
 

 

 University of Groningen

Artificial control of protein activity
Bersellini, Manuela

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bersellini, M. (2017). Artificial control of protein activity. [Thesis fully internal (DIV), University of
Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/59150359-935f-4049-a267-46e6b1788993


 
 

Chapter 3 

  

 

 

 

Metal-mediated reassembly of a split enzyme 
 

Metal-directed protein self-assemblies are important for the design of 

supramolecular protein complexes, to mediate protein-protein interactions and to 

direct dimerization and oligomerization. In this chapter, the design of a metal 

regulated split enzyme is described. This design involves the introduction of two 

metal binding moieties on each fragment of the split mDHFR. Then, the 

simultaneous coordination of one metal ion to these two ligands is expected to 

mediate the reassembly of the split enzyme. Different design strategies have been 

explored including in vivo incorporation of a metal binding amino acid and the 

introduction of ligands via post-translational modification. 
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3.1 Introduction 

Metal ions are constituents of approximately one-third of all naturally-occurring 

proteins and serve either structural, regulatory and/or functional (catalytic) roles.1,2 

Metal ion coordination can induce conformational changes in protein structures, 

which can drastically change the properties of the protein itself. For instance, the 

initial stage of Alzheimer’s disease is predominantly induced by an α-helix to 

β-sheet transition of β-amyloid-forming peptides that is mediated by metal ion 

coordination.3 Also, zinc finger proteins4 or calmodulin5 are remarkable examples 

in which metal coordination plays an important structural role. Inspired by these 

examples, metal coordination has emerged as a powerful tool for the design and 

engineering of supramolecular protein architectures. Such systems can show new 

structural and functional properties and provide fundamental insights into 

peptide/protein self-assembly. 

Metal-Directed Protein Self-Assembly (MDPSA), as defined by Tezcan and 

coworkers, utilizes the simultaneous stability, lability and directionality of 

metal-ligand bonds to design supramolecular protein structures.6,7 Metal ions are 

indeed able to form relatively strong non-covalent bonds with amino acids side 

chains, which are highly directional, yet reversible. Specifically mid- to late-first 

row transition metals, including Mn, Fe, Co, Ni, Cu and Zn, present fast ligand 

exchange rates, which make them very attractive for studying protein-protein 

interactions.2,8,9 Moreover, transition metal ions have distinct preferences for 

coordination geometry; Ni2+ and Fe2+ prefer an octahedral geometry while Cu2+ 

ligands are arranged tetragonal/square planar and Zn2+ tetrahedral. As a result, 

these metals can direct different assembly geometries when using the same protein 

building block.8,9 In addition to conferring important structural features to a peptide 

or protein scaffold, first row transition metal ions can also provide chemical 

reactivity (e.g. Lewis acidity or redox activity) and stimuli responsiveness, as 

environmental factors can affect the coordination or reactivity of the metal ion 

(external chelators, pH and solution redox state).  

Non-natural metal binding sites have been engineered into protein structures to 

achieve a variety of functions: (1) to induce secondary/tertiary structure in short 

peptides,10–13 (2) to construct metalloenzyme mimics,14,15 (3) to direct the assembly 

of peptides to bind biological targets16,17 or (4) to build up nanostructures.18,19 

In the context of self-assembling systems, peptides are attractive building 

blocks because they are robust, readily synthesized in large quantities and can be 

site-specifically modified with non-natural functionalities. α-Helical coiled-coil 

peptides are the most popular scaffold in protein engineering and Ghadiri et al. 

were among the first to take advantage of selective metal ion complexation to 
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induce high levels of helicity into short monomeric peptides.10–13 On the other 

hand, metal coordination to unnatural amino acids (imidoacetic acid) introduced 

into the α-helical dimerization domains of DNA binding peptides was used to 

modulate their DNA binding abilities via helical destabilization.20,21 Coordination 

of metal ions to unnatural bidentate amino acids (bipyridine or terpyridine) was 

also applied to design a variety of peptide secondary structures,22 to nucleate the 

formation of antiparallel β-sheets23 and to substitute the leucine zipper dimerization 

domains and induce dimerization of DNA binding peptides.16,24,25 The same 

concept of perturbation of α-helical structures upon metal binding was applied to 

modulate the switching properties of an artificial channel peptide26 and the 

enzymatic activity of a semi-synthetic RNase.27 

Notable contributions of metal-mediated peptide assembly are coming from the 

deGrado and Pecoraro groups, who prepared a series of coiled-coil peptides for 

binding, among others, Cu(II),28 Fe(II),29 Cd(II),30 Pb(II),31 As(III),30 Bi(III)31 and 

Hg(II)/Zn(II).32 In addition to serving as valuable models of metal binding sites 

found in natural metalloproteins, some of these designed peptides also displayed 

catalytic activity in hydrolysis32 or oxygen dependent reactions.28,33,34 Similarly, 

Tanaka et al. reported a series of unstructured peptides that assembled into three 

stranded coiled-coils (3SCCs) upon coordination of several metal ions.35,36 Other 

examples of metal mediated self-assemblies of α-helical peptides involved binding 

with interfacial Cu(I),37 Ag(I)18, Cd(II),19,38 Co-porphyrin,19 Cu4-S4
39 and 4Fe-4S 

clusters.40 

Nevertheless, work on metal-mediated peptide assembly is not limited to 

α-helical coiled-coil peptides. Schneider et al. have incorporated a negatively 

charged unnatural metal binding functionality into a 20-residue peptide, which 

folds upon selective Zn2+ coordination into a β-hairpin and further self-assembles 

into a hydrogel.41,42 Moreover, the Chmielewski and Horng groups have 

functionalized collagen peptides with various natural and/or unnatural metal 

coordination motifs obtaining fibers similar to those found in natural collagen43,44 

and other higher-order nanoscale and microscale architectures.43,45,46 Panciera et al. 

synthesized an α,γ-cyclic peptide bearing amino acids featuring a nicotinic acid 

side chain. Upon coordination with Pd2+, this cyclic peptide first dimerized and 

subsequently self-assembled to form nanostructures.47 

In a different approach toward metal-directed protein self-assembly the Tezcan 

group made use of the pre-existing protein scaffold of the small monomeric protein 

cytochrome cb562 (cyt cb562) to generate discrete complexes whose 

oligomerization state and geometry were strictly controlled by metal 

coordination.6,7,48 Coordination of metal ions to natural amino acid residues 

(mostly His6,7,48–51) and non-natural side chains (such as 8-hydroxyquinoline,52 
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1,10-phenanthroline53 or 2,2’:6’2’’-terpyridine54) imparted significant chemical 

and thermal stability to cyt cb562 that could be tuned through the choice of the 

metal  ion.55,56 When taken together with other studies on peptide scaffolds,57,58 

these experiments not only provided useful information about protein-protein 

interactions and dimerization processes,49,59 but also created unusual 

supramolecular architectures that displayed binding to biological targets58 and 

catalysis.60 A slightly different approach toward the design of metal-directed 

protein-protein interactions comes from the work of Der et al. that computationally 

designed a metal-mediated homodimer with high affinity and orientation 

preference.61 

Another example of metal-directed protein self-assembly comes from the work 

of Munch et al., in which they introduced a bipyridine ligand into insulin and, upon 

coordination with Fe2+, achieved the formation of a homotrimer. This reversible, 

metal-triggered self-assembly represents the first example of a well-defined insulin 

trimer and the first insulin variant for which self-assembly could be followed by 

naked eye.62 Furthermore, metal-directed self-assembly of proteins has also been 

applied to facilitate protein crystallization63 and to create one-dimensional metal–

organic protein framework.64 

Metal-mediated dimerization was also reported upon engineering of Zn2+ 

binding sites in surface exposed positions of cyan and yellow variants of GFP.65 

Formation of chelate complexes between the two proteins resulted in enhanced 

dimer formation. The same concept was then applied by the Merkx group to create 

a genetically encoded FRET sensors for Zn2+ based on a chimera of enhanced cyan 

and yellow fluorescent proteins connected by a flexible peptide linker.66 A 

different approach towards the same metal-mediated dimerization was obtained by 

introducing His-tags at the N- or both termini of the chimera. Chelation of Zn2+ by 

the two His-tags resulted in protein dimerization and increase in FRET signal.67 A 

similar approach was also applied to reassemble two inactive His-tagged fragments 

of β-lactamase upon simultaneous binding to Ni2+.68 

The large amount of studies on metal-directed protein self-assembly testifies to 

the utility of metal ion coordination to engineer peptide and protein assemblies. 

These assemblies display large structural and functional diversity, provide useful 

insight in the world of protein-protein interactions and have properties that are of 

interest for biological applications, nanotechnology and catalysis.  

3.2 Aim 

Given the potential of metal-directed protein self-assemblies to design 

supramolecular protein complexes, mediate protein-protein interactions and direct 
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oligomerization, here metal coordination is applied to facilitate the reassembly of a 

split enzyme. The simultaneous coordination of one metal ion to two ligands 

installed on each protein fragment is expected to provide the secondary interactions 

needed for the reassembly of the split fragments into an active conformation. This 

system would provide a different example for metal-directed protein self-assembly 

that could have potential applications in metal ion sensing. 

3.3 Design 

The design of the metal-mediated split enzyme is based on the split mDHFR 

described in literature69 and in Chapter 2. As before, mDHFR is split into two 

fragments, an N-terminal (1-105) and a C-terminal (106-186) fragment. Each one 

of these fragments is equipped with a ligand for metal coordination (Figure 1). The 

use of non-natural bidentate or tridentate ligands for transition metal ions (i.e. 

bipyridine, phenanthroline or terpyridine) was selected in order to provide strong 

interactions for the reassembly of the split enzyme mediated by metal coordination. 

Two distinct strategies were envisioned for the introduction of the metal binding 

moieties in the mDHFR fragments: (1) in vivo incorporation of non-natural 

metal-binding amino acid via amber codon suppression70 and (2) covalent 

anchoring of a ligand by post-translational modification. 

 
Figure 1: Schematic representation of the metal-mediated reassembly of mDHFR split enzyme  

The former strategy would afford protein fragments, after bacterial expression, 

already containing a ligand for metal coordination, without the need for 

post-translational modification. One drawback of this approach it that the 

expression yield of the proteins might be significantly reduced. The latter strategy 

requires the installation on each mDHFR fragment of a unique handle for 

bioconjugation (i.e. a cysteine) followed by functionalization of the proteins with 

the selected metal binding moiety and subsequent purification. This strategy would 

allow installing a larger variety of metal binding moieties, while in vivo 

incorporation of unnatural amino acid would be limited to the available metal 

binding amino acids for which the expanded genetic code methodology is 

available. The genetic incorporation of non-natural metal binding amino acid was 



Chapter 3 

66 

selected as the first strategy of choice for the preparation of the envisioned split 

enzyme and (2,2-bipyridin-5yl)alanine (BpyA) was chosen as the unnatural amino 

acid to be introduced.17,71–76 

The initial design of the split enzyme is depicted in Figure 2. It contains TAG 

codons for the genetic incorporation of BpyA in the same positions where the 

cysteines were located in the previous design. Therefore, metal binding moieties 

are introduced close to the C-terminus for the Nterm-mDHFR (residues 1-105) and 

close to the N-terminus for the Cterm-mDHFR (residues 106-186) (Chapter 2). A 

Strep-tag was introduced in place of His-tag for purification purposes, since the 

latter would lead to metal binding and prevent the metal-mediated reassembly of 

the fragments. Strep-tags were introduced at the C-termini of both fragments, in 

order to avoid purification of truncated proteins that result from the unsuccessful 

suppression of the amber codon. Additionally, short linkers were introduced in 

both fragments. While for the Nterm-mDHFR fragment a GSG sequence was 

introduced between the mDHFR sequence and the C-terminal Strep-tag, for the 

Cterm-mDHFR fragment a GGSGG sequence was inserted between the starting 

methionine and the N-terminal TAG codon to favor expression of the fragment 

(Figure 2). 
 

 

Nterm-mDHFR (residues 1-105)        Cterm-mDHFR (residues 106-186) 

 
 

Figure 2: Schematic representation of the design of BpyA_split m-DHFR fragments. 

Unfortunately, all attempts to produce proteins fragments based on this design 

failed as no detectable levels of protein could be observed on Tricine-SDS-PAGE. 

Even substituting the BpyA by alanine did not give rise to expression of the desired 

proteins. As a result, a different strategy was envisioned for the preparation of the 

fragments.  

Each fragment was fused at the N-terminus with maltose binding protein 

(MBP) (Figure 3). MBP is known to be one of the most effective fusion partners to 

boost protein production of recombinant proteins that are either insoluble or do not 

display appreciable levels of expression.77,78 In addition to obtaining expression of 

the envisioned mDHFR fragments, an increase in the intrinsic solubility of the 

fragments would also reduce precipitation of the protein or degradation of 

Strep-Tactin material during the purification step. Indeed, mDHFR fragments are 

often insoluble and their purification needs to be performed under denaturing 

conditions (8 M urea), which are not compatible with Strep-tag purification 

protocols. Lastly, in the new design two protease cleavage sites (Factor Xa and 

Tobacco Etch Virus (TEV)) were introduced between the MBP and mDHFR 

sequences. If required, these protease recognition sequences would allow 
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proteolysis of the fusion protein after purification, resulting in the free mDHFR 

fragments (Figure 3).  
 
 

       Nterm-mDHFR (residues 1-105)                       Cterm-mDHFR (residues 106-186) 

 
Figure 3: Schematic representation of the design of MBP_split m-DHFR fragments_BpyA. 

3.4 Results and discussion 

3.4.1 Split mDHFR fragments expression and purification 

Starting from the plasmids pTWIN_Nterm-mDHFR_105C and pTWIN_GGSGG 

_Cterm-DHFR_1C (Chapter 2) the sequences encoding for the mDHFR fragments 

were isolated and amplified by PCR reaction. TAG codons for unnatural amino 

acid incorporation and C-terminal Strep-tag sequences (including the short linkers) 

were introduced with appropriate primers (Table 1). The genes encoding for the 

metal binding mDHFR fragments were then cloned, independently, into pET17b 

expression vectors, obtaining pET17b_Nterm-mDHFR_105X_Streptag and 

pET17b_Cterm-mDHFR_1X_Streptag (X indicating the position of the TAG 

codon). Site-directed mutagenesis was performed on these plasmids to introduce 

alanine residues in place of BpyA to test expression of the mDHFR fragments 

(Table 3). As mentioned before, no expression of the target fragments, either with 

alanine or BpyA, was observed. Therefore, a gene encoding for the maltose 

binding protein was fused at the N-termini of each fragment. Toward this end, 

genes encoding for alanine mutants of mDHFR fragments were isolated and 

amplified by PCR from pET17b_Nterm-mDHFR_105A_Streptag and 

pET17b_Cterm-mDHFR_1A_Streptag. A TEV protease recognition site was 

introduced at the N-terminus of each fragment by PCR reaction (Table 2). These 

genes were then cloned, independently, into a pBAD vector downstream of the 

sequence encoding for maltose binding protein and a Factor Xa protease 

recognition site (IEGR). Lastly, site-directed mutagenesis was performed to replace 

the codon for alanine with the amber stop codon (Table 3). The pBAD vectors 

encoding for the fusion proteins were then transformed into E. coli TOP10. 

Co-transformation of the pBAD vectors with the plasmid pEVOL-BpyA, the 

plasmid containing the required orthogonal aminoacyl tRNA synthetase (aaRS) and 

tRNA gene for incorporation of the unnatural amino acid, was performed when 

necessary. Large scale expression was performed in LB media (in presence of 0.5 

mM BpyA for proteins containing the unnatural amino acids). Fusion proteins were 

produced both in the soluble and insoluble fraction and harvesting the cells under 

denaturing conditions, followed by refolding of cell-free extracts by dialysis, 

afforded higher protein yields. Refolding was performed via slow dialysis of 
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cell-free extracts in buffer free from denaturing reagent. A step-wise dialysis, first 

against a buffer containing 2 M urea and then against urea-free buffer, assured 

better protein recovery and prevented precipitation during this step. Strep-tag 

purification afforded the target fusion proteins in good yields, between 15 and 25 

mg/L, and acceptable purity as judged by HPLC-MS and Tricine-SDS-PAGE 

(Figure 4). Purification of the alanine variants with amylose resin was also 

investigated, but resulted in lower purity of the proteins when compared to the 

Strep-Tactin purification. Tricine-SDS-PAGE of the C-terminal mDHFR fragment 

containing BpyA also indicated a substantial amount of truncated protein (i.e. 

expression stopped at the TAG codon), which was largely removed during 

Strep-tag purification. While for the N-terminal fragment featuring the BpyA in 

position 105, the truncated protein was not visible on Tricine-SDS-PAGE due to 

the little mass difference (1400 Da), a mass corresponding to this truncation could 

be observed in the HPLC-MS analysis of the purified protein. Apparently the 

truncated protein is partially retained by the Strep-tactin material even in absence 

of the required Strep-tag sequence.  

      MBP_Nterm-mDHFR_105A                      MBP_Cterm-mDHFR_1A 

 
    MBP_Nterm-mDHFR_A105BpyA              MBP_Cterm-mDHFR_A1BpyA 

 
 

Figure 4: 12% Tricine-SDS-PAGE of Strep-Tactin prification: MBP_Nterm-mDHFR_105A (top, 

left) and MBP_Cterm-mDHFR_1A (top, right) MBP_Nterm-mDHFR_A105BpyA (bottom, left), 

MBP_ Cterm-mDHFR_A1BpyA (bottom, right). 

3.4.2 Coordination chemistry of MBP_mDHFR_BpyA fragments  

Prior to testing the metal-mediated reassembly of the split enzyme, coordination of 

metal ions to the MBP_mDHFR variants was investigated by absorption 

spectroscopy. UV-visible spectra were recorded for protein solutions obtained from 

Strep-tag purification and dialysis. Two absorption maxima between 490 and 530 

nm were observed for BpyA-containing MBP_mDHFR fragments (Figure 5a and 

b). These bands are characteristic for Metal-to-Ligand Charge Transfer (MLCT) 
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transitions of Fe2+-bipyridyl complexes (Figure 5a).79–82,76 Titration of the free 

amino acid BpyA with FeSO4 confirmed this hypothesis (Figure 5c). 
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Figure 5: UV-visible spectra of: a) MBP_Nterm-mDHFR and b) MBP_Cterm-mDHFR in 50 mM 

NaH2PO4 pH 7.0, 150 mM NaCl. c) UV-visible titration of 50 µM BpyA in 50 mM NaH2PO4 pH 

7.0, 150 mM NaCl with Fe(SO4)2
  in milliQ water 

Coordination of Fe2+ presumably occurs during bacterial expression due to the 

presence of Fe2+ ions in the growth medium. Given the partially unfolded nature of 

mDHFR fragments during expression, it is plausible that more than one BpyA, one 

from the incorporated residue and one or two from available BpyA in solution, is 

involved in the coordination of Fe2+, resulting in the formation a stable 

complex.81,17 Having metal ions already bound to the metal binding moiety in the 

mDHFR fragments is not ideal, as the split enzyme reassembly should be triggered 

by the formation of a chelate complex between two ligands, each one in a different 

fragment. In an attempt to remove Fe2+ from the incorporated BpyA, proteins were 

incubated with EDTA or other chelating agent (such as N4Py). Unfortunately, this 

proved unsuccessful, as incubation with high concentrations of chelating agents 

lead to protein precipitation and/or degradation. When treating the fragments with 

up to 100 mM EDTA the intensity of the MLCT maxima did decrease, yet 

remained detectable (Figure 6a). Moreover, after removal of EDTA (via extensive 

dialysis, ultra-centrifugation washing steps or size exclusion chromatography), it 

was not possible to detect any metal ion binding to the BpyA-containing 

mDHFR_MBP fragments (Figure 6b). 
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Figure 6: UV-visible spectra of: a) MBP_Nterm-mDHFR_A105BpyA (100 µM) upon incubation 

with increasing amounts of EDTA and b) MBP_Cterm-mDHFR_A1BpyA (20 µM) after incubation 

of EDTA and subsequent dialysis with subsequent additions of FeSO4 and Zn(NO3)2. Spectra are 

recorded in 50 mM NaH2PO4 pH 7.0, 150 mM NaCl. 
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Expression of MBP_mDHFR_BpyA fragments in minimal media was also 

attempted to reduce the amount of Fe2+ present in the medium, but no detectable 

levels of protein expression were observed under these conditions. 

3.4.3 Synthesis and characterization of MBP_mDHFR_bpy conjugates 

Given that expression of BpyA variants of MBP_mDHFR fragments afforded 

proteins already containing Fe2+ and coordination of other metal ions proved to be 

difficult, post-translational modification of the fusion proteins for the introduction 

of the metal binding moieties was envisioned as an alternative strategy. Cysteine 

mutants of the fusion proteins were prepared from the available 

pBAD_MBP(Xa)_TEV_Nterm-mDHFR_105A and pBAD_MBP(Xa)_TEV 

Cterm-mDHFR_1A plasmids by site-directed mutagenesis (Table 3). Fusion proteins 

were expressed and purified as described in the previous paragraph (3.4.1) with 2.5 

mM DTT included in the purification buffer to prevent disulfide bond formation. 

Target proteins were obtained in good yields (20-25 mg/L) and good purity as 

judged by HPLC-MS and Tricine-SDS-PAGE.  

The conjugation of metal binding moieties was performed after dialysis of the 

purified proteins in degassed 50 mM NaH2PO4 pH 7.8, 150 mM NaCl by selective 

alkylation of the unique cysteines with bromoacetamide derivatives of 

2-2′-bipyridine (bpy), 1,10-phenanthroline (phen) and 2,2′:6′,2′′-terpyridine (terpy) 

(Figure 7). All ligands were synthesized from the corresponding amines via 

alkylation with bromo acetyl bromide. HPLC-MS and Tricine-SDS-PAGE were 

used to confirm identity and purity of the mDHFR fragment conjugates bearing the 

metal binding moieties. 
 

≡

 
Figure 7: Reaction scheme of the synthesis of protein-metal binding moieties conjugates. 

Ligands used for alkylation reaction on mDHFR cysteine fragments: N-([2,2’-bipyridin] 

5-ylmethyl)-2-bromoacetamide,83–85 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide85 and 

N-(2-([2,2':6',2''-terpyridin]-4'-yloxy)ethyl)-2-bromoacetamide.86 

With the conjugates in hand, the binding to Fe2+ was studied by UV-visible 

titrations. Upon addition of FeSO4, the appearance of the characteristic maxima for 

Fe2+ bipyridine complexes around 530 nm was observed,62,79,80,87 as well as the 

appearance of a shoulder around 310 nm, indicative of a change in the π–π* 

transition of the bipyridine upon metal coordination (Figure 8). This red shift has 

previously been reported for bipyridine ligands in solution and for proteins 

containing a bipyridine moiety.72,84,88 
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b)          MBP_Nterm mDHFR A105C_phen             MBP_Cterm mDHFR A1C_phen 
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Figure 8: UV-visible titrations of 10 µM MBP_Nterm-mDHFR_A105C (left) and 

MBP_Cterm-mDHFR_A1C (right) conjugates with (a) bipyridine (b) phenanthroline and (c) 

terpyridine in 50 mM NaH2PO4 pH 7.0, 150 mM NaCl with 0.5 mM FeSO4 in milliQ water. Inset 

containing the changes in absorbance at 530 nm over the concentration of Fe2+. 

Titrations in presence of 10 µM conjugates appeared to reach a plateau around 

10 µM of Fe2+, suggesting binding of one metal ion per protein (Figure 8). 

However, it was not possible to fit the titration curves with a 1:1 binding model to 

determine the binding affinities. Given the unfolded nature of the protein 

fragments, it is plausible that metal binding moieties from different proteins are 

involved in the coordination of one Fe2+ ion. Nevertheless, the observation that 

each mDHFR fragment is able to bind Fe2+ ions is promising for the planned 

reassembly of the split enzyme.  
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3.4.4 Split mDHFR reassembly assay 

The reassembly of the mDHFR split enzyme was assayed in the NADPH 

dependent reduction of dihydrofolate to tetrahydrofolate. The same protocol 

described in Chapter 2 was applied: a rapid dilution of the denatured mDHFR 

fragments in the reaction buffer containing dihydrofolate was performed, followed 

by addition of NADPH and subsequent monitoring of changes in absorbance at 

340nm.89,90  

Equimolar amounts of conjugates MBP_Nterm-mDHFR and 

MBP_Cterm-mDHFR with the 3 different ligands were pre-mixed under denaturing 

conditions in 50 mM NaH2PO4 pH 7.8, 8 M urea at a final concentration of 2 µM 

and then diluted into the reaction buffer (50 mM NaH2PO4 pH 7.8) to a final 

concentration of 0.1 µM. The reaction buffer containing dihydrofolate (100 µM) 

was supplemented with metal ions for the reassembly. Fe2+, Zn2+ and Cu2+ were 

tested as metal ions to mediate the reassembly, due to their ability to form 2:1 

complexes with the ligands appended to the protein fragments. The metal ions were 

added at 1 and 2 equivalents compared to the protein fragments. NADPH was 

added at last (100 µM) to initiate the reaction and the progress was monitored 

following the absorbance at 340 nm over time (Figure 9).  
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Figure 9: Kinetic curves for the consumption of NADPH in the reduction of dihydrofolate to 

tetrahydrofolate: a) MBP_mDHFR fragments containing bipyridine ligand. b) MBP_mDHFR 

fragments containing phenanthroline and terpyridine ligands.  

Unfortunately, no functional reassembly of the split enzyme was observed in 

the assays performed. Different concentrations of the split fragments in the reaction 

mixture were tested (0.1 - 0.25 - 0.5 µM), but did not give rise to significant 

differences in activity. Dilution of the denatured protein fragments in the reaction 

buffer followed by incubation (30 min) prior to the addition of the metal ions also 

did not result in any reassembly. Addition of the metal ions after mixing of the two 

protein fragments in the non-denaturing buffer was expected to favor the 

reassembly of the enzyme. In this scenario, the two protein fragments might be 

already interacting with each other due to non-specific interactions and this would 
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bring the metal binding moieties in closer proximity to each other and promote 

chelation of the metal ions. 

3.4.5 Enzymatic cleavage of fusion proteins 

Cleavage of the maltose binding protein via proteolysis was investigated in order to 

obtain mDHFR fragments free from the MBP. As mentioned previously, two 

protease recognition sites are present in the fusion proteins: a Factor Xa site 

(IEGR), which was already present in the pBAD vector, and a TEV recognition 

sequence (ENLYFQG), which was introduced during the cloning process. Factor 

Xa is the most commonly used protease for cleavage of MBP fusion proteins, 

although specificity for the recognition sequence is not ideal. This enzyme cuts 

after the arginine in the recognition sequence and will give rise to mDHFR 

fragments with an additional 11 amino acids at their respective N-termini. The 

AcTEV protease used in this work is an engineered variant that displays higher 

activity and stability when compared to the wild-type enzyme and was reported to 

be more specific than Factor Xa.91 TEV protease cuts between the glutamine and 

glycine in the recognition sequence, resulting in mDHFR fragments that contain 

only an additional glycine at the N-termini. 

a)     b) 

 
Figure 10: 12% Tricine-SDS-PAGE of protease cleavage reaction: a) TEV protease 20 µg 

fusion protein, 30 TEV protease units (3µL), in 50 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 1 mM 

DTT (150 µL). Incubation at 30 °C. b) 20 µg fusion protein, 3 Factor Xa units (3µL) in 20 mM 

Tris-HCl pH 8.0, 100 mM NaCl, 2 mM CaCl2 (150 µL). Incubation at 25 °C. 

To test proteolysis, alanine mutants of MBP_mDHFR fragments were initially 

used and reactions were performed simultaneously with both proteases, following 

protocols from the suppliers. Efficiency of the cleavage reaction was evaluated by 

Tricine-SDS-PAGE (Figure 10), monitoring the bands corresponding to the fusion 

proteins and the cleaved MBP. Both possess a similar molecular weight and 

therefore the intensity of the Coumassie staining is expected to be comparable. As 

for several protein batches of the MBP_Nterm-mDFHR fusion protein proteolysis 

occurred spontaneously (Figure 10.a first lane at time 0 h), the efficiency of the 

digestion was evaluated starting from the initial cleaved to non-cleaved ratio. 

These experiments demonstrated that protease cleavage of the fusion proteins was 
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possible with both proteases. In general, the process proved to reach higher 

conversions toward the cleaved product for the MBP_Nterm-mDHFR fragment. 

This difference presumably reflects a difference in the secondary structure of this 

fusion protein, making the recognition site more available to the proteases. When 

comparing TEV protease and Factor Xa, the latter appeared to be more efficient for 

both fusion proteins; therefore, this protease will be used for further studies. 

Notably, no precipitation of the mDHFR fragments was observed during or after 

cleavage reaction, probably due to the low concentrations of the cleaved product. 

Cleavage of the MBP_mDHFR fragments conjugates with 2,2-bipyridine was 

attempted on a preparative scale (200 µg of protein), but unfortunately isolation of 

the cleaved mDHFR fragments was not possible. Tricine-SDS-PAGE of the 

concentrated crude mixture showed the presence of cleaved MBP around 42 KDa 

and traces of bands around 11 and 14 KDa corresponding to the mDHFR 

fragments. Nevertheless, after Strep-tag affinity chromatography, it was not 

possible to detect bands corresponding to the mDHFR fragments. This might be 

attributed to precipitation of the fragments or degradation during the purification. 

3.5 Conclusions 

In conclusion, in this chapter attempts toward the metal-mediated reassembly of 

a split mDHFR enzyme are described. Different design strategies have been 

explored toward this goal. The expression of mDHFR fragments containing in vivo 

incorporated metal binding amino acid BpyA did not result in any protein 

expression. Fusion of the fragments to MBP proved to significantly improve 

expression and solubility of the mDHFR constructs. With this strategy 

MBP_mDHFR fragments containing BpyA were successfully expressed, but 

turned out to bind Fe2+ in vivo, which complicated their use for the metal-mediated 

reassembly of the split enzyme. The introduction of metal binding moieties by 

post-translational modification proved to be a superior strategy to achieve 

MBP_mDHFR fragments with the ability to bind metal ions in a controlled way. 

Bipyridine, phenanthroline and terpyridine conjugates of the mDHFR fragments, 

fused with MBP, were successfully synthesized using the similar procedures. 

Unfortunately though, no reassembly of the split enzyme was observed in presence 

of a number of divalent transition metal ions (Fe2+, Zn2+, Cu2+). It is conceivable 

that the fusion of the mDHFR fragments to the maltose binding protein prevents a 

successful reassembly of the split enzyme due to the steric bulk of the fusion 

partner and/or unspecific interactions of the metal ions with MBP. Cleavage of the 

MBP was attempted, yet despite the fact that the proteolysis was working as 
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envisioned on an analytic scale, isolation of the cleaved mDHFR fragments on a 

preparative scale was not possible.  

A redesign of mDHFR fragments might be necessary to achieve the envisioned 

metal-regulated split enzyme. Starting from the current design of the metal binding 

split fragments, fusion with a smaller solubility tag than the MBP used here might 

be tested. Small ubiquitin-related modifier (SUMO) is a 12 KDa protein that has 

proved to be a valuable tool to enhance expression and solubility of recombinant 

proteins in E. coli.92,93 The reduced size of SUMO compared to MBP might reduce 

unspecific interaction and/or steric bulk that appeared to prevent the reassembly of 

the split enzyme.  

Alternatively, the use of the mDHFR fragments containing cysteine residues 

described in Chapter 2 might be considered since those fragments resulted in 

acceptable protein expression. Nevertheless, the His-tag present in the previous 

design needs to be removed from the fragments, either being substituted by 

Strep-tag at a genetic level, or by introduction of a protease recognition site prior to 

the His-tag and subsequent proteolysis. Expression of Strep-tagged mDHFR might 

need careful optimization of the purification procedure, due to incompatibility of 

the Strep-tactin resin with the denaturing conditions necessary to maintain mDHFR 

fragments soluble. In case expression of the fragments is obtained, the coupling 

with the metal binding moiety should be performed under denaturing conditions, 

due to the intrinsic insolubility of the fragments. A fine tuning of the coupling 

conditions would be necessary to avoid unspecific alkylation of other nucleophilic 

amino acids in the protein scaffolds.  

3.6 Experimental section 

3.6.1 General remarks 

Chemicals were purchased from Sigma Aldrich, Acros, Alfa Aesar or TCI Europe and used 

without further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 400 MHz 

in CDCl3, DMSO-d6 or D2O. Chemical shifts (δ) are denoted in ppm using residual solvent 

peaks as internal standard. UV-visible spectra were recorded on Jasco V-660 Spectrophotometer 

at 25 °C. mDHFR assays were conducted in quartz cuvettes with a 1 cm path length. The 

concentration of the proteins and oligonucleotides was measured with Nanodrop 2000 (Thermo 

Scientific). HPLC-MS on protein samples was performed at the Interfaculty Mass Spectrometry 

Center (UMCG) on a Shimadzu LC-system (Shimadzu-SIL-20AC) coupled to a Sciex API 3000 

triple quadrupole equipped with an ion spray source (Applied Biosystems, MDS-SCIEX, 

Toronto, Canada) on a Vydac C18 column (150 x 2.1 mm). Water (solvent A) and mixture 

CH3CN:isopropanol 1:2 (solvent B) containing 0.5% v/v formic acid, were used as the mobile 

phase at a flow rate of 0.3 mL/min. Linear gradient from 90% to 2% of solvent A over 20 min 

was applied. Mass spectra were obtained in profile scan mode from mass 300 till 1900 using the 

following conditions: DP=80V; FP=300V; TEM=450°C. The software used for acquisition and 

reconstruction of the data was Analyst.1.5.2 and Bioanalyst from Sciex, Canada. Extinction 

coefficients of proteins (ε280) were calculated with the Protparam tool on the Expasy server. E. 

coli XL1-Blue were used for cloning and E. coli BL21 (DE3) and TOP10/NEB10β were used 
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protein expression with pET and pBAD plasmids, respectively. PCR reactions were carried out 

using an Eppendorf Mastercycler Personal apparatus. DNA sequencing was carried out by 

GATC-Biotech. Primers were synthesized by Eurofins. Pfu Turbo polymerase was purchased 

from Agilent and DpnI, Quick Ligation kit and restriction endonucleases were purchased from 

New England Biolabs. Plasmid purification kit, PCR purification kit and gel extraction kit were 

purchased from Qiagen. Centrifugation was performed using a Beckman Coulter Avanti J-E 

centrifuge. Strep-tag purification was performed on Strep-Tactin superflow resin (IBA) and 

amylose purification on a MBP-HiTrap 5mL (GE Healthcare) on FPLC (Äkta Purifier 900 (GE 

Healthcare). Dialysis membranes were purchased by SpectrumLabs. Tricine-SDS-PAGE were 

performed in minigel BioRad apparatus and Coumassie staining was obtained with InstantBlue 

(Expedeon). Ultra-centrifugation was performed with Vivaspin-Turbo-15 or Vivaspin-500 

(Startorius). Proteases Factor Xa and AcTEV Protease were purchased by New England Biolab 

and Invitrogen, respectively. Expression plasmids pTWINXa-mDHFR, 

pTWINXa-Nterm-mDHFR and pTWINXa-GGSGG_Cterm-mDHFR encoding for full length 

mDHFR and 1-105 fragment and 106-186 fragment of mDHFR respectively, were available 

from previous work.69 Plasmid pEVOL-BpyA was kindly provided by Professor P. G. Schultz 

(The Scripps Research Institute). 
 

3.6.2 Synthesis   

 
(2,2-bipyridin-5yl)alanine (BpyA) was synthesized according to literature procedures. Generally 

the first step was performed starting from 20 mL of 2-acetyl pyridine (178 mmol) and the final 

product BpyA was obtained with overall yields ranging from 5 to 11%.  

1-[2-Oxo-(2-pyridin-2-yl-)ethyl]pyridinium iodide (1)84 1H-NMR (400 MHz, DMSO) δ (ppm): 

6.51 (s, 2H), 7.82-7.85 (m, 1H), 8.06-8.09 (m, 1H), 8.12-8.17 (m,1H), 8.26-8.30 (m, 2H), 

8.71-8.75 (m, 1H), 8.87-8.88( m, 1H), 9.02-9.04 (m, 2H) 

5-(methyl) 2,2’-bipyridine (2)84 1H-NMR (400 MHz, CDCl3) δ (ppm): 2.34 (s, 3H), 7.22-7.26 

(m, 1H), 7.58 (d, 1H, J=8.1 Hz), 7.74- 7.80 (m, 1H), 8.25 (d, 1H, J=8.1 Hz), 8.32 (d, 1H, J=8.1 

Hz), 8.47 (s, 1H), 8.63-8.65 (m, 1H);   

5-(bromomethyl) 2,2´-bipyridine (3)84 1H-NMR (400 MHz, CDCl3) δ (ppm): 4.54 (s, 2H), 

7.31-7.34 (m, 1H), 7.80-7.87 (m, 2H), 8.40-8.46 (m, 2H), 8.69 (s, 2H). 

Diethyl 2-(2,2’-bipyridin-5-ylmethyl)-2-acetamidomalonate (4)94 1H-NMR (400 MHz, CDCl3) 

δ (ppm): 1.30 (t, 6H, J=7.1 Hz), 2.06 (s, 3H), 3.73 (s, 2H), 4.27-4.30 (m, 4H), 6.60 (s, 1H), 

7.28-7.31 (m, 1H), 7.47 (dd, 1H, J1=8.0 Hz, J2=2.3 Hz), 7.80 (td, 1H, J1=8.0 Hz, J2=2.3 Hz), 

8.27-8.34 (m, 3H), 8.66 (m, 1H). 

3-(2,2’-bipyridin-5-yl)-2-aminopropanoic acid (5)94 1H-NMR (D2O, 400 MHz)  (ppm): 

3.31-3.39 (m, 2H), 4.30 (t, 1H, J1=6.8 Hz), 7.87-7.91 (m, 1H), 8.03 (d, 1H, J2=8.2 Hz), 8.19 (d, 

1H, J2=8.4 Hz), 8.42-8.48 (m, 1H) and 8.46-8.70 (m, 2H). 
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5-(aminomethyl) 2,2´-bipyridine (6) was synthesized according to a literature procedure85 from 

700 mg (2.8 mmol) of 3 and it was obtained with a 77% yield (402 mg, 2.2 mmol). 1H-NMR 

(400 MHz, CDCl3) δ (ppm): 1.51(s, 2H), 3.95 (s, 2H), 7.29 (dd, J1=4.8 Hz, J2 =1.2 Hz, 1H), 

7.78-7.82 (m, 2H), 8.33-8.38 (m, 2H), 8.62 (d, 1H, J=1.6 Hz), 8.62-8.67 (m, 1H).  
N-([2,2’-bipyridin]-5-ylmethyl)-2-bromoacetamide (7) was synthesized adapting a literature 

procedure.85 Compound 6 (65 mg, 0.35 mmol) was dissolved in 30 mL anhydrous CHCl3 and 

bromoacetyl bromide (0.42 mmol, 1.2 eq) was added. The reaction was stirred at room 

temperature under nitrogen for 1 hour. A white precipitate appeared during the reaction. The 

mixture was subsequently acidified with 10 mL 0.1 M HCl and the organic layer was extracted 

twice with 0.1 M HCl additionally. The combined aqueous phases were basified with 0.1 M 

NaOH to pH 8 and extracted three times with CHCl3. The organic layer was separated, dried over 

anhydrous Na2SO4 and the solvent was evaporated in vacuo. The product was obtained as a white 

solid with a 60% yield (64 mg, 0.21 mmol).1H-NMR (400 MHz, CDCl3) δ (ppm): 3.96 (s, 2H), 

4.48 (d, J=8.9 Hz, 2H), 7.26-7.34 (m, 1H), 7.74-7.86 (m, 2H), 8.35-8.38 (m, 1H), 8.41-8.42 (m, 

1H), 8.61-8.62 (m, 1H), 8.67-8.69 (m, 1H). 

 
2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide (8) was synthesized according to a literature 

procedure85 from 100 mg of 1,10 phenanthrolin-5amine (0.51 mmol) with a 78% yield (126 mg, 

0.4 mmol). 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 4.34 (s, 2H), 8.19-8.23 (m, 2H), 8.57 (s, 

1H), 9.04 (d, J=8.8 Hz, 1H), 9.14 (d, J=8.1 Hz, 1H), 9.20 (d, J=5.4 Hz, 1H), 9.32 (d, J= 4.1 Hz, 

1H), 10.90 (s, 1H). 

 
2-([2,2':6',2''-terpyridin]-4'-yloxy)ethan-1-amine (9) was synthesized according to a literature 

procedure86 from 400 mg of  4′-Chloro-2,2′:6′,2′′-terpyridine (1.5 mmol) with a 95% yield (415 

mg, 1.4 mmol). 1H-NMR (400 MHz, CDCl3) δ (ppm): 3.16 (t, J=5.1 Hz, 2H), 4.26 (t, J=5.1 Hz, 

2H), 7.32 (dd, J1=4.8 Hz, J2=1.2 Hz, 2H), 7.84 (td, J1=7.8 Hz, J2=1.8 Hz, 2H), 8.01 (s, 2H), 8.60 

(d, J=8.0 Hz, 2H), 8.67-8.69 (m, 2H). 

N-(2-([2,2':6',2''-terpyridin]-4'-yloxy)ethyl)-2-bromoacetamide (10) was synthesized with a 

procedure analogous to the one used for 7 from 100 mg of 9 (0.34 mmol) with a 65% yield (91 

mg, 0.22 mmol). 1H-NMR (400 MHz, CDCl3) δ (ppm): 3.78-3.91 (m, 2H), 3.91 (s. 2H), 4.37 (t, 

J=5.4 Hz, 2H), 7.36 (dd, J1=6.9 Hz, J2=4.4 Hz, 2H), 7.78 (t, J=7.8 Hz, 2H), 8.06 (s, 2H), 8.60 (d, 

J=8.0 Hz, 2H), 8.70 (d, J=8.0 Hz, 2H). 13C-NMR (300 MHz, CDCl3) δ (ppm): 29.0, 39.5, 66.6, 

107.3, 121.4, 124.0, 136.9, 149.0, 156.6, 157.1, 166.7, 166.6. 
 

3.6.3 Construction of expression plasmids for mDHFR_BpyA fragments 

The mDHFR fragment genes were amplified by PCR using pTWIN_Nterm-mDHFR and 

pTWIN_GGSGG_Cterm-DHFR as templates and PCR primers listed in Table 1. Standard Pfu 

Turbo DNA polymerase protocol was used with an initial denaturation at 95 °C for 2 min. The 

following cycle was repeated 30 times: denaturation at 95 °C for 30 s, annealing at 55 °C for 1 

min, elongation at 72 °C for 90 seconds. Final elongation was performed at 72 °C for 10 min. 

The resulting PCR products, purified by PCR purification kit, and the pET17b vectors were 

digested with restriction endonucleases NdeI and XhoI at 37 °C for 3 h. The digested PCR 
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products and vectors were purified by 1% agarose gel (TAE buffer) and isolated with gel 

extraction kit. 50 ng of digested vector and 90 ng of corresponding PCR product were treated 

with T4 DNA ligase from the Quick Ligation kit (1:3 molar ratio vector:insert). The mixtures 

were incubated at 25 °C for 30 min and 10 µL of the mixtures were transformed into E. coli 

XL-1 blue, which were spread onto an agar plate containing 100 μg/mL of ampicillin. Single 

colonies were selected after overnight growth and used to inoculate 5 mL LB medium containing 

the same antibiotic. Plasmids were isolated by plasmid purification kit and sequence was 

confirmed by Sanger sequencing (T7 forward primer) obtaining plasmid 

pET17b_Nterm-mDHFR_105X-Streptag and pET17b_Cterm-mDHFR_1X_Streptag (X indicates 

the position of TAG codon). 

 
 

3.6.4 Construction of expression plasmids for MBP_mDHFR_fragments 

The mDHFR fragment genes were amplified by PCR from pET17b_Nterm-mDHFR_105A 

Streptag and pET17b_Cterm-mDHFR_1A_Streptag as templates and PCR primers listed in Table 

2. Standard Pfu Turbo DNA polymerase protocol was used with an initial denaturation at 95 °C 

for 2 min. The following cycle was repeated 30 times: denaturation at 95 °C for 30 s, annealing 

at 50 °C for 1 min, elongation at 72 °C for 90 seconds. Final elongation was performed at 72 °C 

for 10 min. The resulting PCR products were purified using the PCR purification kit. The pBAD 

plasmid, containing the MBP sequence between NdeI and EcoRI restriction sites was selected as 

vector for the cloning. A Factor Xa protease recognition site was already present in the plasmid 

between the MBP sequence and the EcoRI restriction site. The PCR products obtained and the 

(NdeI)pBAD vector were digested with restriction endonucleases EcoRI and HindIII at 37 °C for 

2 h. The digested PCR products and vectors were purified by 1 % agarose gel (TAE buffer) and 

isolated with gel extraction kit. 100 ng of digested vector and 18 ng of the corresponding PCR 

product were treated the Quick Ligation kit (1:3 molar ratio vector:insert). The mixtures were 

incubated at 25 °C for 30 min and 10 µL of the mixtures were transformed into E. coli XL-1 blue 

with same procedure indicated previously. Plasmids obtained: pBAD_MBP(Xa)_TEV_Nterm 

mDHFR_105A-Streptag and pBAD_MBP(Xa)_TEV_Cterm-mDHFR_1A_Streptag. 

 
 

3.6.5 Site-directed mutagenesis  

Site-directed mutagenesis was used to introduce the alanine mutation in place of the TAG codon 

for unnatural amino acid incorporation on plasmids pET17b_Nterm-mDHFR_105X_Streptag and 

pET17b_Cterm-mDHFR_1X_Streptag and to introduce the TAG codon and the cysteine in place 

of alanine on plasmids pBAD_MBP(Xa)_TEV_Nterm-mDHFR_105A_Streptag and pBAD_MBP 

(Xa)_TEV_ Cterm-mDHFR_1A_Streptag. The primers used for the mutagenesis are listed in 

Table 1 Primers used for PCR reactions (fw: forward primer, rv: reverse primer). Restriction sites (NdeI 

forward primer and XhoI reverse primer) in italics, TAG codon for unnatural amino acid incorporation 

in bold, Streptag sequence underlined. 
 

Primer Sequence (5’ → 3’) 

Nterm-mDHFR_105X_fw TACTACCATATGGTTCGACCATTGAACTC’ 

Nterm-mDHFR_105X_rv GTAGTACTCGAGTTATTTTTCGAACTGCGGGTGGCTCCAACTGCCCTATTCCGGTTGTTCAATAAGTC 

Cterm-mDHFR_1X_fw TACTA CATAT GGCGGCAGTGGCGGCTAGGCAAGTAAAGTAGACATGG 

Cterm-mDHFR_1X_rv GTAGTACTCGAGTTATTTTTCGAACTGCGGGTGGCTCCATTTCTTCTCGTAGACTTC 

 

Table 2 Primers used for PCR reactions (fw: forward primer, rv: reverse primer). Restriction sites 

(EcoRI, forward primer and HindIII, reverse primer) in italics, alanine in bold, TEV recognition sequence 

underlined. 

Primer Sequence (5’ → 3’) 

MBP_TEV_Nterm-mDHFR_105A_fw TACTAC GAATTC GAGAATTTATATTTTCAAGGCGTTCGACCATTGAACTCG 

MBP_TEV_Nterm-mDHFR_105A_rv GTCGTC AAGCTT TTATTTTTCGAACTGCGGGT       

MBP_TEV_Cterm-mDHFR_1A_fw TACTAC GAATTCGAGAATTTATATTTTCAAGGCGCGGCAAGTAAAGTAGACATG 

MBP_TEV_Cterm-mDHFR_1A_rv GTCGTC AAGCTT TTATTTTTCGAACTGCGGGTG 
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Table 3. Standard Pfu Turbo DNA polymerase protocol was used with an initial denaturation at 

95 °C for 1 min. The following cycle was repeated 16 times: denaturation at 95 °C for 30 s, 

annealing at 62 °C for 1 min, elongation at 68 °C for 5 minutes. Final elongation was performed 

at 72 °C for 10 min. The resulting PCR products were digested with restriction endonuclease 

DpnI for 1-2 h at 37 °C and 5 µL of the mixture were directly transformed into the E. coli 

XL1-blue cells. Cells were spread onto an agar plate containing 100 μg/mL of ampicillin. Single 

colonies were selected after overnight growth and used to inoculate 5 mL of LB medium 

containing the same antibiotic. Plasmids were isolated by plasmid purification kit and sequence 

was confirmed by Sanger sequencing (T7 and pMALE sequencing primers were used for pET 

and pBAD plasmids, respectively). 

 
3.6.6 Expression and purification MBP_mDHFR fragments mutants 

pBAD_MBP(Xa)_TEV_Nterm-mDHFR_105A_Streptag, pBAD_MBP(Xa)_TEV_Cterm-mDHFR 

_1A_Streptag, pBAD_MBP(Xa)_TEV_Nterm-mDHFR_105C_Streptag and pBAD_MBP(Xa)_ 

TEV_Cterm-mDHFR_1C_Streptag were transformed, independently, into E. coli TOP10 

(NEB10β for the cysteine variants) which were spread onto an agar plate containing 100 μg/mL 

of ampicillin. For the BpyA variants, plasmids pBAD_MBP(Xa)_TEV_Nterm-mDHFR_A105X 

and pBAD_ MBP(Xa)_TEV_Cterm-mDHFR_A1X were co-transformed with pEVOL BpyA into 

E. coli TOP10 which were spread onto an agar plate containing 100 μg/mL of ampicillin and 34 

μg/mL chloramphenicol. Single colonies were selected after overnight growth and used to 

inoculate 5 mL LB medium containing the same antibiotics. This starter culture was grown at 37 

°C overnight and used to inoculate 500 mL of fresh LB medium with the same antibiotics. The 

culture was grown at 37 °C and when OD600 reached 0.5 L-arabinose (1 mM) was added to 

induce the expression of target proteins. For BpyA-containing variants also BpyA was added at a 

final concentration of 0.5 mM (from a 500 mM stock solution in sterile milliQ water). 

Expression was performed at 30 °C overnight. Cells were harvested by centrifugation (6000 rpm, 

JA-10, 20 min, 4 °C), and the pellet was resuspended in 50 mM NaH2PO4 pH 8.0, 8 M urea (20 

mL). Cells were sonicated (70% (200W) for 5 min (10 sec on, 15 sec off) and centrifuged (15000 

rpm, JA-17, 1 h, 4 °C). The cell-free extract was dialyzed against 1 L of 50 mM NaH2PO4 pH 

7.0, 2 M urea for 4 h at 4 °C (no stirring) after which the buffer was exchanged to 1 L of 50 mM 

NaH2PO4 pH 7.0. The dialysis was continued overnight at 4 °C (stirring). Possible precipitate 

was removed by centrifugation (4000 rpm, Eppendorf). The cell-free extracts were then loaded 

onto columns containing 3 mL of pre‐equilibrated slurry of Strep-Tactin column material (50% 

Strep-Tactin in storage buffer) for 1 h at 4 °C (mixed at 200 rpm on a rotary shaker). Columns 

were washed three times with 1 CV (column volume) of 50 mM NaH2PO4 pH 8.0, 8 M urea and 

eluted with seven fractions of 0.5 CV of the same buffer containing 5 mM desthiobiotin. For the 

Table 3 Primers used for site-directed mutagenesis (fw: forward primer, rv: reverse primer). Single 
point mutations in bold. 

Primer Sequence (5’ → 3’) 

Nterm-mDHFR_X105A_fw GAA CAA CCG GAA GCG GGC AGT TGG AGC 

Nterm-mDHFR_X105A_rv GCT CCA ACT GCC CGC TTC CGG TTG TTC 

Cterm-mDHFR_X1A_fw GGC AGT GGC GGC GCG GCA AGT AAA GTA 

Cterm-mDHFR_X1A_rv TAC TTT ACT TGC CGC GCC GCC ACT GCC 

MBP_TEV_Nterm-mDHFR_A105X_fw GAA CAA CCG GAA TAG GGC AGT TGG AGC 

MBP_TEV_Nterm-mDHFR_A105X_rv GCT CCA ACT GCC CTA TTC CGG TTG TTC  

MBP_TEV_Cterm-mDHFR_A1X_fw TAT TTT CAA GGC  TAG GCA AGT AAA GTA 

MBP_TEV_Cterm-mDHFR_A1X_rv TAC TTT ACT TGC CTA GCC TTG AAA ATA 

MBP_TEV_Nterm-mDHFR_X105C_fw GAA CAA CCG GAA TGC GGC AGT TGG AG 

MBP_TEV_Nterm-mDHFR_X105C_rv GCT CCA ACT GCC GCA TTC CGG TTG TTC 

MBP_TEV_Cterm-mDHFR_X1C_fw GGC AGT GGC GGC TGC GCA AGT AAA GTA 

MBP_TEV_Cterm-mDHFR_X1C_rv TAC TTT ACT TGC GCA GCC GCC ACT GCC 
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purification of cysteine-containing proteins 2.5 mM DTT was added to all buffers. The 

purification of the alanine-containing MBP_mDHFR fusion proteins with amylose resin was 

performed loading the cell-free extracts (filtered over a 0.45 µm filter) onto a MBP-HiTrap 

column with a flow of 0.5 mL/min. Once all the cell-free extract was injected and no more 

protein was eluting (no absorbance at 280 nm), the column was washed with 5 column volumes 

(CVs, 1 mL/min) of 50 mM NaH2PO4 pH 7.4 and the protein was eluted with 10 CVs of the 

same buffer containing 10 mM maltose. The elution fractions were analyzed on a 12% 

polyacrylamide Tricine-SDS gel followed by Coumassie staining. Fractions containing protein 

were pooled and concentrated using Vivaspin Turbo-15(5000 MWCO). The concentration of the 

proteins was measured with Nanodrop 2000 using the calculated extinction coefficient ε280= 

85830 M‐1 cm‐1 and 86290 M‐1 cm‐1 for MBP(Xa)_TEV_Nterm-mDHFR_105A and 

MBP(Xa)_TEV_ Cterm-mDHFR_1A, respectively. The contribution of the metal binding moiety 

was accounted for by addition of the measured extinction coefficient obtained for 

2,2’-bipyridine, 1,10-phenantroline  and [2,2':6',2''-terpyridine to the extinction coefficient of the 

proteins (14800 M-1cm-1, 10500 M-1cm-1 and 14600 M-1cm-1, respectively). HPLC-MS were 

recorded for each MBP_mDHFR: 

MBP_Nterm-mDHFR_105A:  MWcalc=56973 Da, MWmeas56983 Da (+10) 

MBP_Cterm-mDHFR_1A: MWcalc 54226 Da, MWmeas 54237 Da (+11)  

MBP_Nterm-mDHFR_105C:  MWcalc=57006 Da, MWmeas=57015 Da (+9) 

MBP_Cterm-mDHFR_1C: MWcalc=54258 Da, MWmeas=54268 Da (+10)  

MBP_Nterm-mDHFR_A105BpyA:  MWcalc=57127 Da, MWmeas=57141 Da (+14), 55731 Da 

(truncated fragments before BpyA: MWcalc=55718 Da) 

MBP_Cterm-mDHFR_A1BpyA: MWcalc=54380 Da, MWmeas=54393 Da (+13)  

3.6.7 MBP_mDHFR fragment_bipyridine conjugates  

Cysteine variants of the MBP_mDHFR fragments eluted from the Strep-Tactin column were 

concentrated to 50-70 µM and dialyzed against 1 L of degassed 50 mM NaH2PO4 pH 7.8, 150 

mM NaCl buffer overnight. A 10 times molar excess of N-([2,2’-bipyridin]-5-ylmethyl)-2 

bromoacetamide, 2-bromo-N-(1,10-phenanthrolin-5-yl) acetamide or N-(2-([2,2':6',2'' 

terpyridin]-4'-yloxy)ethyl)-2-bromoacetamide dissolved in a small amount of DMSO (final 

concentration around 10%) were added to the protein solutions under Ar and in the dark. The 

solutions were mixed for 8 h at 4 °C after which the proteins were dialyzed twice against 1 L of 

50 mM NaH2PO4 pH 7.0, 150 mM NaCl. HPLC-MS were recorded for each conjugate.  

MBP_Nterm-mDHFR A105C_bpy MWcalc=57231 Da, MWmeas=54247 Da (+16), 57472 Da 

(double alkylation)  

MBP_Cterm-mDHFR A1C_bpy MWcalc=54483 Da, MWmeas=54499 Da (+16), 54731 Da 

(double alkylation) 

MBP_Nterm-mDHFR A105C_phen MWcalc=57241 Da, MWmeas=57253 Da (+12) 

MBP_Cterm-mDHFR A1C_phen MWcalc=54493 Da, MWmeas=54505 Da (+12) 

MBP_Nterm-mDHFR A105C_terpy MWcalc=57338 Da, MWmeas=23334 Da (impurity), 57351 

Da (+13), 57747 Da (impurity)  

MBP_Cterm-mDHFR A1C_terpy  MWcalc=54590 Da, MWmeas=54604 Da (+14), 54937 Da 

(double alkylation) 

MBP_Nterm-mDHFR A105C_phen MWcalc=57241 Da, MWmeas=57253 Da (+12) 

MBP_Cterm-mDHFR A1C_phen MWcalc=54493 Da, MWmeas=54505 Da (+12) 

3.6.8 UV-visible spectroscopy 

UV-visible spectra were recorded at 25 °C from 250 nm to 750 nm. UV-visible spectra of 

proteins were recorded in 50 mM NaH2PO4 pH 7.0, 150 mM NaCl with protein concentrations 

ranging from 20 to 50 µM. UV-visible titrations were performed with 20 µM protein solutions 
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with subsequent additions of 0.5 mM working solutions of metal salts. 0.5 mM working solutions 

of Zn(NO3)2·6H2O, FeSO4·7H2O in milliQ water were prepared from 5 mM stock solutions in 

milliQ water with 0.1% HCl. Split mDHFR reassembly assay was performed as described in 

Chapter 2: equimolar amounts of MBP_mDHFR fragments conjugates with the ligand (phen, 

bpy or terpy) were pre-mixed under denaturing conditions (50 mM NaH2PO4 pH 7.8, 8 M urea) 

to a final concentration of 2 µM (50 µL). The pre-mixed solution was diluted 20 times in the 

reaction buffer 50 mM NaH2PO4 pH 7.8 containing dihydrofolate (100 µM) to a final 

concentration of 0.1 µM for each component. Addition of metal salts (Cu(NO3)2, FeSO4 and 

Zn(NO3)2, was studied (1) in the denaturing pre-mixed solution (2) in the reaction buffer prior to 

the dilution of the pre-mixed solution (3) in the reaction buffer after dilution of the pre-mixed 

solution and 30 min incubation. Different equivalents of metal ions were added (compared to 

each protein fragment). NADPH was added at a final concentration of 100 µM (from a stock 

solution of 50 mM in milliQ water) and absorbance at 340 nm was monitored over time. 
 

3.6.9 Enzymatic cleavage of fusion proteins – Factor Xa and TEV protease 

Protease cleavage reactions were performed according to supplier’s protocols. For TEV protease 

cleavage, 20 µg of protein were incubated with 30 protease units (3µL) in 50 mM Tris-HCl pH 

8.0, 0.5 mM EDTA and 1 mM DTT for a total volume of 150 µL. The reaction mixture was 

incubated at 30 °C under continuous stirring (800 rpm). For Factor Xa cleavage, 150 µg of 

protein were incubated with 3 µg of Factor Xa (3µL) in 20 mM Tris-HCl pH 8.0, 100 mM NaCl, 

2 mM CaCl2 for a total volume of 150 µL. The reaction mixture was incubated at 23 °C under 

continuous stirring (800 rpm). Samples were collected in time, mixture with SDS-loading dye 

and frozen before being loaded on a 12% Tricine-SDS gel. Cleavage on a preparative scale was 

performed in 750 µL, the mixture was then concentrated and analyzed by Tricine-SDS-PAGE. 
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