: RuCl3⋅nH2O (150 mg, 0.471 mmol) was added to a 
solution of N,N’-(1,2-phenylene)dipicolinamide (150 mg, 0.471 mmol)) 
(compound II) and sodium hydride (22.56 mg, 0.94 mmol) in dry DMF 
(4 mL) under constant stirring. The reaction mixture was refluxed under 
nitrogen overnight after which the solvent was evaporated under 
reduced pressure. MeCN (10 mL) was added to the residue and the black 
precipitate was filtered off. After the addition of H2O, the mixture was 

kept in the fridge overnight to afford a dark-green precipitate. Filtering 
and washing with H2O (3 × 20 mL) gave Ru2 (dark-green solid). (Yield: 
14%) 1H NMR (400 MHz, MeOD) δ 9.01 (dd, J = 5.3, 0.8 Hz, 1H), 8.65 
(dd, J = 6.2, 3.5 Hz, 2H), 8.17 (td, J = 7.7, 1.5 Hz, 2H), 8.09 (ddd, J =
7.8, 1.6, 0.7 Hz, 2H), 7.70 (ddd, J = 7.6, 5.2, 1.6 Hz, 2H), 7.05 (dd, J =
6.2, 3.5 Hz, 2H). 

2.1.3. Synthesis of [Ru(II)(2,2’:6′,2’’:6′′,2′′′-quaterpyridine)(Cl)2] (Ru3) 
(2,2’:6′,2’’:6′′,2′′′-quaterpyridine) (Compound III) was synthetized 

following the procedure described by Wachter et al. 2016 [24]. [Ru(II) 
(2,2’:6′,2’’:6′′,2′′′-quaterpyridine)(Cl)2] (Ru3) was synthetized 
following the procedure described by Liu et al. 2014 [25]. 

2.1.4. Synthesis of [Co(II)(2,2’:6′,2’’:6′′,2′′′-quaterpyridine)(Cl)2]⋅2H2O 
(Co3) 

[Co(II)(2,2’:6′,2’’:6′′,2′′′-quaterpyridine)(Cl)2]⋅2H2O (Co3) was syn
thesized following the procedure described by Leung et al. 2012 [26]. 

2.1.5. Synthesis of [Co(II)(2,2’:6′,2’’:6′′,2′′′-quaterpyridine)(H2O)2] 
(ClO4)2 (Co4) 

[Co(II)(2,2’:6′,2’’:6′′,2′′′-quaterpyridine)(H2O)2] (ClO4)2 (Co4) was 
synthetized following the procedure described by Leung et al. 2012 [26]. 

2.2. Protein expression and purification 

2.2.1. Expression and purification of CB5 
Plasmid encoding the soluble part of bovine cytochrome B5 (CB5, 

kindly provided by the Ubbink lab) was transformed into the Escherichia 
coli BL21 pLysS strain, which was grown semi-anaerobically in 1.7 L 
Lysogeny broth (LB) medium containing 0.1 mM kanamycin and 0.1 mM 
chloramphenicol in a 2 L flask. Haem over expression was induced at an 
optical density at 600 nm (OD600) of 0.550 using 5-aminolevulinic acid 
hydrochloride from Sigma Aldrich (M0630-1G, Missouri, USA). Protein 
expression was induced at an OD600 of 0.6–0.8 using 1 mM Isopropyl β-D- 
1-thiogalactopyranoside (IPTG) at 37 ◦C, 140 rpm and growth was 
continued overnight. The pink cell pellets were obtained by 20 min 
centrifugation at 6k rpm, at 4 ◦C in a Sorval RC 6+ centrifuge from 
Thermo scientific (Massachusetts, USA). Cells were washed once by 
resuspension in 150 mM NaCl and subsequent 20 min centrifugation in 
an Eppendorf centrifuge (Centrifuge 5810 Eppendorf, Hamburg, Ger
many) at 4k rpm, 4 ◦C followed by resuspension in 20 mM sodium 
phosphate (NaPi) with 150 mM NaCl, pH 7.0. Cells were broken via 
sonification in a Branson Digital Sonifier (Emerson Electric Missouri, 
USA) set to 30%, 4 s on, 5 s off, for 7 min in an ice bath, in the presence of 
DNase, phenylmethylsulphonyl fluoride (PMFS) and lysozyme. Cell 
debris was removed via centrifugation at 11k rpm, 30 min, 4 ◦C 
(Eppendorf centrifuge 5804 R, Hamburg, Germany), followed by 30 min 
incubation with 0.4 M KCl and 6% w/v PEG 4000 and another round of 
centrifugation. Subsequently, dialysis was performed against 2 L of 20 
mM NaPi pH 7.4 at 4 ◦C overnight using 3.5 kDa cut-off cellulose dialysis 
tubing from Spectrum Chemical (California, USA). Purification was 
performed over a DEAE column (HiTrap DEAE FF 5 mL from Sigma 
Aldrich, Missouri, USA) using a 300 mL gradient from 20 mM NaPi, pH 
7.4–20 mM NaPi and 500 mM NaCl, pH 7.0 and red-coloured fractions 
were collected. This was followed by purification over a Q column 
(HiTrap Q HP 5 mL from Sigma Aldrich, Missouri, USA) with the same 
gradient. Red fractions were pooled and concentrated using 20 mL, 
5.000 kDa cut-off concentrators (Corning, New York, USA) and then run 
over a 120 mL Superdex 75 pg HiLoad 16/600 column equilibrated with 
20 mM NaPi, 150 mM NaCl, pH 7.0. Purified holo protein was frozen 
with liquid N2 and stored at − 80 ◦C until further use. 

2.2.2. Expression and purification of HasAp 
Plasmid encoding Haem acquisition system A from Pseudomonas 

aeruginosa (HasAp) was acquired from Invitrogen (Massachusetts, USA). 
The plasmid was transformed into Escherichia coli BL21 pLysS strain, 
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which was grown aerobically in 0.5 L LB medium containing 0.1 mM 
kanamycin and 0.1 mM chloramphenicol in a 2 L flask at 37 ◦C, 250 rpm. 
Protein expression was induced at an OD600 of 0.8–1.0 using 1 mM IPTG 
and growth was continued overnight at 30 ◦C. The protein was harvested 
as in section 2.2.1. Cell debris was removed via ultracentrifugation 
(Beckman Coulter Optima XE-90) at 30k rpm, 30 min, 4 ◦C. Purification 
was performed over a Q column as in section 2.2.1 and collected frac
tions were selected using SDS-PAGE. The pooled fractions were 
concentrated in a 3 kDa cut-off concentrator (Macrosep Advance Cen
trifugal Device Pall Corporation, New York, USA). Dialysis was per
formed against 4 L of 50 mM NaPi and 0.7 M NH4SO4, pH 7.0 at 4 ◦C 
overnight as in section 2.2. This was followed by purification over a 
butyl column (5 mL HiTrap Butyl FF Sigma Aldrich, Missouri, USA) 
equilibrated with 50 mM NaPi and 0.7 M (NH4)2SO4, pH 7.0. Holo 
HasAp is eluted with 50 mM NaPi and 0.5 M (NH4)2SO4, pH 7.0 and apo 
HasAp was eluted with a gradient to 20 mM NaPi, pH 7.0 over 100 mL. 
Fractions of holo protein and fractions of apo protein were combined 
separately, concentrated, purified over a size exclusion column, then 
stored as in section 2.2.1. 

2.3. Preparation of apo protein and binding of the complexes 

2.3.1. Haem extraction from Mb and CB5 via Teale’s method 
Haem extraction from cytochrome B5 and myoglobin was performed 

using Teale’s method [27]. In short, the pH of the protein was lowered to 
pH 2.0, by dropwise addition of 0.5 M HCl under constant stirring on ice. 
An equal volume of cold 2-butanone was added and mixed, then 
pipetted off after the layers separated, and this procedure was repeated a 
second time. The aqueous layer was pipetted directly into a 3.5 kDa 
cut-off dialysis bag (cellulose dialysis tubing from Spectrum Chemical, 
California, USA) and dialyzed against 2 L of 20 mM NaPi, pH 6.5, 7.0, 
7.5 or 8.0 at 4 ◦C overnight. The dialysis buffer was exchanged once after 
2 h of dialysis. UV–Vis was used to verify the protein was in the 
apo-state. 

2.3.2. Haem extraction from HasAp via the cold acid acetone method 
Haem extraction from HasAp was accomplished via the cold acetone 

acid method [28,29]. In short, 1 mL of holo HasAp was added dropwise 
to 50 mL of cold solution of 0.2% HCl in acetone that was kept at − 20 ◦C, 
under constant stirring on ice. The protein was pelleted in an Eppendorf 
centrifuge (10000×g, 30 min, − 9 ◦C, Eppendorf centrifuge 5804 R) and 
then resuspended in 7 M urea, 0.1 M Tris-HCl, pH 7.5 to a final con
centration of 2–5 μM apo HasAp. This was pipetted into a 3.5 kDa cut-off 
dialysis bag and dialyzed against 2 L of 0.1 M Tris-HCl pH 7.5, 0.1 M 
NaCl at 4 ◦C overnight. Apo protein was frozen with liquid N2 and stored 
at − 80 ◦C until further use. UV–Vis was used to verify the protein was in 
the apo-state. The buffer was exchanged to 20 mM NaPi, pH 6.5, 7.0, 7.5 
or 8.0 via re-concentration using 0.5 mL Amicon spin concentrators with 
3 kDa MWCO from Merck Millipore (Massachusetts, USA) before use. 

2.3.3. Incubation with metal complexes 
The apo proteins were reacted with the transition-metal catalysts by 

mixing 10 μM of the apo protein in 20 mM NaPi buffer at pH 6.5, 7.0, 7.5 
or 8.0 with 10 μM, 50 μM or 100 μM catalyst (protein: catalyst molar 
ratio 1:1, 1:5 or 1:10) by adding 5 μL of catalyst to 45 μL of protein 
solution. All reactions were performed over 24–48 h at 4 ◦C under 
constant agitation in the dark. In all experiments in which only com
plexes Co1 and/or Co2 were used, they were dissolved in dimethyl 
formamide (DMF). A final concentration of 10% DMF was present in all 
samples used in these experiments. In experiments including the full 
library of Ru- and Co-complexes; complexes Co1, Co3 and Ru1 were 
dissolved in distilled water Co4, Ru2, and Ru3 in dimethyl sulfoxide 
(DMSO) and Co2 in 60% DMSO, 40% distilled water. 

2.4. Gel electrophoresis 

(Semi-)(Native) Gel electrophoresis was performed using 15% 
polyacrylamide gels. Denaturing and semi-native gels contained 0.1% 
sodium dodecyl sulphate (SDS) in both gel and running buffer. Cracking 
buffer for native and semi-native PAGE was prepared in absence of SDS 
and β-mercaptoethanol. Denaturing and semi-native gels were run 
(Mini-Protean System and PowerPac Basic Power Supply from Bio-Rad, 
California, USA) for 50 min at 200 V. Gels loaded with HasAp were run 
at 100 V, 90 min as longer exposure to SDS was required due to the high 
stability of the protein. All native gels were run for 90 min at 100 V. The 
gels were imaged with 2,2,2-Trichloroethanol (5 μL per mL was added to 
the gel mixture, sigma Aldrich) [30], using a Gel Doc XR+ from Bio-Rad 
and processed using the ImageLab software (version 6.0.1, Bio-Rad). Gel 
images (Figs. 2, 3 and 5) were processed using the Image lab Software 
version 6.01 from Bio-Rad, adjusting the gamma setting to improve the 
contrast. 

2.5. ESI-MS 

ESI-MS was performed on a Synapt G2-Si mass spectrometer from 
Waters (Massachusetts, USA), initial separation and denaturing of pro
tein samples is achieved using a C4 polymeric reversed phase UPLC 
column. Samples were buffer-exchanged to 10 mM NH4Ac buffer, pH 7.0 
a using Micro Bio-Spin p6 gel desalting columns from Bio-Rad (Cali
fornia, USA), maximally 30 min before loading. Deconvolution of 
spectra was performed using the MaxEnt. Algorithm [31] of the Mas
sLynx MS Software. 

3. Results 

Three haem-binding proteins were selected, cytochrome B5 (CB5), 
myoglobin (Mb) and Haem acquisition system A from Pseudomonas 
aeruginosa (HasAp) (Fig. 1), that were reacted with cobalt based tran
sition metal complexes (Fig. 2). To this end each protein was prepared in 
the apo (haem-free) state using Teale’s method for CB5 and Mb and the 
cold acid acetone method for HasAp to be able to bind a synthetic cobalt 
complex in its haem binding pocket. 

3.1. Comparison of denaturing, semi-native and native PAGE for 
detecting protein catalyst interaction 

We compared the ability of semi-native PAGE to analyse the binding 
of different cobalt complexes to proteins with conventional (denaturing) 
SDS-PAGE and with native PAGE. Hereto we performed SDS, semi- 
native and native PAGE gel runs of CB5, Mb, and HasAp that were 
each mixed with the complexes Co1 and Co2 (Fig. 2). The first lanes on 
the gels in Fig. 2 contain the holo- (haem bound) and apo form of each 
protein (lane H and A, respectively), followed by the apo proteins mixed 
with increased amounts of catalysts Co1, in lane 2–4, or Co2, in lane 5–7. 

In the denaturing gels in Fig. 2, panel 1, no changes can be observed 
with either complex. The apo-, holo- and complex-modified proteins all 
run at the same height corresponding to the apo protein molecular 
weight, with the exception of holo HasAp for which two bands are 
observed, due to its increased resistance to denaturation that will be 
discussed in section 4.2. The results indicate that conventional SDS- 
PAGE gel analyses, where proteins are denatured and band separation 
is solely based on differences in molecular weight, is not suitable for 
detection of binding of small metal complexes. 

In contrast, the native PAGE gel run (Fig. 2, panel 3) shows differ
ences between the heights of the apo- and holo-protein bands and shows 
band changes for each of the apo proteins mixed with Co1 at 1:5 and 
1:10 protein to complex ratios, and for apo Mb mixed with Co2 at 1:5 
and 1:10 ratios. The bands of the holo proteins are shifted down on 
native gel relative to the migration of the apo protein bands. At 
increasing concentrations of Co1, the apo protein bands of CB5 and of 
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Mb are progressively replaced by slower migrating protein bands that 
appear as a smear, and in case of the 1:10 ratio Mb:Co1 the band signals 
disappear completely. The SDS-PAGE gel image (panel 1, Mb and CB5, 
lanes 3 and 4) of the same samples however reveals that the proteins are 
not degraded, as a sharp band is observed for each case, with the heights 
corresponding with the apo protein weights. It is therefore hypothesized 
that the observed smearing or fading is caused by protein oligomeriza
tion, or by binding of Co1 to multiple protein sites, giving a distribution 
of proteins with different gel-migration properties. For all HasAp sam
ples two bands are observed, one strong band and a lighter band just 
below. The origin of those two bands will be discussed in section 3.3. 
Mixtures of HasAp with Co1 at 1:5 or 1:10 ratios show two bands that 
migrate faster than those of the apo protein. 

The semi-native gel (Fig. 2, panel 2) shows band changes for each of 
the apo proteins mixed with Co1 and for apo Mb mixed with Co2. For all 
the three proteins, one or more new bands below the height of the apo 
protein band emerge at increasing Co1 concentrations, while for HasAp, 
also a band above the height of the apo protein band is observed. Similar 
to the results of the native gel run, band signals fade out for samples of 
Mb and CB5 mixed with Co1 at increased Co1 concentrations. 

3.2. Effect of pH 

To investigate the effect of pH, each apo protein was mixed in a 1:1 

(mol/mol) ratio with complex Co1 in buffers at pH 6.5, 7.0, 7.5 and 8.0. 
Fig. 3 shows the denaturing, semi-native and native PAGE gel images of 
the mixtures prepared under varying pH conditions. In the semi-native 
PAGE gel image, for Mb a clear pH trend can be observed where the 
relative intensity of the second protein band that runs below the apo 
protein band, increases at lower pH. Neither the denaturating nor the 
native gel images of Mb show a significant effect of pH. 

Based on the results of SDS-, semi-native and native PAGE gel anal
ysis, we formulate the working hypothesis that the metallo-protein 
complexes migrate differently on semi-native gel than the apo protein, 
so that they can be distinguished on gel. To test and validate our working 
hypothesis formulated on the basis of the gel analyses, we made a 
comparison with electron spray ionization mass spectrometry (ESI-MS) 
as described in the next paragraph. 

3.3. Electron spray ionization mass spectrometry (ESI-MS) 

Fig. 4 presents the deconvoluted ESI-MS spectra of HasAp, Mb and 
CB5 reacted with Co1 and Co2 in a 1:5 molar ratio. The mass spectra 
show that Co1 binds to all the three proteins, while Co2 only binds to 
Mb. According to the ESI-MS data, Co1 binds to HasAp and Mb in 1:1 
stoichiometry, while for CB5 also a significant signal of 1:2 (protein: 
complex) stoichiometry is observed. Two peaks are observed for CB5 
binding to Co1 in 1:2 stoichiometry (Fig. 4c); one corresponding with 

Fig. 1. Haem proteins used in this study, from left to right: Haem acquisition system A from Pseudomonas aeruginosa (HasAp, PDB 3ELL), bovine cytochrome B5 (CB5, 
PDB 1CYO) and equine skeletal Myoglobin (Mb, PDB 5D5R). 

Fig. 2. a. Denaturing (panel 1.), semi-native (panel 
2.) and native (panel 3.) PAGE of HasAp (top), Mb 
(middle) and CB5 (bottom). Samples were prepared 
by mixing 10 μM apo protein in 20 mM NaPi, pH 8.0 
with [N,N′-bis(salicylidene)ethane-1,2-diaminato]co
balt(II) (Co1) or cobalt(II) phthalocyanine (Co2) 
catalyst at 4 ◦C for 24 h. On each gel lane 1 is the 
protein ladder with molecular weight indicated on 
the left, H is the holo form, A is the apo form, 2–4 are 
protein with added Co1 10 μM, 50 μM and 100 μM 
(protein: catalyst molar ratio 1:1, 1:5 and 1:10, indi
cated with the orange gradient), 5–7 are protein with 
added Co2 10 μM, 50 μM and 100 μM (ratio 1:1, 1:5 
and 1:10, indicated with the green gradient). b. 
Chemical structures of Co1 and Co2. (For interpreta
tion of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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the molar mass of the apo protein plus two Co1, and one with additional 
molar mass of 28 Da. The extra mass could represent the (axial) coor
dination of CO to one of the bound Co1 complexes, as CO is a possible 
breakdown product of dimethylformamide (DMF) [32–34], which was 
used as a solvent in this experiment. According to mass spectroscopy, 
only Mb was shown to bind Co2. The mass spectrum of Mb mixed with 
Co2 shows two peaks, one corresponding with the mass of the apo 
protein and the other corresponding with the mass of the apo protein 
and Co2 plus an additional mass of 26 Da. The latter peak corresponds 
with the mass of the apo protein plus Co2 plus CO minus two protons, 
and could represent Mb binding to Co2 with axial coordination of CO. 

ESI-MS was further performed on apo CB5 reacted with Co1 in 1:1 
and 1:10 ratios, of which the resulting spectra are shown in Fig. S1 in the 
SI section. The spectrum of CB5–Co1 reacted using a 1:1 protein to 
complex mixture shows a population of apo CB5 and of CB5 binding one 
Co1 complex, and a very small fraction of CB5 binding two Co1 
(CB5–2Co1). For the 1:10 protein to complex reaction mixtures, signif
icant over-binding is observed where CB5 binds 2 or 3 Co1 (CB5–2Co1, 
CB5–3Co1). The CB5–2Co1 and CB5–3Co1 peaks each contain an 
additional mass of 28 Da attributed to CO. No additional 28 Da mass is 
observed for CB5 binding only one Co1, implying that no axial binding 
site is available for CO binding when Co1 binds to CB5 in a 1:1 stoi
chiometry, conform with binding of Co1 into the haem binding pocket. 

Mb is the only protein tested that binds to Co2. In the native holo 
conformation of Mb the haem is coordinated from one side by histidine 
and the other by water H-bonded to a neighbouring histidine [35,36]. 
While coordinated water is not observed in the mass spectrum for 
Mb-Co2 nor for Mb-Co1, an extra mass of 26 Da attributed to CO (minus 
two protons) was observed for Mb-Co2. This, however, does not prove 
that binding of Co2 has taken place outside of the binding pocket, since 

coordination by Mb in the binding pocket could be one-sided [37]. 
Summarizing, the ESI-MS results are consistent with the patterns 

observed on semi-native gel. Band changes on semi-native gel are 
observed for all three proteins mixed with Co1 and only for Mb mixed 
with Co2, supporting our working hypothesis that binding of metal 
complexes influences the migration of proteins through semi-native gel, 
separating them from the apo proteins. 

To gain more insight into the properties of the complex bound pro
tein, we analysed the chromatograms of protein runs over a C4 column 
that are performed prior to the ionization in the ESI-MS experiment. The 
C4 column is a hydrophobic interaction column from which proteins will 
be eluted with retention times increasing with hydrophobicity. For CB5 
and Mb reacting with Co1 and Co2 only small changes in retention times 
are observed compared to those of the apo protein (Figures S2 and S3, SI 
section), and the retention times of the holo and apo protein are similar. 
However, for Mb-Co2 a distinct new peak is observed compared to apo 
Mb that can be deconvoluted (Fig. S3a and c., SI section). Deconvolution 
of the first peak reveals only apo Mb (data not shown) and deconvolu
tion of the second peak reveals bound Mb-Co2 (Fig. 4e.). The longer 
retention time indicates that the Mb-Co2 protein complex is more hy
drophobic than apo Mb. Co2 is hydrophobic and the increased hydro
phobicity of the complex-bound protein suggests that the catalyst is 
bound to the protein surface, outside the haem binding pocket. 

The chromatograms of HasAp are more complex to interpret (Figs. S4 
and SI section). Two peaks are observed in the C4 chromatogram of the 
apo protein, one at 10.62 min, with a large tail resulting from the 
“stickiness” of the protein to the hydrophobic column, and a second 
much smaller peak at 22.93 min. A similar pattern is observed in all 
three gel-types in Fig. 2, where a faint second, lower band can be 
observed in apo HasAp. Deconvolution of each peak, including the tail of 

Fig. 3. Denaturing (panel 1.), semi-native (panel 2.) and native (panel 3.) PAGE of HasAp (top), Mb (middle) and CB5 (bottom). Samples were prepared by mixing 
10 μM apo protein in 20 mM NaPi, pH 6.5, 7.0, 7.5 or 8.0 with 10 μM Co1 (protein: catalyst ratio 1:1)) at 4 ◦C for 24 h. On each gel lane 1 is the protein ladder with 
molecular weight indicated on the left, lanes 2–5 are the protein catalyst mixture at pH 6.5, 7.0, 7.5 and 8.0 respectively. 
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the 10.62 min peak, reveals that both peaks contain protein with the 
molar mass of apo HasAp. We assume that the small hydrophobic frac
tion of apo HasAp that elutes at ~23 min is either (partially) unfolded 
protein or reflects a more open conformational state of the apo protein. 
For holo HasAp, instead, a 6.80 min peak is observed, relating to more 
hydrophilic protein, that we assume to be the closed, haem-containing, 
conformation of HasAp. An ~11 min peak is also observed in the run of 
holo HasAp, which is assigned to the open, haem-free, conformation, 
indicating that some of the haem was removed. For HasAp reacted with 
Co1, three retention times are observed; the ones at ~11 min and ~23 
min, that are similar to those observed in apo HasAp, and one at 6.55 
min that is similar to the retention time of holo HasAp. Although no 
binding of Co2 to HasAp is observed in the deconvoluted ESI-MS and gel 
results, the C4 chromatogram of HasAp reacted with Co2 surprisingly 
shows two extra retention peaks at 6.70 and 7.25 min in addition to the 
retention peaks that can be attributed to the apo protein. Deconvolution 

of these two peaks reveals only apo HasAp (data not shown). Confor
mational heterogeneity of Co2-HasAp as expressed by its two retention 
peaks in the C4 chromatogram may explain why this complex is not 
detected on gel, as the presence of multiple conformations could result 
in a faint smear rather than a clear band. 

3.4. Comparing first- and second-row transition metal complex binding 

In sections 3.1 and 3.2 it was demonstrated that semi-native PAGE 
analysis is applicable for evaluating the binding of two types of Co- 
containing metal complexes to three types of proteins. To further 
investigate the applicability of the semi-native gel screening method, we 
reacted apo CB5 with two other Co-containing complexes and with 3 
types of Ru-containing catalyst complexes and analysed those by semi- 
native PAGE (Fig. 5). For comparison, samples of CB5 reacted with 
Co1 and with Co2 were also loaded on the same gel. The appearance of 
new bands is observed for apo CB5 reacted with the Ru-containing 
complexes Ru2 and Ru3 and for reactions of apo CB5 with Co- 
containing complexes Co1, Co3 and Co4, suggesting that Ru2, Ru3, 
Co1, Co3 and Co4 can bind to CB5, while Ru1 and Co2 cannot. Mass 
spectrometry was performed on the mixtures for which new bands could 
be observed on gel. The ESI-MS results are shown in Fig. S5 panels a 
through d, SI section and confirm binding of Co3, Co4 and Ru2 to apo 
CB5 in 1:1 stoichiometries and in the case of Ru2 also in 1:2 and 1:3 
stoichiometries. 

For the reaction of apo CB5 with Ru2, mass peaks are observed with 
the following increases in mass with respect to the mass of apo CB5: 448 
Da, 890 Da and 1339 Da. The additional mass of 448 Da may be assigned 
to binding of the Ru2 compound minus its axial water ligand plus 3 
additional protons; the additional mass of 890 Da corresponds to the 
mass of 2 Ru2 compounds minus 2 axial waters and minus 1 proton; the 
mass increase of 1339 Da corresponds with 3 Ru2 compounds minus 3 
water molecules plus 3 additional protons. 

For samples of apo CB5 reacted with Co3 or Co4 in a 1:10 ratio, a 
second peak is observed in addition to a peak corresponding to the mass 
of apo CB5, with an additional mass of 368 Da. We assign the additional 
mass to Co3 or Co4 minus its axial ligands minus 1 proton, indicating 
that apo CB5 is capable of binding to Co3 and Co4 in a 1:1 ratio. We can 
thus conclude that Co3 and Co4 each lose their axial ligands upon 
binding and are therefore likely being coordinated in the binding pocket, 
whereas Ru2 binds in higher ratios and loses a water axial ligand while a 
CO remains bound. 

The mass spectrum of apo CB5 reacted with Ru3 shows a peak of the 
apo protein together with higher molecular weight fractions that do not 
match with the additional mass of the Ru3 catalyst (Figs. S5b and SI 
section). We considered that the protein may be cut by this specific 
catalyst, as some of the more intense peaks match with the full Ru3 
complex containing both axial ligands plus apo CB5 minus 1–3 amino 
acids at the C terminus (Arg and 1 or 2 Asp). In the mass spectrum, peaks 
at 10420 Da, 10305 Da and 10190 Da match with the weights of 
CB5–Ru3 minus Arg, CB5–Ru3 minus Arg-Asp, CB5–Ru3 minus Arg-Asp- 
Asp respectively. 

The C4 chromatograms of CB5–Co3 and CB5–Co4 1:10 (Fig. S6 d and 
e, SI section) look identical, containing a single peak with retention time 
11.61 min. In the chromatogram of apo CB5 reacted with Ru2 (Fig. S6 b, 
SI section) new peaks are observed with longer retention times than that 
of the apo protein, indicating that binding of Ru2 to CB5 has a clear 
effect on its hydrophobicity. Individual deconvolution of each peak (not 
shown) reveals that the fractions contain CB5 with 0, 1, 2 or 3 Ru2 
complexes bound respectively. This clear increase of hydrophobicity 
upon binding each Ru2 is consistent with its binding to the exterior of 
the protein (i.e. to the outer histidines of CB5: His20, His31 and His85). 
The appearance of smeared bands on semi-native gel for apo CB5 + Ru2 
may also be explained by the multiple binding stoichiometries. The 
chromatogram of apo CB5 reacted with Ru3 in a 1:10 molar ratio 
(Fig. S6 c, SI section) contains only one peak with a retention time 11.66 

Fig. 4. ESI mass spectrometry of HasAp, Mb, and CB5 with Co1 (a, b, and c 
respectively) and Co2 (d, e, and f respectively). Samples were prepared by 
mixing 10 μM apo protein in 20 mM NaPi, pH 8.0 with 50 μM (protein: catalyst 
ratio 1:5) of Co1 (top) or Co2 (bottom) catalyst at 4 ◦C for 24 h. The molar mass 
in Da of each peak and the differences in molecular mass between the observed 
peaks are given in the figure. The molecular structure of catalyst Co1 is shown 
in panel a., with its molecular mass, the structure and mass of Co2 are shown in 
panel d. 
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min, which is a somewhat shorter than that of apo CB5, indicating that 
the reaction product is slightly more hydrophilic. 

4. Discussion 

A combined gel and ESI-MS analysis was performed on three 
different proteins that were reacted with first- and, for apoCB5, also 
second-row transition metal complexes. The results consistently show 
that protein-metal complex interactions, confirmed by ESI-MS, are 
visible as band changes on semi-native PAGE gels where the complexed 
proteins migrate faster or slower than the apo proteins. The denaturing 
PAGE results confirm that under all conditions, the proteins remained 
intact so that the band changes cannot be attributed to degradation. In a 
semi-native PAGE experiment, the protein sample is prepared in absence 
of SDS, as for a native sample, and is exposed to the denaturing prop
erties of SDS present in the gel upon gel loading. The protein therefore 
will denature as it migrates through the gel. The rate of denaturation is 
influenced by the stability and compactness of the proteins, which are 
affected by metal complex binding, especially when the complexes are 
stabilized inside the haem pockets, leading to protein conformational 
changes. The position on semi-native gel as such is a measure of the 
resistance against protein denaturation. The observation of new lower 
bands with respect to the original apo protein band can be explained by 
stabilizing protein-complex interactions whereas the observation of 
new, higher bands could indicate destabilizing interactions or the for
mation of sufficiently SDS-resistant oligomers. In native PAGE experi
ments, no denaturing agents are used, and the rate of gel migration may 
be influenced by multiple factors, i.e. protein oligomerization, confor
mational changes and changes in charge distributions. Indeed, CB5 
reacted with Co1 in a 1:1 ratio clearly detects a second band of complex- 
bound protein on semi-native gel, while the native gel only shows band 
changes at higher Co1 concentrations, at which, according to the ESI-MS 
data results, over-binding occurs. 

Mb, HasAp, and CB5 each have a different relationship between 
coordination of the native haem ligand and structural stability. Cyto
chrome B5 coordinates haem with two axial histidines and partially 
unfolds when haem is lost [38]. Mb coordinates haem with one histidine 
and one water molecule that is H-bonded to a distal histidine and the 
protein structure is preserved when haem is removed [39,40]. Finally, 
HasAp is a transient haem binding protein that coordinates haem with 
one histidine and one tyrosine and has an opening and closing mecha
nism to capture haem by switching its fold between an open and closed 
conformation [41]. Mb has a more stable native holo-fold than CB5 [36, 

42,43] and both the closed and open forms of HasAp are more stable 
than the other two proteins [44]. These differences in stability and the 
dependence of the protein fold on the presence of a coordinated ligand 
could explain the observed differences on semi-native gel. For HasAp, 
which retains a stable fold in its apo-state, the difference in gel band 
heights of the complex-bound and apo-protein is small, while for CB5, 
which unfolds in the apo-state, the difference is large, suggesting a larger 
increase in stability of apo CB5 upon complex binding. 

CB5 was further screened against a library of transition metal cata
lysts to show the general applicability of the semi-native gel method for 
analysing protein-metal complex interactions. This screening revealed 
the importance of the choice of axial ligands of the metal complexes 
prior to binding the protein (Fig. 5). A trend is observed where catalysts 
with Cl and H2O ligands bind well, while catalysts with DMSO or CO 
ligands do not. Catalysts Co3 and Co4 that have Cl and H2O ligands, 
respectively, are capable of binding into the haem binding pocket of 
CB5, according to their loss of both axial ligands upon binding. Ru2, 
which has one H2O and one CO ligand, binds to the protein with one 
sided coordination. The CO ligand remained bound to the protein- 
catalyst complex (1 CO per Ru2 catalyst), which can be ascribed to 
the strong π-back bonding interaction between the CO-ligand and metal 
centre. Ru3 has two Cl ligands, but appeared to cleave the protein as 
discussed in section 3.4. Ru1 has one H2O and one DMSO axial ligand, 
yet Ru1 did not bind to apo CB5. The reason may be steric in nature as 
Ru1, which has at least one good leaving ligand (H2O), is slightly bulkier 
than Ru2, which is able to bind with only one good leaving ligand. Co1 
and Co2 both lack axial ligands, here instead the influence of the planar 
ligands is observed. The size of Co2 may have been too large to enter the 
binding pockets of HasAp and CB5, while the much smaller Co1 binds 
very well to all three proteins. 

5. Conclusion 

We successfully developed a rapid screening method based on semi- 
native gel electrophoresis, that is generally applicable for study of the 
interaction between small molecule metal complexes and proteins. 
Contrary to SDS and native PAGE, semi native PAGE could reliably 
detect the binding of small metal complexes to proteins. Semi-native gel 
analysis requires small sample amounts (only 0.5 μg of protein), does not 
rely on UV–Vis spectral changes of the metal complexes upon protein 
interaction and does not require specialized equipment. With our 
screening method, we assessed the interaction of several Co- and Ru- 
based water-oxidation catalysts with three types of haem proteins. The 

Fig. 5. a. Semi-native PAGE of apo CB5 reacted with 
different catalysts. Samples were prepared by mixing 
10 μM apo CB5 in 20 mM NaPi, pH 7.4 with 10 μM, 
50 μM or 100 μM of catalyst (protein: catalyst ratio 
1:1, 1:5 and 1:10) at 4 ◦C for 48 h. Lane 1–3 are apo 
CB5 + Ru1, 4–6 are apo CB5 + Ru2, 7–9 are apo CB5 
+ Ru3, Lane 10 is apo CB5, 11–13 are apo CB5 + Co3, 
14–16 are apo CB5 + Co4, 17–19 are apo CB5 + Co1, 
20–22 are apo CB5 + Co2 and 23 is apo CB5. b. 
Chemical structures of Ru1 through Ru3 and Co1 
through Co4.   
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analysis was completed by ESI-MS to determine the present binding 
stoichiometries and complex axial coordination inside a protein pocket. 
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Appendix A. Supplementary data 

Deconvoluted mass spectra of CB5 reacted with Co1 in ratio’s 1:1, 
1:5 and 1:10 are shown in Fig. S1, the C4 chromatograms of protein in 
the holo and apo-states and in after reacting with a 1:5 molar ratio of 
Co1 or Co2 are given for CB5, Mb and HasAp respectively in Figures S2 
through S4, the deconvoluted mass spectra of CB5 reacted with catalysts 
Ru2, Ru3, Co3 and Co4 are given in Fig. S5 and the related C4 chro
matograms are provided in Fig. S6. 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ab.2022.114788. 
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