
RICE UNIVERSITY

Dirhodium Metallopeptides for Catalytic Protein modification
& Inhibition of Protein-Protein Interactions

by

Farrukh Vohidov

A THtrSIS STJBMITTtrD

IN PARTIAL F'IJLFILLMENT OF THtr

REQIJIRtrMtrNTS F'OR THtr DtrGRtrE

Doctor of Philosophy

Professor, Departments of Chemistry and
Bioengineering

Jon J. Silberg

BioSciences and Bioengineering
Associate Director, Systems, Synthetic and
Physical Biology Graduate Program

HOTJSTON, TtrXAS

May 2016

APPROVED, THESIS COMMITTEE

all, Chair
Assodia6 Professor, Department of
Chemistry
Associate Chair for lJndergraduate Studres

Jeffre{ D. Flart&erink



 
 

ABSTRACT 

Dirhodium Metallopeptides for Catalytic Protein modification 

& Inhibition of Protein-Protein Interactions 

 by 

Farrukh Vohidov 

The fundamental goal of chemical biology is to develop tools for interrogation 

of the activity and function of biomolecules, ultimately leading to understanding of 

the inner workings of biological systems. This thesis discusses three contributions 

towards expanding the chemical biology toolbox: i) an enzyme-like specific protein 

modification method, ii) a chemical blotting protocol for analyzing the products of 

protein modification reactions, iii) potent and selective inhibitors of protein-protein 

interactions.  

Inspired by the exquisite control and selectivity seen in enzymatic 

transformations, dirhodium metallopeptides were developed that catalyze selective 

labeling of natural proteins in their native environment. These tailored 

metallopeptides are highly specific for the targeted proteins, allowing quantitative 

modification of a target protein at micromolar concentrations even in the presence of 

a large number of potentially reactive biomolecules. The utility of the method for 

biophysical studies was demonstrated by labeling Yes protein kinase directly in cell 

lysate. In order to analyze products of in-lysate modification reactions, a chemical 

blotting protocol was established, and luminogenic probes were designed for use in 

chemical blotting and cell imaging applications.  



 
 

Design of inhibitors for protein-protein interactions is a formidable challenge 

due to the structural and chemical properties of protein interfaces involved in these 

interactions. Exploiting the potential of the dirhodium core to participate in 

cooperative binding, inhibitors for SH3 protein domains were developed by attaching 

dirhodium at different positions on a parent peptide ligand with modest SH3-affinity. 

The rationally designed library of dirhodium metalloinhibitors yielded the tightest 

known inhibitor for Lyn SH3; Lyn, a tyrosine kinase, represents an important target 

to further our understanding of a variety of cellular dysfunctions. Taken together, 

these contributions represent a set of powerful tools in chemical biology and can 

serve as a foundation for continued advancement of the field.  
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Chapter 1 

Structure-selective protein 

metalloinhibitors  

Parts of this chapter discussing some of the examples from literature of metals 

serving as structural and cooperative binding units in inhibitors have been adapted 

from:1 

(1) Kundu, R.: Developing Dirhodium-Complexes for Protein Inhibition and 

Modification & Copper-Catalyzed Remote Chlorination of Alkyl-

Hydroperoxides. Rice University, 2013. 

1.1.  Introduction 

The unique properties of metal complexes, such as different coordination 

geometries, tunability of several chemical properties and reactivities (ligand 

exchange at the metal center, redox activity etc.), make metal complexes desirable for 

utilization in unexplored areas of therapeutics.2-4 Additionally, they are relatively 



 2 

straightforward to synthesize yet offer access to elaborate 3D molecular shapes 

beyond tetrahedral. 

The discovery of cisplatin5 ignited active research in the field of metal-based 

drugs.6 The predominant drive in the field has been towards highly cytotoxic 

metallodrugs with broad spectrum of activity. A number of metalated complexes are 

used to target DNA for anticancer treatment7 with many more metal-based drug 

candidates in clinical trials.8,9 The lack of specificity of DNA targeting by the metal 

adversely affects healthy cells as well as the diseased target, causing undesirable side-

effects. For this reason, research in medicinal chemistry and chemical biology is 

increasingly focused on development of drugs with novel modes of action, improved 

specificity, increased potency and decreased side-effects.10,11  

Targeting proteins is an alternative approach with clear potential advantages. 

Because of variety in functional groups and tertiary structures inherent in proteins, 

it can be envisioned that novel metal-based drugs can be rationally designed 

specifically for individual protein targets. Furthermore, metal complexes coupled 

with a biological ligand for molecular recognition can offer new approaches for 

protein inhibitor preparation, including distinct modes of action that are not 

accessible with canonical organic pharmacophores. This review aims to survey recent 

advances in the field of protein metalloinhibitors with an emphasis on rational design 

principles. 
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1.1.1. Classes of structure-selective protein metalloinhibitors 

Chemists and biochemists are inspired by natural inhibitors or resort to 

virtual screening of potential candidates present in literature, sometimes using 

fundamental chemical ideas to improve the target specificity of a drug. This chapter 

highlights research that taps into vast wealth of structural motifs, interaction modes, 

and catalytic activities offered by metal complexes with the goal of improving protein 

inhibitor design. The metalloinhibitors will be reviewed in order of increasing 

chemical reactivity at the metal center and are grouped into three classes (Figure 1.1), 

where the metal center: 

i) is a structural unit, creates unique scaffolds for binding  

ii) enhances binding though additional binding to Lewis basic residues 

iii) has a catalytic role, proximally generating reactive species for target 

protein inactivation. 
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Figure 1-1. Classes of structure-selective protein metalloinhibitors. Clockwise from 

top: metal center participates in cooperative binding, enhancing affinity of the 

inhibitor; metal center creates novel scaffolds to meet binding requirements of the 

target protein; metal center catalytically inactivates target protein by proximally 

producing reactive species. Figure adapted from references.12-14 
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1.2. Metal center as a structural unit  

Substitution-inert metal complexes allow 

tuning of inhibitor shape via functionalization at the 

ligands to meet the binding requirements of a protein 

target. The survey is started with early reports from the 

Hamachi lab, and the expansion of their work by Wilson 

et al., which convey the overarching theme of this section – using metal complexes for 

creation of unique 3D protein binders around an inert metal center with structures 

that are different from tetrahedral. 

1.2.1. Tuning metal complex structure for specific protein recognition 

A wide variety of solvent-exposed amino-acid residues form unique patterns 

on protein surfaces. Molecules with specific affinity towards these unique patterns on 

protein folds can serve as site-selective inhibitors. In efforts to identify parameters 

for specific recognition of protein surfaces by metal complexes, Hamachi and 

coworkers investigated binding of ruthenium(II) tris(bipyridine) derivatives to 

cytochrome c (cyt c).15 Cyt c is a protein with patches of hydrophobic regions 

surrounded by positively charged lysine residues. A library of diversely 

functionalized ruthenium(II) tris(bipyridine) complexes was synthesized and 

affinities of these complexes towards model proteins were estimated using an 

ultrafiltration binding assay. It was found that metal complexes displaying negative 

charges preferentially bind the cyt c protein surface among proteins of similar sizes 

but different isoelectric points (pI). In photoreduction experiments electron transfer 
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from excited-state ruthenium(II) to oxidized cyt c was found to be optimal with a 

complex containing some aliphatic ligands. This implied that the correct spatial 

orientation of ligands around the ruthenium(II) center is essential for specific protein 

binding. 

 

Figure 1-2. Geometrically pure ruthenium(II) tris(bipyridine) derivatives display 

difference in biding to Cytochrome c. The Δ/Λ-mer1 complexes have six-fold 

stronger affinity compared to Δ/Λ-fac1 complexes, adapted from reference.16 

The Wilson group proved that geometrical arrangement and not solely 

electrostatic interactions was a major contributor for the strong binding. After 

confirming that negatively charged complexes bind to cyt c, the contribution of 

geometric arrangement was investigated. Geometrically pure complexes were 

isolated, and affinity measurements conducted using fluorescence quenching 
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titration exposed an six-fold difference in binding between the meridional and facial 

isomers.16 The Δ/Λ-mer1 complexes displayed 25-29 nM affinities towards 

cytochrome c, while Δ/Λ-fac1 had 172-130 nM binding, respectively (Figure 1.2). 

Furthermore, it was determined that binding of the most potent complex Δ-mer1 had 

a destabilizing effect on protein tertiary structure, as evidenced by a 25 C drop in 

thermal melting and accelerated trypsin digestion.17 

1.2.2. Inert metal complexes as structural scaffolds for inhibitor design 

Substitution-inert metal complexes can also function as structural 

underpinnings for known ligands; combined, the expanded complex can enable an 

increased number of non-covalent interactions in the binding pockets of protein 

targets.18 Megger’s group has made massive contributions to the field of metal-based 

inhibitor development.19,20 The group has put forward the idea of using kinetically 

inert octahedral metal complexes for designing highly selective inhibitors with 

increased structural complexity and corresponding increased access to chemical 

space. Inspired by the natural product staurosporine they created the ‘octasporine’ 

design.21 Staurosporine is a nonselective kinase inhibitor with a known hydrogen 

bonding motif inside the ATP-binding site of kinase enzymes (Figure 1.3.a). 

Because the ATP-binding pocket is highly conserved among the majority of 

kinases, development of selective ATP-competitive inhibitors is challenging. On the 

other hand, the area where the ribose portion of ATP resides, in the vicinity of the 

ATP-binding site, is dissimilar in different kinases. It was envisioned22 that selectivity 

could be modulated toward a particular kinase by matching staurosporine with an 
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inert octahedral metal complex whose ligands form additional, kinase-specific 

contacts within the ribose binding site (Figure 1.3.b). This consists of metal 

complexes of Ru2+, Rh3+, Ir3+, Os2+, or Pt2+ placed within the ATP-binding pocket of 

protein kinase at an optimum position that can exert influence on selectivity and 

potency.13,23,24 

 

Figure 1-3. a) Staurosporine as an inspiration for the design of octasporine protein 

kinase inhibitors. b) Binding of the octahedral pyridocarbazole metal complex 

scaffold to the ATP-binding site of a protein kinase. Figure adapted from reference.13 
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By exploiting different octahedral coordination spheres, Meggers and 

coworkers were able to design highly selective protein kinase inhibitors with sub-

nanomolar to nanomolar binding affinities. Some of the representative octasporine 

inhibitors are depicted in figure 1.4. As expected, the role of ligands was found to be 

pivotal in determining the selectivity of a metal complex towards one particular 

protein kinase among 100 or more others.13 For example, the Ru-complex OS1, 

having a carbonyl (CO) axial ligand (Figure 1.4) has an IC50 value of 0.9 nM for the 

protein kinase GSK3α. Within a tested panel of 102 protein kinases, 98 protein 

kinases were not inhibited, and GSK3α showed the highest inhibition with residual 

activity of only 6%. Changing the axial ligand to thiocyanate (NCS) (along with some 

other changes in the peripheral ligands), for Ru-complex OS4 (Figure 1.4), the 

selectivity changes towards the protein kinase DAPK1 with an IC50 value of 2 nM. 

Again, within a tested panel of 102 protein kinases, OS4 was found to be selective for 

DAPK1 with a selectivity factor of ~ 4.4. Cocrystal structures of the metalloinhibitors 

with the proteins showed that the axial ligand interacts with the flexible glycine-rich 

loop of the protein kinase, and the selectivity arises from the shape-complementarity 

of the ligand with the glycine-rich loop conformation. The small and linear CO ligand 

fits the small hydrophobic pocket formed by the glycine-rich loop in GSK3α whereas 

a more ‘stretched-out’ pocket of glycine-rich loop of DAPK1 can accommodate the 

larger and bent NCS ligand for optimal interaction. Modification of core hydrogen 

bonding motifs in octasporines can also be used for tuning specificity. A highly 

specific metalloinhibitor of Tropomyosin receptor kinase A (TrkA) was discovered 

when a lactam was substituted for an imide moiety (Figure 1.4).25  



 10 

The octasporine design tolerates incorporation of other metals (Figure 1.4).26 

Researchers evaluated a number of metal centers to obtain metalloinhibitors with 

differential ligand composition and stability. It was found that rhodium- and osmium-

based complexes display higher kinetic and conformational stability than their 

ruthenium analogues.27,28 Rhodium, unlike ruthenium, can also allow ligation to hard 

ligands such as carboxylates and amines without becoming prone to oxidation.27  

Integration of rhenium(I) into octasporine design produced dual-mode 

inhibitors capable of photocatalytically generating reactive oxygen species in 

addition to exhibiting antagonistic activity against protein kinases.29 Because 

irradiation of rhenium(I) with red light (λ > 600 nm) was sufficient to induce potent 

antiproliferative effects in HeLa cells,30 these inhibitors are well positioned for use in 

combination therapy against cancer.  Structure-selective catalytic metalloinhibitors 

resembling these are covered in the third section of this review. 
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Figure 1-4. Octasporine design allows for incorporation of various metal centers for 

tuning ligand composition and stability. Representative examples of potent and 

selective protein kinase inhibitors obtained by capitalizing on increased structural 

complexity of metal centers with different octahedral coordination spheres, adapted 

from reference.4 

A similar approach is also adaptable for preparation of selective inhibitors of 

other protein folds. A serendipitous discovery has led to development of non-ATP-

mimetic kinase metalloinhibitors. These metalloinhibitors, based on an altered core 
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hydrogen-bonding motif of a phenanthroline ligand, represent an attractive scaffold 

for future inhibitor design.31  

Lastly, the first nanomolar-range and extremely selective inhibitor of human 

repair enzyme 7,8-dihydro-8-oxoguanosine triphosphatase (MTH1), was discovered 

using a similar strategy. Because MTH1 binds adenine-like substrates, a mimic of 

enzyme’s biological substrate, 8-(2-pyridinyl)adenine,  was used as a structural 

template for metalloinhibitor design (Figure 1.5.a). Meggers group synthesized an 

inert organoruthenium half-sandwich complex connected to the 8-(2-

pyridinyl)adenine ligand. This initial design displayed modest inhibitory activity. 

However, several rounds of structure–activity relationship studies, facilitated by 

crystallographic data, resulted in a potent metalloinhibitor (Figure 1.5.a).  

SAR facilitated by the practicality of rapid modification of ligands around 

metal center afforded a 25,000-fold increase in potency compared to the initial 

design, yielding an inhibitor with IC50 = 6 nM.32 A cocrystal structure with MTH1 

showed ligands around the metal center participate in extensive interactions with 

residues within the binding pocket of the protein, including several hydrogen bonds 

(Figure 1.5.c) and van der Waals contacts (Figure 1.5.d). This is a fine example of 

increasing inhibitor potency by taking advantage of increased structural complexity 

provided by metal complexes. A number of octasporine inhibitors have demonstrated 

potent activities in vivo and hold great future prospects in cancer research and 

therapy.  
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Figure 1-5. Highly selective inhibitor of human repair enzyme 7,8-dihydro-8-

oxoguanosine triphosphatase (MTH1). a) An adenine mimic, shown in red, was used 

as a structural template for metalloinhibitor design. The practicality of rapid 

modifications of the ligands around metal center allowed expedited structure-activity 

relationship studies, yielding a 6-nM MTH1 inhibitor. b) Plot of MTH1 inhibition with 

metal complexes, initial lead compound = empty squares, intermediate leads = empty 

circles and triangles, final inhibitor = filled circles. The metal center participates in 

extended interactions with residues within binding pocket of the protein. c) 

Hydrogen bonding interactions. d) Residues participating in van der Waals contacts 

with the metalloinhibitor. Figure adapted from reference.32 

1.2.3. Modulation of activity through metal coordination  

Peptide-based inhibitors often lack well-defined secondary structures in 

solution, yet adopt secondary structures when bound to a target protein.  It is 
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hypothesized that preorganization might increase activity and target specificity.33 

The Verdine lab pioneered peptide-stapling,34 now a well-known approach for 

constraining a peptide backbone. It is also possible to use metal coordination for 

stabilization of secondary structure in peptide inhibitors (Figure 1.6.a) 

 

Figure 1-6. Modulation of biological activity of peptide inhibitors through metal 

coordination. a) Stabilization of peptide secondary structure. b) Dirhodium 

coordination for peptide stapling of MDM2 inhibitors. c) Chiral macrocyclic 

azacrowns proposed as mimic of Tendamistat (PDB: 1OK0), a protein that binds and 

inhibits amylase. d) Metal center-destabilized secondary peptide structure of 

melittin, a natural product, preventing tetramer formation and consequently 

reducing general cytotoxicity. Figure adapted from references.35-37 
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Ball group has demonstrated the use of without unnatural amino acids. Using 

dirhodium metalation at carboxylate residues of peptides it is possible to obtain 

substitution-inert metallopeptides.38 Dirhodium metallopeptides are stable, easy to 

purify, and importantly have high stability in biological media.39 Similar to other 

stapling methods, dirhodium coordination allows induction of defined secondary 

structure. Because molecular recognition in protein-protein interactions often occurs 

at interfaces with α-helical character, researchers used carefully designed 

coordination sites at positions i and i+4 in the sequence of an unstructured peptide 

to induce α-helical structure.39 

Another application of dirhodium coordination for peptide stapling was in the 

development of MDM2 inhibitors. Stabilization of alpha-helices was achieved by 

attaching a dirhodium core, locking the MDM2-binding peptide (Figure 1.6.b).36 While 

no substantial gain in binding affinity was observed, the authors argue that peptide-

stapling by metalation can benefit inhibitor potency by increasing cell permeability 

and resistance to proteolytic degradation of the peptide-based inhibitor. 

Conversely, attachment of a metal center to a biological ligand can also be used 

to disrupt its conformation or secondary structure, which can lead to reduced general 

cytotoxicity. Melittin is one of the main toxins in bee venom, and has potential 

applications in cancer treatment; however, its high general cytotoxicity has 

hampered further development. It was shown recently that when ruthenium RuCp* 

was attached to its tryptophan residue, the secondary structure of melittin was 

perturbed (Figure 1.6.d).35 Researchers used NOE-NMR data to calculate the lowest 
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energy conformation of the metalated peptide and found that the natural toxin lost 

its ability to form tetramers. Tetramer formation is believed to be first step towards 

the hemolytic activity of melittin. Metal complex formation reduced hemolytic 

activity 11×, while its anticancer activity was reduced only by 50% relative to the 

parent. This result suggests the mechanisms of action in general cytotoxicity and the 

anticancer activity of melittin are different. Thus, incorporation of an inert metal 

center also shed light on mechanism of action in a bioactive molecule. Similarly, 

Metzler-Nolte and Fish used metalation as a tool to investigate interactions of 

biological ligands. Interactions of peptide hormones with G-coupled protein 

receptors (GPCRs) are not fully understood. Metallopeptide analogues of a series of 

peptides were prepared with RuCp* attached at tyrosine residues and their binding 

activities were studied.40-42 

Metal complexes may have the potential to form stable mimics of protein-

based inhibitors. Marshall has proposed using metal complexes as chiral mimics of β-

turn peptides structures with potential application for inhibition of enzymes. In 

computational studies, the group demonstrated that macrocyclic azacrowns can be 

designed to display amino-acid residues with controlled geometry to resemble 

biologically active protein ligands. For example, a mimic of β-turn sequence in 

tendamistat, protein that binds and inhibits amylase (Figure 1.6.c), was predicted to 

be attainable from macrocyclic azacrowns.37  

Reports outlined in this section highlight remarkable uses of metal centers as 

stable structural units, and show how substitution-inert complexes facilitate 
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discovery of novel therapeutics and biological probes by giving access to increased 

chemical space. Generation of predictable geometric shapes, and manipulation of 

structure and conformation, is relatively straightforward thanks to the practicality of 

ligand exchange reactions around a metal center. 

1.3. Affinity enhancement via cooperative binding at metal 

center 

This section highlights roles of metal centers 

beyond inert scaffolds for inhibitor design. Literature is 

surveyed showing how potency and selectivity of 

modest inhibitors and biological probes can be 

enhanced by coupling to a stable yet coordinatively 

unsaturated metal complex. Such complexes participate in additional interactions 

with the protein target, thus serving as important pharmacophores.  

1.3.1. Increasing affinity of modest inhibitors   

Protein side-chains contain a variety of functional groups that can interact 

with metal centers.43 Srivastava and colleagues proposed attachment of metal centers 

to modest inhibitors to improve their potency.44 It was hypothesized that the 

improvement in affinity would stem from additional interactions of metal center with 

surface-exposed Lewis basic residues (such as histidine) near the inhibitor’s binding 

site. After examination of a series of protein targets with histidine residues in the 
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vicinity of binding pockets, researchers chose carbonic anhydrases as a model 

system. 

Carbonic anhydrases are an important class of therapeutic targets and 

comprise a group of 16 isozymes, most having histidine residues at different locations 

around the active site. Potentially, researchers argue, highly isozyme-specific 

inhibitors can be rationally designed by exploiting the unique histidine positions on 

the protein surface. 

Arylsulfonamides have long been known as broad-spectrum inhibitors of 

carbonic anhydrases.45 Researchers synthesized arylsulfonamide derivatives with 

cupric iminodiacetate (IDA-Cu2+) attached through linkers of different length and 

tested them against human carbonic anhydrases. Copper in an iminodiacetate 

complex is substitution-inert (Kd = 10-11 M), yet offers an additional coordination site 

at the metal center. The group observed that coupling IDA-Cu2+ to 

benzenesulfonamide results in up to 100-fold increases in binding affinity.46 Crystal 

structures of human carbonic anhydrases I and II complexed with 

benzenesulfonamide IDA-Cu2+ derivatives were obtained, and  confirmed that 

improved affinity came from additional binding of copper ion to solvent-exposed 

histidine residues of carbonic anhydrases (Figure 1.7.a).47  

Interestingly, variation in the IDA-Cu2+ linker allowed for modest tuning of 

selectivity between carbonic anhydrases I and II. For example, BR-17 binds the 

carbonic anhydrase II with 27-nM affinity, a ~9-fold increase in affinity over carbonic 

anhydrase I (230 nM) (Figure 1.7.b). 



 19 

 

Figure 1-7. Affinity enhancement using cupric iminodiacetate (IDA-Cu2+). Attachemt 

of IDA-Cu2+ to benzenesulfonamide, shown in red, results in dramatic increase in 

affinity to carbonic anhydrases. a) Cocrystal structure of the tightest metalloinhibitor, 

BR30, with CAI showing ligation of histidine to Cu2+ of IDA-Cu2+ (PDB: 2FOY). b) 

Structure-activity relationship studies of derivatives with varying linkers conducted 

by Srivastava and colleagues to gain modest selectivity between carbonic anhydrase 

isozymes, adapted from reference.47 
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The strategy of affinity enhancement via additional interaction at a metal 

center has also been utilized for rational design of anti-HIV drugs. The chemokine 

receptor CXCR4 has been identified as a co-receptor protein that helps in the entry of 

HIV in human cells.48 The xylyl-bicyclam compound AMD3100 (also known as 

Mozobil, Figure 1.8.a) was found to selectively target CXCR4 through hydrogen 

bonding and hydrophobic interactions.49 On complexation of the bicyclam with 

metals including Zn(II), Ni(II) and Cu(II), the affinity for CXCR4 increased by factors 

of 50, 36, and 7 respectively.50 The enhanced affinity was attributed to the 

coordination of an aspartate residue present on the CXCR4 surface to the metal 

ion.51,52 Hubin, Archibald and coworkers hypothesized that tuning the coordination 

chemistry, by appropriate pairing of a metal and a rigid chelator, would increase the 

inhibitor’s potency as well as the time it remains bound to the receptor (drug 

residence-time).53 

To this end, they prepared the copper(II) complex of highly rigid ethyl-xylyl-

bicyclam (Figure 1.8.c). Earlier studies have confirmed that the complex binds to 

CXCR4 receptors on the cell-surface.54 Experimental assays indicated that both 

AMD3100 and its copper-bound complex remained active for only 24 hours, whereas 

the [Cu2(ethyl-xylyl-bicyclam)]4+ retains activity even at 48 hours. The inhibitor was 

also found to be more potent, with an EC50 value of 4.3 nM, compared to the published 

EC50 values55 of AMD3100 (11 nM) and [Cu2(AMD3100)]4+ (47 nM), in its activity 

against the R4 strain of HIV. 
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Figure 1-8. Bicyclam compounds with cooperative binding. a) Chemical structure of 

AMD3100. b) Crystal structure of a Ni2+-cyclam unit with axially coordinated water 

and Asp101 (PDB: 2H9J). c) Structure of cross-bridged cyclam derivatives: ethyl-

xylyl-bicyclam. d) Folded cis-configuration of ethyl-xylyl-bicyclam. e) Ethyl-benzyl-

cyclam, f) Crystal structure of [Cu(ethyl-benzyl-cyclam)(OAc)]+, with copper(II)-

center coordinating to acetate through an equatorial bond. Figure adapted from 

reference.53 

The greater residence-time of [Cu2(ethyl-xylyl-bicyclam)]4+ relative to 

[Cu2(AMD3100)]4+ was explained as the result of the mode of coordination of the 

metal ion with the aspartate residue. In the case of the square pyramidal complex 

[Cu2(AMD3100)]4+, the copper is bound in a stable trans-configuration to the ring N-
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atoms at all four equatorial sites in the planar base (Figure 1.8.b), whereas for the 

ethyl cross-bridged derivative complex [Cu2(ethyl-xylyl-bicyclam)]4+, the macrocycle 

is forced into a folded cis-configuration upon complexation with the metal, where 

three ring N atoms occupy the equatorial sites, and one ring N atom is axially bound 

(Figure 1.8.d). When exposed to CXCR4 receptor, [Cu2(AMD3100)]4+ coordinates with 

the surface aspartate residue of CXCR4 through a weak axial bond (Figure 1.8.b), 

whereas [Cu2(ethyl-xylyl-bicyclam)]4+ forms a shorter, stronger equatorial bond with 

the surface aspartate. This was proved by the X-ray crystallographic studies of acetate 

complex of the cyclam analogue (Figure 1.8. e, f), to model the interaction of the 

aspartate residue.53 This work is a fine example of increasing inhibitor potency by 

taking advantage of an optimal metal-chelator combination. 

The Ru-ethacrynic acid inhibitor of glutathione transferase Pi class (GST P1-

1) is another example in this category. The over-expression of GST P1-1 in tumor cells, 

after exposure to antitumor drugs, is implicated in detoxification of anticancer agents, 

making it a target in anticancer therapeutics.56 Ethacrynic acid (EA) (Figure 1.9.a) is 

a known inhibitor of GST P1-1 and binds to its hydrophobic site (H-site).57 GST P1-1 

also contains two solvent-accessible cysteine residues. To utilize these cysteine 

residues, the authors looked into ruthenium-derivatives of EA. Semilabile ruthenium 

complexes interact with soft nucleophilic centers like thiols and are also known to be 

less toxic than their platinum analogues.58 Metalated- ethacrynic acid derivatives 

(Figure 1.9.b) showed an affinity enhancement (3-4 times) relative to the 

uncomplexed ethacrynic acid.59 A cocrystal structure of the enzyme along with the 

ruthenium complex showed that chloride ligands coordinated to ruthenium are 
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displaced by thiol side-chains of the two solvent exposed cysteine residues of GST P1-

1 (Figure 1.9.d).  

 

Figure 1-9. Chemical structures of a) ethacrynic acid, and b) Ru-derivative of 

ethacrynic acid. c) Interactions between ethacrynic acid (EA) and GSTP1-1, and d) 

interactions between Ru-derivative of EA and GST P1-1, as seen in X-ray 

crystallography, adapted from reference.59 

One more fascinating illustration of inhibitor development enabled by metal 

cooperative binding has been demonstrated by Meade group. Co3+-Schiff base 

complexes inhibit DNA binding of zinc-finger transcription factors,60 via substitution 

of semilabile NH3 ligands on Co3+ with histidine residues of the zinc-finger proteins. 

Incorporating a modified oligonucleotide, Ebox, to the cobalt(III)-Schiff base complex 



 24 

allowed selective inhibition of Snail family of zinc-finger proteins (Figure 1.10). Ebox 

contains the consensus binding sequence ‘CAGGTG’ of Snail transcription factors. The 

specificity for the Snail family transcriptase increases to 150-fold over the 

unconjugated cobalt(III)-complex.61 In control experiments bare oligonucleotide or 

cobalt(III)-Schiff base complex was insufficient for effective inhibition. Recently, the 

same authors demonstrated inhibition of Snail activity using cobalt(III)-Ebox in 

breast cancer cells. Successful inhibition by cobalt(III)-Ebox in cellular tumor models 

bodes well for the future of these metalloinhibitors.62 

In a separate study showing the potential to generalize this approach, it was 

possible to use the cobalt(III)-Schiff base complex to target Ci, a different 

transcription factor. This was achieved by attaching a Ci-specific consensus 

oligonucleotide sequence. The resulting conjugate was found to be an equally 

selective inhibitor of Ci with potent inhibition of its activity in Drosophila embryos.63 

Cooperative binding of cobalt(III) can be integrated into peptide-based 

directing groups as well. In order to prepare a selective protease inhibitor, a 

cobalt(III)-Schiff base complex was attached to a short peptide, FPR, which 

specifically binds the active site of human α-thrombin. In a cocktail experiment 

containing several proteases, addition of cobalt(III)-FPR resulted in irreversible 

inhibition of thrombin, while no observable drop in the activities of chymotrypsin and 

thermolysin was observed.64 
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Figure 1-10. Cobalt(III)-Schiff base complexes for affinity enhancement. a) Molecular 

structures of cobalt(III)-Schiff base complexes used by Meade and colleagues. b) Snail 

TF binds to Ebox sequence and blocks epithelial gene transcription resulting in 

metastatic cells. c) Decoy cobalt(III)-Ebox augmented by irreversible ligation to 

cobalt(III) center sequesters Snail transition factor consequently inhibiting 

metastasis. Figure adapted from references.61,64  
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1.3.2. Metal cooperative binding targeting protein–protein interactions 

The Ball group is interested in the development of highly potent and selective 

metalloinhibitors against proteins involved in protein-protein interactions (PPI). 

There are numerous PPIs that have a regulatory role in signaling pathways, cell 

proliferation, apoptosis, and onset of a variety of diseases. Inhibition of PPIs holds 

potential for therapeutic applications and understanding the role of a particular 

protein within biological pathways. However, because these interactions generally 

occur between binding partners with shallow interfaces, design of potent inhibitors 

remains a daunting task for the scientific community. Furthermore, due to inherent 

promiscuity among binding partners, discovery of selective inhibitors against 

proteins involved in PPIs is also challenging. Historically, such protein targets have 

been labelled as “undruggable”.65 

As described in previous section, a straightforward protocol for coupling of 

dirhodium structures at carboxylate residues of various ligands has been developed 

with excellent control over the site of attachment. Similar to cobalt(III)-Schiff base 

complexes discussed earlier, the dirhodium structures are substitution-inert at 

equatorial sites but form reversible interactions at axial sites. The axial sites of these 

metal complexes bind proteins in a weak, unspecific manner (Kd ~1 µM) at Lewis 

basic residues,66-68 including weaker bases such as carboxylate side chain of 

glutamate.69 It was hypothesized that it is possible to capitalize on this property of 

dirhodium structures for inhibition of protein-protein interactions by boosting 

potency of modest ligands.  
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Figure 1-11. Dirhodium-based stabilization of peptide coiled-coils. a) Histidine 

residue on one of the peptide coils ligates to the dirhodium core on the partner coil. 

This additional Lewis base-dirhodium interaction results in significant increase in 

melting temperatures of the supramolecular assembly. b) Sequence alignment of 

peptide coils showing relative positions metal center and Lewis basic residue. Figure 

adapted from reference.70 

In a proof of concept experiment, dirhodium-based stabilization of peptide 

coiled-coils was demonstrated. When a histidine or methionine residue on one of the 

peptide coils was positioned to interact with the dirhodium core on the other peptide 

coil, a significant increase in melting temperatures of the supramolecular assembly 

was observed, indicating an increase in the stability of the complex (Figure 1.11).70 

Furthermore, it was shown that position of the Lewis basic residue directly correlated 

with enhanced binding. For example, when histidine was moved away from 

dirhodium core, to position c of peptide coil (E3c), the melting temperature, and by 

extension the stability, of the coiled-coils dropped (Figure 1.11). This observation in 
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a designed system suggested the possibility of tuning of the potency of this class of 

metalloinhibitors by targeting unique Lewis bases in proteins. 

 

Figure 1-12. Potent inhibition of CAL PDZ domain. Left: Interaction model of CALP 

with parent peptide, VQDTRL. Right: Fluorescence anisotropy displacement isotherms 

for metalloinhibitors of CALP. Figure adapted from reference.71  

The concept of dirhodium cooperative binding for affinity enhancement was 

applied to the discovery of potent inhibitors of the CAL PDZ (CALP) domain.71 CALP 

is a valuable target for inhibition as it is involved in interactions that affect cystic 

fibrosis transmembrane conductance regulator (CFTR) function in diverse ways. 

However, designing potent inhibitors of CALP has been challenging due its ligand 

promiscuity and relatively low baseline affinity.  

A set of four dirhodium inhibitors based on the VQDTRL peptide ligand of 

CALP was prepared. The metalloinhibitors were designed using structural analysis of 
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the CALP domain to enable dirhodium interaction with histidine residues near the 

ligand binding cleft. Dirhodium incorporation resulted in a 40-75 fold increase in 

CALP affinity compared to the parent peptide (Figure 1.12).71 Affinity measurements 

conducted using fluorescence anisotropy revealed metallopeptide ERhVQSTRL as the 

first reported submicromolar inhibitor of CALP with inhibitor equilibrium 

dissociation constant (Ki) of 0.56 µM. Based on structural information the dirhodium-

His301 ligation was identified as the main contributor to affinity enhancement. 

Indeed, an H301A mutant of CALP displayed Ki of only 9.2 µM, a 16-fold loss in affinity. 

Another class of important but recalcitrant protein targets are the SH3 

domains of Src-family tyrosine kinases (SFKs).72 These protein domains share high 

sequence similarity among family members and display broad partner preferences, 

binding peptide ligands that contain a core PXXP motif.73 The SH3 domains are non-

catalytic, but nonetheless play important regulatory functions, mediating protein-

protein interactions, including substrate recruitment for the kinase domain. As 

protein kinases are being increasingly recognized as valuable targets for drug 

design,74 especially in cellular dysfunctions such as cancer,75 it is hypothesized that 

targeting SH3 domains using metalloinhibitors could be a viable route for attaining 

functional inhibition of kinases. 

The Lyn SH3 domain was chosen as the first target to test this hypothesis 

because it has two histidine residues, His78 and His96, on the sides of the binding 

groove. From available literature and crystallographic data, a series of 
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metalloinhibitors derived from the VSL12 (VSLARRPLPPLP) peptide,76 a modest 

inhibitor for a number of SH3 domains (Kd ~ 1 µM), were designed. 

Affinity measurements were conducted using isothermal titration calorimetry 

(ITC, Figure 1.13.d,e). The rationally designed library rapidly produced a 6-nM 

inhibitor for Lyn SH3 domain, the tightest binding ligand reported to date.12 This 

metalloinhibitor, S2ERh, displayed 200-fold affinity enhancement relative to 

unmetallated parent peptide and negative control metalloinhibitor, N13DRh, that 

places dirhodium center away from targeted histidine residues. Mutation studies 

established that both His78 and His96 contribute to binding, and removing both 

His78 and His96 completely abolished observed affinity enhancement (Kd > 5 µM). 

These data suggest that the histidine side chains approach from different directions 

to coordinate each rhodium atom. Modeling studies indicated that only minor 

alterations in the conformation of the backbone are needed to accommodate bis-

histidine binding to the dirhodium core. Such bidentate trans coordination modes are 

rare in small molecule ligands. Similarly, the Abl SH3 domain was targeted. Abl is a 

non-Src family tyrosine kinase and an important therapeutic target. The Abl SH3 

possesses a different binding consensus motif; nevertheless, starting from an Abl-

binding peptide it was feasible to prepare the tightest-binding ligand for Abl SH3 

reported to date. 
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Figure 1-13. Dirhodium metallopeptide inhibitors of SH3 domains. a) and b) Model 

of metalloinhibitor S2ERh binding to Lyn SH3 domain. c) Structure of S2ERh showing 

rhodium(II) core placement. d) ITC of S2ERh binding to Lyn SH3 domain. e) ITC of 

negative metalloinhibitor N13DRh binding to Lyn SH3 domain. Figure adapted from 

reference.12 
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One of the functions of the SH3 domains is regulation of activity of the full-

length kinases in vivo. In the inactive form of SFKs, the SH3 domain is bound to a 

proline-rich linker within the full-length protein, blocking kinase activity. The 

functional consequences of binding of the potent inhibitor S2ERh to SH3 domain of 

Lyn kinase was evaluated using an in vitro peptide substrate phosphorylation assay. 

The S2ERh metallopeptide outcompetes the internal ligand and exhibits strong Lyn 

activation at 200 nM, roughly three orders of magnitude lower than the unmetallated 

ligand. Comparable levels of activation for a member of SFK is only obtainable by full 

length HIV Nef protein.77 

1.3.3. Tuning selectivity of metalloinhibitors 

Significantly, it was observed that affinity enhancement resulted only for SH3 

domains with targetable histidine residues at the periphery of the peptide binding 

site. For example, because the Yes SH3 domain lacks histidines in the 78 and 96 

positions of the amino acid sequence, it binds S2ERh with weak affinity similar to that 

of the parent peptide. It occurred to us that individual residue differences are the only 

factors that might allow obtaining selective inhibitors for the near-identical 

secondary structures and binding preferences of SFK SH3 domains. Possible 

alterations of metal center position within metallopeptide sequence were evaluated 

to create favorable orientation of dirhodium relative to the unique histidine residues 

on the Lck and Hck SH3 domains.  
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Figure 1-14. Tuning of selectivity towards SH3 protein domains by moving metal 

center along the peptide ligand sequence. a-c) Binding models of Lyn, Hck, and Lck 

SH3 domains with parent peptide, VSL12. d) Sequence of metalloinhibitors. e) 

Sequence alignment of selected SH3 domains. Figure adapted from reference.12  
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Moving the dirhodium core along the peptide sequence afforded discovery of potent, 

and most importantly, selective, inhibitors against both Lck and Hck SH3 domains 

(Figure 1.14).  

Dirhodium metalation for enhancement of potency of modest inhibitors is also 

applicable for small molecule inhibitors. In order to obtain potent inhibitors against 

prolyl isomerase, FKBP12, a pair of epimeric inhibitors were metalated. Metalation 

increased inhibitory activity of one of the epimers 14-fold, presumably due to 

cooperative binding of dirhodium center to His87 of FKBP12.78 Affinity enhancement 

for only one of the stereoisomers is in agreement with previously outlined results – 

cooperative binding at the dirhodium center is highly dependent on geometrical 

positioning of inhibitor relative to available Lewis basic residues.  

Taken together, examples in this section make a compelling case for feasibility 

of crafting high affinity inhibitors by capitalizing on additional interactions enabled 

by the metal centers. More importantly, metal centers often offer a level of control 

over tuning of the inhibitor specificity.  
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1.4. Structure-selective catalytic protein metalloinhibitors 

 

Metal complexes are used extensively in 

organic transformations as catalysts. 

Researchers have taken advantage of the 

catalytic nature of metal complexes in efforts to 

obtain protein inhibitors with novel 

mechanisms of action. In this approach, shape-

selective organic ligands are combined with a 

catalytically active metal to selectively modify and irreversibly degrade the target 

protein. This class of inhibitors offers two major benefits over conventional 

counterparts. First, they provide temporal control over potency because the catalytic 

activity of the metal centers requires some sort of trigger: chemical stimulus or 

irradiation. Secondly, due to the catalytic mode of action, one molecule of 

metalloinhibitor can irreversibly inactivate several copies of its target protein; thus, 

much lower concentrations of these inhibitors might achieve comparable level of 

inhibition with canonical stoichiometric antagonists. 

1.4.1. Catalytic ROS generation using ACTUN motifs 

The Cowan group achieved inhibition of several protein targets using catalytic 

inhibitors composed of a protein-recognizing ligand linked to an ATCUN (amino 

terminal copper/nickel) Cu2+ complex. ATCUNs are short peptide sequences that 
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form highly stable complexes with Cu2+ and Ni2+.79,80 Copper(II)-ATCUNs are known 

to undergo redox cycling via Cu2+/Cu3+ pair.81 As a result, copper(II)-ATCUN 

metallopeptides generate reactive oxygen species (ROS) through a Fenton-like 

pathway in the presence of an oxidizing reagent (i.e. O2, H2O2) and an electron source 

such as ascorbic acid. 

Recently, the Cowan lab investigated catalytic inhibitors in a drive to develop 

novel anti-infective agents for resistance-acquiring Gram-positive bacteria such as 

Staphylococcus aureus.82 It was postulated that a catalytic inhibitor can circumvent 

the ability of the bacteria to develop resistance. Researchers targeted the sortase A 

enzyme (SrtA), which is involved in interactions of the bacteria with host cells. To 

selectively inhibit SrtA, its peptide substrate derivatives, a LPXTG motif, were coupled 

to a copper(II) bound peptide GGH (Figure 1.15.c). Binding of copper(II)-GGHLPETG 

metallopeptide to SrtA directs the copper(II) center into proximity with the enzyme’s 

active site. Researchers added ascorbic acid and hydrogen peroxide to catalytically 

generate ROS and observed time-dependent inactivation of SrtA. Interestingly, SrtA 

is completely inactivated at lower metalloinhibitor concentrations compared to 

concentrations required for antagonistic mode of inhibition. Although, no significant 

turnover values were detected, the rate of inactivation was faster for copper(II)-

GGHGLPETG metallopeptide compared to a copper(II)-GGH metallopeptide that lacks 

the SrtA binding motif.  Mass spectrometric analysis elucidated the structural basis 

for inactivation, revealing that main mechanism of inactivation is through oxidation 

of a cysteine and an arginine residue involved in substrate binding (Figure 1.15.d).  
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Figure 1-15. Catalytic metalloinhibitors based on an ACTUN (amino terminal 

copper/nickel) scaffold. a) General structure of copper(II)-GGH-metallopeptides, 

stable conjugates capable of generating ROS. b) Copper(II)-GGH-benzenesulfamide 

for catalytic inhibition of carbonic anhydrase. c) Copper(II)-GGHGLPETG as anti-

infective metallodrugs, catalytically inhibiting SrtA enzyme. The LPXTG peptide motif 

is an SrtA substrate, used here for directing the metal center to the enzyme. d) 

Modeled structure of copper(II)-GGHLPETG (green) bound SrtA (gray). Among 

residues (red) surrounding the copper(II) center, Cys184 and Arg197 were found to 

be catalytically oxidized. e) Lisinopril is a stoichiometric inhibitor of human somatic 

angiotensin converting enzyme (sACE-1). Copper(II)-GGH-Lisinopril is a catalytic 

version developed by Cowan group. f) SDS-PAGE showing time-dependent 

degradation of sACE-1 by copper(II) metallopeptide in presence of ascorbate and 

hydrogen peroxide. Figures adapted from references. 

In another study from the same lab, human somatic angiotensin converting 

enzyme (sACE-1) was targeted.83 Angiotensin converting enzyme is a validated 

therapeutic target for treatment of hypertension and associated diseases. Current 

treatments for high blood pressure, such as Lisinopril, are stoichiometric inhibitors 
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of sACE-1 and require high concentrations in humans. A catalytic version of Lisinopril 

was prepared to address this issue (Figure 1.15.e). Copper(II)-GGH-Lisinopril, along 

with a few other metal chelates that generate ROS over many turnovers, were 

attached to Lisinopril. Their inhibitory activities, measured using rate of sACE-1 

mediated cleavage of a fluorogenic substrate, revealed that these metallopeptides are 

weaker antagonists of sACE-1 compared to free Lisinopril. On the other hand, in 

presence of ascorbate and hydrogen peroxide, rapid, irreversible inactivation of 

sACE-1 was observed, with copper(II)-GGH-Lisinopril displaying the fastest sACE-1 

inactivation rate. SDS-PAGE aliquots from the reaction at different time points clearly 

indicate time-dependent degradation of sACE-1 (Figure 1.15.f).83 The copper(II) 

attached to ACTUN motif has also proven to be an effective “warhead” in the design 

of catalytic metalloinhibitors against carbonic anhydrase enzyme. A simple 

sulfonamide was used for molecular targeting (Figure 1.15.b),84 similar to examples 

covered in previous section. 

1.4.2. Photocatalytic generation of ROS using photosensitizer metal 

complexes 

Nakamura and colleagues investigated photocatalytic inactivation of carbonic 

anhydrase enzyme and epidermal growth factor receptor (EGFR) using ruthenium(II) 

tris(bipyridine) attached to sulfonamide or gefitinib (an EGFR inhibitor).85 The 

ruthenium(II) tris(bipyridine) complexes are powerful photosensitizers. When 

irradiated with visible light, they display long excited-state lifetimes and generate 

singlet oxygen (Figure 1.16.c). The singlet oxygen is capable of reacting with various 
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amino acid residues and has a diffusion radius of <80 Å,86 making it suitable for 

selective degradation of a target protein using a directing ligand. This approach is 

called chromophore-assisted light inactivation, or CALI for short.87  

It was shown that upon irradiation, ruthenium(II) tris(bipyridine)-sufonimide 

(Figure 1.16.b) inactivates carbonic anhydrase by oxidation of residues near ligand-

binding site, in agreement with small diffusion radius of singlet oxygen.85 Ammonium 

persulfate (APS) was added as an external electron acceptor to facilitate 1O2 

generation. A similar effect was observed by Tsukahara.88  

Furthermore, the Nakamura group used ruthenium(II) tris(bipyridine)-

gefitinib (Figure 1.16.d) for efficient EGFR knockdown in A431 cells. Western blotting 

experiments revealed a decrease exclusively in the concentration of the target 

protein, with no effect on other proteins. Observation of smearing in blots suggests 

oxidative oligomerization as one of the major mechanisms of the protein 

degradation.85  

This section is concluded with an elegant report from Kodadek group who 

used ruthenium(II) tris(bipyridine) derivatives to target vascular endothelial growth 

factor receptor 2 (VEGFR2).14 The VEGF receptors are involved in blood vessel 

formation, and due to the significance of new vessel formation in many cancers, VEGF 

receptors represent important therapeutic targets for the treatment of cancer.89  

Catalytic metalloinhibitor RuGU40C (Figure 1.16.e) was prepared centered on 

previously discovered weakly binding peptoid ligand, GU40C, that has high 

selectivity for VEGFR2.90 Since the target protein is a receptor, the activity of 
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RuGU40C was measured in a VEGFR2 activation assay of endothelial cells. Similar to 

its unmetalated version, RuGU40C did not inhibit VEGF-induced 

autophosphorylation of VEGFR2. Upon irradiation RuGU40C displayed IC50 = 59 nM 

(Figure 1.16.f), a remarkable 800-fold enhancement in potency (IC50 = 49 μM in 

absence of light). An even more dramatic, 1700-fold enhancement was observed 

when a dimeric peptoid ligand, with higher binding affinity (Kd ~ 25 nM), was used to 

achieve an IC50 = 590 pM with light. The metallopeptide was selective for VEGFR2 and 

did not disturb activity of related epidermal growth factor receptor (EGFR).

 

Figure 1-16. Photocatalytic metalloinhibitors based on ruthenium(II) 

tris(bipyridine) photosensitizers. a) General structure of ruthenium(II) 

tris(bipyridine) photosensitizers. b) Ruthenium(II) tris(bipyridine)-

benzenesulfamide for catalytic inhibition of carbonic anhydrase. c) Photocatalytic 

generation of singlet oxygen. d) Ruthenium(II) tris(bipyridine)-gefitinib for 

knockdown of epidermal growth factor receptor. e) Ruthenium(II) tris(bipyridine)-

GU40C, RuGU40C, for targeting vascular endothelial growth factor receptor 2 

(VEGFR2) targeting. f) Upon irradiation RuGU40C displays remarkable 800-fold 

enhancement in potency with IC50 = 59 nM. 
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Further experiments in vitro showed inhibition of vessel-like structure 

formation in endothelial cells. The authors were also able to obtain a highly potent 

catalytic metalloinhibitor for an intracellular protein target, validating the efficiency 

of catalytic protein oxidation even in the reducing environment of the cell. It is worth 

noting that in all experiments high potency was observed only with RuGU40C; 

neither control metalloinhibitor with scrambled sequence nor irradiation of light by 

itself resulted in observable inhibitory activity.14  

1.5. Conclusion and future outlook 

This chapter illustrates the advantages of incorporating metals in protein 

inhibitors for increasing their potency and selectivity. Recent advances in this field 

are highlighted, with particular emphasis on reports with well-documented 

contribution of metal centers to mechanism of action and binding. This field is still 

under-developed, but promising, and the use of metalated inhibitors has the potential 

to uncover novel, unprecedented properties that can act as solutions to variety of 

problems in medicine and chemical biology. Misconceptions of the general 

cytotoxicity of metals need to be addressed to enable wider adoption of metal-based 

protein inhibitors. 

The potential for multiple functionality of metal centers can be seen in a 

variety of contexts. Metal centers may serve as structural components of binding that 

enable access to additional interactions with a binding partner either through the 

metal center or the metal-based spatial arrangement of the ligand. The resulting 
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stronger mode may lead to increased drug residence time with a correlated increase 

in potency. When attached to a directing ligand of modest potency, metal centers may 

also serve as catalytic inhibitors, which proximally generate reactive species leading 

to degradation of a target protein, thus increasing the overall potency.  
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Chapter 2 

Transition metals for modification of 

natural biopolymers 

2.1. Introduction 

An increasing number of applications require biopolymers—such as proteins 

and nucleic acids—modified with synthetic molecules.1,2 Furthermore, selective 

labeling of biopolymers in their native environments can facilitate study of their 

function and activity.3,4 The increased demand for bioconjugates is driving 

development of novel synthetic tools for biopolymer conjugation. In order to 

preserve structure and activity, conjugation reactions of biopolymers require mild 

aqueous conditions with strictly controlled pH and often must occur at 

concentrations far lower than is common for small-molecule reactions. In part due to 

these restrictions, conventional methods developed for bioconjugation have relied on 

excesses of reagents, usually electrophilic reagents that target amine and sulfhydryl 
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functional groups, to achieve acceptable conversion in practical amounts of time. 

Therefore, there is still an unmet need for more flexible and efficient conjugation 

methods, especially for preparation of sensitive bioconjugates, such as antibody-drug 

conjugates, where connectivity and the site of conjugation are essential for the 

efficacy of the bioconjugates. 

Transition metals unlocked access to synthetically challenging small-molecule 

structures through their ability to accelerate reactions and enable novel 

transformations, often via organometallic intermediates.5,6 In hopes of capitalizing on 

these advantages in the context of biopolymers, a few interesting and groundbreaking 

efforts have demonstrated the utility of transition metals for bioconjugation.7-9 

Especially attractive is the potential of organometallic intermediates to unlock 

alternative functional groups on biomolecules unreactive towards conventional 

reagents. Advances in genetic engineering and solid-phase synthesis now allow site-

specific incorporation of bioorthogonal tags into proteins and oligonucleotides of 

interest.10-12 A number of tags have used with transition-metal catalysis, with the 

azide–alkyne pair used in copper-catalyzed click reactions among the most 

prominent.13-15 Palladium-catalyzed reactions have also been adapted for cross-

coupling with engineered alkyne and halide tags, offering better biocompatibility 

compared to cytotoxic copper.16 Transition-metal mediated biopolymer 

functionalization based on engineered tags have been comprehensively covered 

elsewhere.8,14,17 The focus of this chapter is exclusively on the use of transition metals 

targeting endogenous functional groups for modification of natural biopolymers. 
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2.2. Transition metals in protein modification 

The adoption of transition metals has significantly expanded the toolbox of 

protein modification and crosslinking methods. In addition to new reactions for 

commonly targeted lysine and cysteine residues, transition metals have enabled 

selective functionalization of tyrosine and tryptophan, as well as the N-terminal α-

amine. These methods have opened access to bioconjugates with exciting properties 

and applications. Here are highlighted transition metal-facilitated protein 

functionalization methods based on the targeted amino acid residues. 

2.2.1. Lysine 

Lysine is one of the abundant amino acids found in natural protein sequences, 

is protonated at physiological pH, and is often solvent-exposed. Furthermore, the 

amine functional group of lysine plays important roles in a variety of enzymatic 

transformations. Due to its nucleophilic character, the lysine side-chain has 

historically been the site of choice for protein modification.18 The activated carboxylic 

acids (e.g., NHS-esters), which are mainly used for lysine modification, produce amide 

linkages. This alters the charge on the target protein and can have negative effects on 

the overall structure and activity of the resulting bioconjugates. Another limitation of 

the activated carboxylic reagents is their high rate of hydrolysis in aqueous 

environments. Reductive alkylation is an alternative for conjugation at protein 

amines that does not involve change in the charged state of the amine and uses stable 

reagents. However, large excesses of the conventional reducing agents, as well as 
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elevated pH, are often employed for reductive alkylation to achieve reasonable yields 

of the desired bioconjugates.  

 

Figure 2-1. Iridium-catalyzed reductive alkylation of protein amines. Lysozyme (10 

µM), aldehyde (1 mM), catalyst (20 µM), 25 mM HCO2Na, KH2PO4 (50 mM) buffer pH 

7.4, 18 h at 22 C. Figure adapted from reference.19 

The Francis group developed an iridium-catalyzed method for reductive 

alkylation of protein amines that operates at mild conditions using shelf-stable 

aldehyde substrates. The method relies on a previously reported iridium complex20 

that catalytically generates hydride intermediates from formate ions in acidified 

aqueous environments. The Francis group improved on the initial report to obtain an 

iridium catalyst capable of highly efficient protein modification at mild pH (Figure 
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2.1).19 The lysine and N-terminal amines on target protein form imine intermediates 

when aldehydes with desired pendant groups are added to the target protein 

solution. The catalytic hydride transfer reduces imine producing amine-linked stable 

bioconjugates with retention of the charged state (Figure 2.1). The group 

demonstrated practicality of this method by modifying a number of protein 

substrates. In one application, aldehyde functionalized PEG chains were used for 

lysozyme PEGylation in good overall conversion of 59%. This is a useful proof-of 

concept, as PEGylation, conjugation of long polyethylene glycol (PEG) chains, 

dramatically improves the serum half-life of protein-based drugs.21 

2.2.2. N-terminal α-amine  

A report from Che and colleagues describes the possibility of bioconjugation 

predominantly through the N-terminal α-amine.22 The amine targeting methods 

described earlier do not differentiate between N-terminal and lysine amine functional 

groups. On the other hand, the transition metal carbene intermediates can potentially 

offer tunable regioselectivity based on the slight differences in basicity between 

targeted amines. The Che group used a diazo transfer reaction mediated by a water-

soluble ruthenium(II) porphyrin complex (Figure 2.2). Initial studies at pH 7.4 with 

model peptides yielded α-amine N–H insertion products, but no C–H or O–H carbene 

insertion products. It is particularly interesting that micromolar concentrations of 

catalyst and diazo precursors were sufficient to reach quantitative conversion, in 

accord with previously reported high air and moisture stability of ruthenium 

porphyrin carbenoids,23,24 allowing insertion into amines in aqueous media. 



 54 

Interestingly, no modification at ε-amine of lysine residues in model peptides was 

observed. The authors argue that the difference in pKa values of the amine groups 

(7.6–8.0 for α-amine vs. 9.3–9.5 for ε-amine)18 signify a lesser degree of protonation 

of the α-amine compared to ε-amine, thus making N-terminal amine more available 

for reaction with metallocarbenes at pH 7.4. 

 

Figure 2-2. N-terminal α-amine modification using carbene transfer catalyzed by a 

water soluble ruthenium porphyrin complex. Modification observed only on N-

terminal α-amines of A-chain (cyan) and B-chain (green). Insulin (10 µM), diazo (11 

µM), catalyst (10 µM), PBS pH 7.4, 1 h at 37 C. Figure adapted from reference.22 

 One limitation of this method is that cysteine S–H insertion outcompetes the 

N–H insertion pathway, as expected from higher nucleophilicity of the sulfhydryl 

group. Attempts at modification of a number of protein targets yielded N-terminal 

amine conjugates with different conversion values, presumably due to variations in 

solvent accessibility and immediate amino-acid environment of the α-amine that can 
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influence the basicity of the amine group. For example, insulin modification produced 

a mixture of singly and double modified products with modest conversion of 48% and 

6%, respectively. The insulin has two α-amine groups in A- and B-chains. Further 

optimization of the reaction conditions in order to achieve quantitative conversion as 

well as studies into detailed understanding of mechanistic reasons for observed 

regioselectivity are needed.25 This method holds promise for applications where 

singly-modified bioconjugates with connectivity through the N-terminus are desired. 

2.2.3.  Tryptophan 

Another example of a transition metal-mediated carbene transfer employed 

for protein modification comes from the Francis group. Rhodium(II) is established as 

a versatile catalyst in small molecule transformations with diazo reagents.26 Francis 

and colleagues adapted rhodium(II) catalysis for protein modification and discovered 

the first method for chemoselective functionalization of tryptophan residues in 

peptides and proteins.27 Reaction condition screening revealed β-styryl diazoesters 

as optimal reagents for carbene transfer reactions targeting tryptophan. Both N–H 

and C–H insertion products were observed in modification of 3-methylindole, a model 

system for tryptophan. Initial efforts toward protein modification in aqueous 

environments required use of hydroxylamine as an additive and proceeded to 

completion only at low pH values. Because of its hydrophobic nature, the tryptophan 

side-chain is often buried within protein structures. Heat and acidification of the 

reaction mixture, conditions that result in denaturation of the proteins and make 

tryptophan residues solvent-exposed, were found to increase conjugation yields. 
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Furthermore, it was found that metallocarbene formation, prerequisite for carbene 

insertion, was most efficient at pH values below 4.0. Taken together these factors 

limited the practicality of the method, especially because acidic environments can 

have a deleterious effect on the stability of protein targets.  

 

Figure 2-3. . Rhodium(II)-catalyzed diazo transfer modification of tryptophan 

residue. Melittin (100 µM), diazo (1 mM), Rh2(OAc)4 (100 µM), N-(tert-

butyl)hydroxylamine (20 mM) pH 6.2, 24 h room temperature. Figure adapted from 

reference.28 

In a subsequent study, the Francis group addressed these issues by using a 

new reaction additive. When added to the reaction, N-(tert-butyl)hydroxylamine 

(TBHA) was identified to have beneficial effect on modification rates.28 The authors 

argue that TBHA stabilizes metallocarbenes at ~ pH 6.0, allowing protein conjugation 

at biocompatible conditions. For example, modification of melettin, a peptide isolated 

from bee venom that has a solvent-exposed tryptophan, proceeded smoothly at pH 

6.2 (Figure 2.3). Remarkably, unlike previously outlined carbene transfer reactions, 

Francis group observed no rhodium(II) metallocarbene reactivity towards sulfhydryl 
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group; in all reaction conditions tested, functionalization occurred only at tryptophan 

residues.  

2.2.4.  Cysteine 

 

Figure 2-4. Rhodium(II)-catalyzed diazo transfer modification of cysteine residue. 

CAL PDZ (10 µM), diazo (1 mM), Rh2(OAc)4 (10 µM), N-(tert-butyl)hydroxylamine (20 

mM) pH 6.2, 5 h at 4 C. Figure adapted from reference.29  

Ball group improved on rhodium(II) catalysis to achieve protein modification 

through the cysteine residue.  The cysteine side-chain is a major target for 

bioconjugation, with a vast number of cysteine-specific reagents commercially 

available. The popularity of cysteine conjugation is due to its relatively low 

abundance in proteins, which provides a degree of control over the site of 

conjugation, as well as the nucleophilic character of sulfhydryl group that can 

participate in various conjugate addition and halide substitution reactions at mild 

aqueous conditions.30 However, many of the common cysteine-targeting reagents are 
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plagued by reversibility of conjugation and resulting instability of the desired 

bioconjugates.31   

Ball group identified a β-styryl diazoester with a pendant biotin that, when 

coupled with rhodium(II) catalysis, produced quantitative bioconjugation of peptide 

and protein substrates at cysteine residues.29 It seems the thioether group of the 

pendant biotin of diazoester utilized in this study has a beneficial effect on the 

reactivity of metallocarbenes toward the sulfhydryl moiety. It is worth noting that the 

modification reactions of free cysteine-containing proteins like the CAL PDZ domain, 

proceed to completion in reasonable time (5 h) even at low micromolar 

concentrations of target protein and rhodium(II) catalyst (Figure 2.4). Stability of the 

cysteine linkages in conjugates formed using a commercially available maleimide and 

rhodium(II) catalysis were assessed by incubation of the conjugates in serum. The 

maleimide conjugate displayed a half-life of only a few minutes, while the rhodium(II) 

metallocarbene insertion product persisted for hours in serum at 37 °C. Thus, 

rhodium(II) catalysis is useful for preparation of highly stable cysteine-conjugates. 

The Che group recently developed another catalytic cysteine functionalization 

method.32 This method takes advantage of gold-mediated activation of allene π-

system for reaction with nucleophiles, even in biologically relevant conditions. 

Interestingly, the products of the allene conjugation to cysteine were found to be 

hydroxyl vinyl thioethers, but not the commonly observed 1,2-1,3-adducts. The 

authors propose an oxidative allene-thiol coupling mechanism that involves 

generation of a thiol-ene radical. The radical is thought to capture molecular oxygen, 
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undergo a hydrogen transfer, and then disproportionate yielding the final hydroxyl 

vinyl thioether product. 

 

Figure 2-5. Gold-mediated allene activation for chemoselective modification of 

cysteine. Peptide (100 µM), allene (1 mM), AuCl (0.1 mM), AgOTf (1 mM) CH3CN/H2O 

(2 : 1), 1 h at room temperature. Figure adapted from reference.32 

In summary, studies with a variety of model peptides and allene derivatives 

proved the method to provide high yields of cysteine conjugation products, although 

high gold loading (×10 eq.) was necessary for optimal conversion.  No modification 

was observed for peptides lacking a cysteine residue, in agreement with high 

sulfhydryl chemoselectivity of the method. In order to demonstrate the usability of 

gold-mediated allene-cysteine coupling, the group subjected the reduced form of 

RNaseA protein to modification conditions. Subsequent proteomics analysis verified 

RNaseA was modified at a cysteine residue. 

Stable organometallic complexes of transition metals have also found 

application in development of cysteine-targeting conjugation methods. Wong and 

coworkers reported cyclometallated gold(III) complexes for chemoselective cysteine 

conjugation.33 Gold(III), a soft Lewis acid, in cyclometallated complexes used in the 
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study undergoes ligand exchange with sulfhydryl group to yield gold(III)-S-peptide 

adducts. Sulfhydryl is a soft base, and thus a more high-affinity ligand for gold. In 

studies with a number of model peptides representing proteinogenic functional 

groups it was found that peptide adduct formation was chemoselective for sulfhydryl, 

tolerated a wide range of pH values, and importantly, was rapid without requiring an 

excess of the cyclometallated complexes.  

 

Figure 2-6. Cyclometallated gold(III) complex for chemoselective modification of 

cysteine. Peptide (100 µM), gold complex (100 µM) in PBS pH 7.4/DMSO (9 : 1), 24 h 

at 37 C. Figure adapted from reference.33 

These properties bode well for use of the method in preparation of various 

bioconjugates. However, the connectivity in the peptide adducts is through the gold 
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atom (C-Au-S), which is not the optimal linkage for formation of stable bioconjugates. 

The Wong group built upon advances in understanding of reductive elimination of 

gold(III) intermediates and designed complexes with ligands around gold(III) that 

promote reductive elimination. Doing so produced the desired S-arylated products 

(Figure 2.6), although long periods of slightly elevated temperatures were required 

(24 h at 37 C). The optimized conditions were used to modify a single solvent-

exposed cysteine in bovine serum albumin (BSA) and human serum albumin (HSA) 

proteins with a dansyl-functionalized gold(III) complex. Proteomics analysis of the 

modified proteins verified cysteine as the site of conjugation. 

Another example of adaptation of stable transition metal organometallic 

complexes as stoichiometric reagents for cysteine modification was recently reported 

by the Buchwald group. Researchers hypothesized that, using auxiliary ligands, the 

reactivity of aryl-palladium complexes can be tuned for biological nucleophiles.34 

Palladium is also a soft metal center that has affinity for sulfur. Stable aryl-

palladium(II) complexes with the RuPhos ligand were prepared. The RuPhos ligand 

was found to tune the electrophilicity of the complex towards nucleophilic sulfhydryl 

group of the cysteine as well as facilitate reductive elimination. In studies using model 

peptides, rapid cysteine-specific conjugation occurred over broad range of pH values 

and even at low temperature (4 C), requiring only small amounts of organic co-

solvent (5%). The rate of cysteine conjugation with palladium-aryl complexes was 

comparable to maleimide addition, but the stability of the S-aryl linkage in acidic and 

basic environments is superior to that of maleimide and acetamide counterparts. 

Remarkably, the stability of S-aryl linkage against oxidation could be improved by 



 62 

introduction of a cyano group in the para position, highlighting the flexibility of 

palladium-aryl reagents. It would be interesting to see if a catalytic version of this 

method can be developed. 

 

Figure 2-7. Palladium-aryl RuPhos complexes for chemoselective modification of 

cysteine. Partially reduced antibody (10 µM), palladium complex (100 µM), Tris (100 

mM) pH 8.0/DMF (95 : 5), 0.5 h at room temperature. Figure adapted from 

reference.34 

Researchers demonstrated the versatility of the method by preparing a 

number of pharmaceutically relevant bioconjugates including antibody-drug 

conjugates.  In one example trastuzumab, a HER2-binding antibody, was partially 

reduced to expose cysteine residues and then modified using a palladium-aryl 

complex with a pendant vandetanib molecule, a potent kinase inhibitor (Figure 2.7). 

This antibody-drug conjugate displayed binding affinity for HER2 similar to that of 

the unmodified antibody.  
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2.2.5. Tyrosine 

Early examples of protein modification at tyrosine residue were discovered 

following attempts to use transition metals for oxidative protein crosslinking. In the 

presence of stoichiometric oxidants (i.e., KHSO5) nickel(II) complexes such as the 

amino terminal copper/nickel metallopeptide (ACTUN) and His6-nickel(II) were 

found to oxidize tyrosine via single electron transfer (Figure 2.8). It is believed that a 

nickel(III) intermediate is the active catalyst in these systems.35,36 The oxidation 

produces tyrosyl radical, which then undergoes coupling with nearby amino acid-side 

side-chains; often the coupling occurs with another tyrosine residue. When the 

protein with initial tyrosyl radical is involved in a protein–protein interaction, 

coupling can happen with a residue on the binding partner, resulting in protein 

crosslinking (Figure 2.8.a). The Kodadek group has established transition-metal 

mediated oxidative crosslinking for the detection of protein–protein interactions.37 A 

photocatalytic oxidative protein crosslinking has also been developed based on 

transition metal photosensitizer complexes such [Ru(bpy)3]2+ and palladium(II)-

tetrakis-(4-methylpyridyl)porphyrin (Figure 2.8.b); these complexes offer 

improvements such as faster crosslinking kinetics and spatiotemporal control.38,39 

Recently, Nakamura and coworkers exploited the tyrosyl radical formation for 

protein conjugation purposes.40 In a proof of concept experiment, the group modified 

carbonic anhydrase (CA) using a sulfonamide-[Ru(bpy)3]2+. This ligand-driven 

version of the photocatalyst selectively generates tyrosyl radical on CA. Then the 

radical is trapped using N,N-dimethyl-1,4-phenylenediamine derivatives, yielding 

covalently modified protein (Figure 2.8.c) 
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Figure 2-8. Transition metal mediated oxidative protein crosslinking and 

conjugation. a) Transition metal complex catalyzes tyrosyl radical formation, leading 

to protein crosslinking. b) Transition metal complexes used for chemical and 

photochemical oxidative protein crosslinking and conjugation. c) Ligand-directed 

oxidative protein conjugation. Figure adapted from references.37,40 

A more controlled, palladium-catalyzed method for tyrosine conjugation was 

developed. Building upon a previous report showing allylation of phenolic groups in 
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biologically relevant conditions,41 the Francis group used palladium-mediated 

activation of allylic acetates and carbamates to achieve tyrosine modification (Figure 

2.9).42 In contrast to previously outlined cysteine-selective palladium-aryl complexes, 

the palladium-allyl intermediates formed are more electrophilic and thus are more 

tuned toward reaction with phenolates. Water-soluble phosphine TPPTS promoted 

palladium(II) catalysis, and efficient conjugation was observed in short reaction 

times, at room temperature, and with micromolar protein and palladium (0.2 eq.) 

concentrations. Modification of chymotrypsinogen A, a model protein with solvent-

exposed tyrosine residues, was most efficient at pH ~ 9.0, consistent with the pKa of 

tyrosine — more nucleophilic phenolates are available at higher pH values. 

Proteomics analysis verified tyrosine residue as site of modification. 

 

Figure 2-9. Palladium-catalyzed tyrosine modification. Chymotrypsinogen A (200 

µM), allyl carbamate (1 mM), Pd(OAc)2 (40 µM), TPPTS ligand (480 µM), K2HPO4 (100 

mM) buffer pH 8.5, 45 min at room temperature. Figure adapted from reference.42 
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The Francis lab demonstrated an interesting application of tyrosine 

modification, using the method to attach large hydrophobic alkyl chains, yielding 

protein conjugates that can be incorporated into lipid membranes. This highlights a 

potential application of the method in the delivery of protein-based drugs.  

2.2.6. Proximity-driven rhodium(II) catalysis with wide amino-acid scope 

Lastly, Ball group has demonstrated possibility of developing structure-

selective bioconjugation techniques by augmenting a chemoselective reaction with 

molecular recognition.43 Rhodium(II) metallocarbenes have promiscuous reactivity 

towards various functional groups and can potentially undergo C–H and a wide range 

of X–H insertions on the protein, where X can be nitrogen, oxygen, and sulfur. In order 

to harness the versatility of these metallocarbenes an efficient method for attaching 

rhodium(II) core to peptide ligands was developed.44 Using peptide ligands with 

affinity for peptides and proteins of interest, it is feasible to proximally generate 

metallocarbenes that will specifically insert into targeted residues.45,46 In addition, it 

was discovered that proximally generated metallocarbenes benefit from pseudo-

concentration effects and display increased reaction kinetics with up to 1000-fold 

rate enhancements compared to rhodium(II) acetate,47 which lacks a directing ligand. 

Combined, these properties of rhodium(II) metallopeptides enabled modification of 

~60% of endogenous side-chains in studies with a model peptide system (Figure 

2.8).45 This proximity-driven rhodium(II) catalysis was further expanded to achieve 

highly selective modification of natural SH3 protein domains in purified form48 and 

in cell lysate.49 
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Figure 2-10. Proximity-driven rhodium(II) protein modification. Rhodium(II) 

catalysis enables site-specific modification of ~60% of naturally occurring amino acid 

side-chains. Figure adapted from reference.45 

2.3. Transition metal-mediated nucleic acid modification 

Fueled by a decade of breakthroughs such as discovery of non-coding RNAs,50 

use of siRNAs for therapeutic purposes,51 and ultimately invention of the 

CRISPR/cas9 gene-editing technique,52 the field of nucleic acid conjugates is rapidly 

expanding.53 Chemical modification of nucleic acids and their smaller analogues such 

as cyclic dinucleotides54 can facilitate investigation of their diverse roles in living 

organisms as well as confer novel biological functions with potential applications in 
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therapeutics.55,56 Advances in solid-phase synthesis techniques57 and enzymatic 

transformations58,59 have opened access to oligonucleotides with unnatural 

nucleotides incorporated at desired sites,60 although these processes are often 

tedious, limited by linearity of synthesis and the size of nucleic acid, and most 

importantly are only applicable for in vitro use.9 Techniques for modification of bio-

derived or post-synthesis oligonucleotides could enable more convergent synthesis, 

thus streamlining access to various derivatives of nucleic acids. To realize these goals, 

highly efficient and site-selective techniques for nucleic acid conjugation are needed. 

However, nucleic acids are polyfunctional biopolymers with repetitive functional 

groups spread along their strands, making site-selective modification extremely 

challenging. A variety of approaches, including use of transition metal-mediated 

conjugation methods, have been put forward to meet this challenge.9  

2.3.1. Amines of nucleobases 

Pioneering efforts by the Gillingham group have produced a conjugation 

method that taps into the versatility of transition metal catalysis to achieve structure-

selective DNA and RNA modification.61,62 The method uses carbenes generated from 

donor–acceptor-substituted diazo substrates that were found to undergo N–H 

insertion reaction with exocyclic amines of adenine, guanine, and cytosine bases. 

Importantly, the method is site-selective, as only nucleobases that are not involved in 

hydrogen bonding, such as bases in overhangs and loop regions, were modified. 

Moreover, no insertion was observed at other potentially reactive sites (i.e., ribose 

alcohol, phosphate backbone, endocyclic nitrogen and carbon), and in contrast to 
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metallocarbenes generated from β-styryl diazoesters that are effective for protein 

modification, metallocarbenes used in this study did not show any reactivity towards 

protein site-chains. Lastly, the rate of N–H insertion outcompeted unproductive O–H 

water insertion. Taken together, these findings corroborate carbenes and transition 

metal catalysis in general as a versatile platform for bioconjugation applications as 

they offer precise reactivity tunability toward a wide range of functional groups via 

judicious choice of reactive substrates, ligands, and reaction conditions. Recently, the 

Gillingham group used copper(I) instead of rhodium(II) for catalysis, which enabled 

one-pot modification and azide-alkyne cycloaddition on oligonucleotides.62 While 

further investigation into control over the site-specificity and expanding the scope 

are needed, these reports are promising early steps towards development of efficient 

nucleic acid conjugation methods.  

 

Figure 2-11. Rhodium(II)-catalyzed site-selective modification of nucleic acids. 

Nucleic acid (5 mM), diazo (50 mM), Rh2(OAc)4 (500 µM), MES (100 mM) pH 6, 24h 

at room temperature. Figure adapted from reference.61 
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2.4. Conclusion  

Being at the crossroads of different disciplines, the field of bioconjugation is 

rapidly growing with contributions from various directions. Fueled by the demand 

for new protein and nucleic acid conjugates and more efficient synthetic routes for 

their preparation, the community has borrowed the use of organometallic 

intermediates from related field of organic synthesis. Adoption of the transition 

metals has already produced a number of useful biopolymer conjugation methods. In 

reports surveyed in this chapter, the transition metal complexes serve as catalysts 

and as stoichiometric reagents for biopolymer conjugation. Transition metals often 

offer ways to fine-tune the reactivity of their organometallic intermediates towards a 

particular functional group, enabling access to desired linkage in the final 

bioconjugates. As a result of the malleable reactivity of organometallic intermediates, 

the number of targetable sites on the biomolecules, and consequently accessible 

bioconjugates, has been broadened. Future developments in this field will produce 

more transition metal-based conjugation tools, facilitating research into biological 

systems, as well as enabling continued development of bioconjugates for therapeutics 

and biomaterials.  
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Chapter 3 

Site-Selective Functionalization of 

Natural SH3 Domains Using Dirhodium 

Metallopeptides 

Parts of this chapter have been adapted from:1,2  

(1) Chen, Z.; Vohidov, F.; Coughlin, J. M.; Stagg, L. J.; Arold, S. T.; Ladbury, J. 

E.; Ball, Z. T.: Catalytic Protein Modification with Dirhodium 

Metallopeptides: Specificity in Designed and Natural Systems. J. Am. Chem. 

Soc. 2012, 134, 10138-10145. 

 

(2) Vohidov, F.; Coughlin, J. M.; Ball, Z. T.: Rhodium(II) Metallopeptide 

Catalyst Design Enables Fine Control in Selective Functionalization of 

Natural SH3 Domains. Angew. Chem. Int. Ed. 2015, 54, 4587-4591. 

3.1. Introduction 

“Chemical” posttranslational modification of natural proteins is a remarkable 

challenge, the products of which find use in diverse fields. Biological posttranslational 
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modification is exquisitely selective, functions in complex aqueous environments 

hostile to many synthetic catalysts, and achieves chemoselectivity based on subtle 

structural factors. In contrast, selective chemical catalysis on natural proteins is an 

unsolved problem, largely because chemical reactions are driven by inherent 

functional-group reactivity and, as such, struggle to achieve selectivity in biological 

environments. 

The polyfunctional nature of proteins makes them poor substrates for 

traditional catalysis: there are almost no unique functional groups. As a result, most 

site-specific modification3,4 relies on engineering and recombinant introduction of a 

uniquely reactive group or sequence. A variety of creative and effective tagging 

methods are known,5 including unnatural amino acids and canonical sequences that 

enable selective chemical6-8 or enzymatic reactions.9-11 But known methods do not 

extend to natural proteins, apart from special cases, such as N-terminal 

functionalization,12,13 the fortuitous presence of a unique surface-exposed cysteine 

thiol, or enzymes (e.g. kinases) that lend themselves to mechanism-based covalent 

inhibition.14 
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Figure 3-1. Ligand-directed selective modification of natural proteins. a) 

[Ru(bpy)3]2+ complexes for selective tyrosine modification of carbonic anhydrase 

(CA) by a single-electron-transfer (SET) oxidation mechanism.15 b) DMAP-catalyzed 

acylation.16 c) This work, metallopeptide–protein interaction as basis for proximity-

driven modification of a natural protein target.17  
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Relatively few groups have confronted selective modification of natural 

proteins, even though the alternative engineered, approaches have limitations, which 

may include studies limited to a model organism and scale restrictions. Some 

pioneering work with small-molecule natural products18,19 has established the ability 

of molecular recognition to overcome inherent substrate reactivity, such as poly-ol 

substrates in catalytic acylation.20 However, proteins represent a more demanding 

and complex challenge. Among recent efforts,16,21-23 the idea of catalytic acylation has 

been extended to directed lysine modification on cell surfaces with a designed DMAP-

conjugated ligand,24 and [Ru(bpy)3]2+ complexes have been used for selective 

tyrosine modification of carbonic anhydrase (CA) by a single-electron-transfer 

oxidation mechanism (Figure 3.1).25 Based on previous studies,26,27 Ball group 

reported rhodium(II) metallopeptides for modification of designed polypeptide 

targets, with the peptide ligand serving as a molecular recognition fragment and the 

rhodium(II) center capable of catalyzing proximity-driven functionalization of a 

remarkably wide range of side chains (Figure 3.1.c), roughly 10 different amino acids 

constituting ~60% of protein sequence space.1,2,28,29 Importantly, relatively weak 

metallopeptide–protein interactions (Kd = 1–20 µM) were sufficient to template 

selective catalysis at biologically relevant concentrations. Among the key advantages, 

at least conceptually, the rhodium metallopeptide approach is not limited to designed 

substrates and could be amenable to natural protein targets, provided a ligand for the 

protein in question could be discovered, synthesized, and conjugated to a rhodium(II) 

complex (Figure 3.1.c). Here, extension of this molecular-recognition approach to 
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site-specific modification on natural SH3 protein domains is described. The 

rhodium(II) metallopeptide catalysts can be designed to achieve independent 

modification of different residues on a protein target and orthogonal 

functionalization of protein targets.  

3.1.1. Reactivity of rhodium(II) metallocarbenes  

 

Scheme 3-1. Reactivity of rhodium(II) metallocarbenes towards tryptophan. a) 

Metallocarbene formation. b) Tryptophan modificaiton through C–H and N–H 

insertion. 

As detailed in Chapter 2, the metallocarbenes hold great potential for 

bioconjugation offering reactivity that can be tuned towards a wide range of protein 
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side-chains. Rhodium(II) center is an efficient catalyst for diazo decomposition and 

formation of Fischer-type metallocarbenes with electrophilic character (Scheme 

3.1.a). The rhodium(II) metallopeptides described in this chapter efficiently catalyze 

modification of tryptophan and histidine side-chains on a number of natural protein 

targets. Modification of tryptophan can produce a mixture of C–H and N–H insertion 

products (Scheme 3.1.b). Roughly equal amounts of both insertion products were 

observed in studies conducted by Francis group using 3-methylindole as a model 

system.27 This observation can be explain by the electron-rich nature of indole. The 

electrons in π-orbitals of indole aromatic system can react as nucleophiles with the 

electrophilic rhodium(II) metallocarbene either at C-2 or N positions.  

 

Scheme 3-2. Reactivity of rhodium(II) metallocarbenes towards histidine. 

Histidine modification can potentially also produce a mixture of C–H and N–H 

insertion products via a similar electrophilic aromatic substitution mechanism 

(Scheme 3.2). The histidine residue is not as electron rich as tryptophan, thus the 



 81 
 

electrons in π-orbitals have reduced nucleophilicity. On the other hand, one of the 

nitrogens in the imidazole ring has a lone pair that is not involved in the π-system of 

the aromatic ring. This electron lone pair can act as a base and as a nucleophile. 

Subsequently, it is expected that histidine modification proceeds largely via N–H 

insertion. 

3.2. Modification of natural Fyn SH3 protein domain 

The Fyn SH3 domain is a significant and valuable test for extending the ideas 

of designed proximity-driven catalysis to natural targets. Fyn and other members of 

the tyrosine kinase family are important therapeutic targets for cancer treatment.30,31 

SH3 domains bind relatively weakly to their target sequences—making them difficult 

to study with traditional techniques—and SH3 domains exhibit promiscuous and 

overlapping sequence specificities. From a structural perspective, SH3 domains are 

tertiary structures significantly larger (~7.5 kDa) than the coiled coils studied 

previously. SH3 domains recognize and bind to short proline-rich, PPII-helix 

sequences containing the Pro-Xaa-Xaa-Pro motif.32 The peptide-binding pocket of 

SH3 domains contain several conserved aromatic residues, which are expected to be 

reactive toward rhodium(II) catalysis (Figure 3.3.b). 

3.2.1. Design and synthesis of metallopeptides for Fyn SH3 modification 

The ITC data fitting performed by Paul G. Leonard and Loren J. Stagg 
(University of Texas, M.D. Anderson Cancer Center, Houston). 
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Starting from a known 12-mer peptide ligand, VSL12 (VSLARRPLPPLP, 

reported Kd = 0.60 µM),33 a series of metallopeptides were designed (Figure 3.3.d). 

Structural information and previous binding studies were used to incorporate 

rhodium(II) into the peptide at positions near the binding interface that were deemed 

least likely to adversely affect binding. Initially four variants of VSL12: S2ERh, L3ERh, 

R5ERh, and a C-terminal extension, 13DRh were made. The 13DRh variant that had a 

rhodium(II) center positioned distal to the binding interface was synthesized as a 

negative control. The monocarboxylate peptides bound to rhodium at a single amino 

acid were chosen because the extended PPII helix conformation of the bound peptide 

is not compatible with bridging glutamates.  

The synthesis of the requisite metallopeptides proceeded smoothly by direct 

metalation of the peptide with Rh2(OAc)3(tfa) under conditions developed previously 

for reaction of bridging bis-carboxylate metallopeptides with Rh2(OAc)2(tfa)2. In our 

hands, the stability of monodentate metallopeptides, Rh2(peptide)(OAc)3, is not 

materially different from chelating, bis-carboxylate metallopeptides, 

Rh2(peptide)(OAc)2, allowing purification by reverse-phase HPLC (Figure 3.2). 

Isothermal titration calorimetry (ITC) was used to assess the affinity of the 

metallopeptides for the SH3 domain. The VSL12 peptide binds Fyn SH3 with sub-

micromolar affinity (Kd = 0.80 µM), and three of the metallopeptides (S2ERh, R5ERh, 

and, 13DRh) bound Fyn SH3 with comparable affinity (Kd = 0.24–0.76 µM). The fourth 

metallopeptide, L3ERh, had a somewhat lower affinity (Kd = 5.14 µM) that did not 

affect catalytic activity under our working conditions (see below).  
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Figure 3-2. Synthesis of dirhodium metallopeptides. a) Synthesis of S2ERh. b) 

Analytical HPLC traces showing purified S2E peptide, S2ERh metallopeptide, and 

Rh2(OAc)3(tfa).  

3.2.2. Results of metallopeptide-catalyzed natural protein modification 

Gratifyingly, the three designed metallopeptides turned out to be efficient 

catalysts for modification of Fyn SH3 domain (Table 3.1, entry 1-3). Negligible 

modification was seen with a small-molecule catalyst, Rh2(OAc)4 (Table 3.1, entry 7), 

consistent with a proximity-driven mechanism. While the designed metallopeptides 

all exhibited efficient modification, the control metallopeptide, 13DRh, with an 
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improperly positioned rhodium(II) center, exhibited minimal modification similar to 

Rh2(OAc)4 (Table 3.1, entry 6).  

 

Figure 3-3. Proximity-driven modification of Fyn SH3 protein domain. a) Reaction 

setup. b) Model of the interaction between VSL12 (red) and Fyn SH3 domain (gray), 

PDB ID: 1QWF, 1A0N.33,34 Arrows indicate the sites of amino-acid substitution for 

attachment of rhodium in the metallopeptides examined. c) MALDI–MS spectra of 

modification. d) Sequences of parent peptide and metallopeptide derivatives.  
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The absence of proximity-driven reactivity with metallopeptide 13DRh is 

consistent with previous results with axial-mismatch coiled coils, and demonstrates 

the selectivity of modification possible with this approach. Mixtures of single and 

double modification at a single tryptophan residue have been observed previously,26-

29 and the R5ERh catalyst also produced mixtures of single and double modification 

(Figure 3.3.c).  

Table 3-1. Fyn SH3 domain modification with metallopeptides based on the VSL12 

peptide.a 

entry catalyst notes Modification (%) 
1 S2ERh  93 
2 L3ERh  96 
3 R5ERh  85 
4 R5ERh +10 μM VSL12 38 
5 R5ERh +50 μM VSL12 1 
6 13DRh  <1 
7 Rh2(OAc)4  <1 

a Conditions: Fyn (10 μM), rhodium catalyst (5 μM), diazo 3.1 (500 μM) for 5 h at 25 

°C in pH 7 buffer. b Conversion measured by MALDI–MS. Instrument response was 

calibrated by addition of pure Fyn into quenched modification reaction mixture.  

Under the conditions examined, the S2ERh catalyst, on the other hand, was 

efficient in furnishing only single modification products at high substrate conversion. 

Reactions with L3ERh produced intermediate levels of double modification. Thus, 

there are subtle differences in activity and selectivity among the designed 

metallopeptide catalysts. The presence of double modification products with some 

metallopeptides implies that singly-modified SH3 domains retain their secondary 
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structure and peptide-binding capability, an important observation for future 

applications. 

3.2.3. Assessment of selectivity by competitive modification experiments 

 

Figure 3-4. MALDI–MS spectra for the competition experiment between Fyn SH3 

domain and E3e2W. Catalyzed by R5ERh (top) and Rh2(OAc)4 (bottom). Conditions: 

Fyn SH3 (10 μM), E3e2W (10 μM), rhodium catalyst (5 μM), diazo 3.1 (500 μM), TBHA 

(100 mM) buffer pH 6.2 for 5 h at 25 °C. The “#” peak label indicates MALDI artifacts 

due to matrix adduct formation (sinapinic acid). 
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To further establish molecular recognition as the basis of reactivity, native 

ligand (VSL12) was added to the reaction mixture. This resulted in dose-dependent 

inhibition of the modification reaction, consistent with competitive inhibition of 

protein binding (Table 3.1, entry 3-5). Competitive modification reactions were also 

performed using a tryptophan-containing coil peptide, E3e2W, chosen because it has 

an easily accessible tryptophan residue. It was found that both Fyn SH3 and the 

control peptide were modified only sluggishly and in trace amounts in the presence 

of Rh2(OAc)4. Upon treatment with the R5ERh catalyst, >80% conversion of the Fyn 

SH3 was observed, with only trace modification of the control peptide, similar to the 

levels observed with the simple small-molecule catalyst, Rh2(OAc)4 (Figure 3.4). 

3.2.4. Elucidation of the modification site on Fyn SH3 

The MS/MS analysis of modified protein samples was performed by 
Christopher Pennington (Shared equipment authority, Rice University) and David 
Engler (Houston Methodist Research Institute Proteomics Programmatic Core) 

 
To investigate the site of Fyn SH3 modification, trypsin digestion and LC–

MS/MS studies were performed on Fyn SH3 that had been modified in reactions with 

the L3ERh catalyst, using a higher substrate/catalyst ratio to avoid double 

modification (Figure 3.5.a). A digest fragment, Phe109–Arg123, was observed that 

contained a modification with diazo 3.1. The peptide sequence includes the two 

tryptophan residues, Trp119 and Trp120. Because the two tryptophan residues are 

in neighboring positions, it is difficult to conclusively establish the site of 

modification. However, fragmentation of the Phe109–Arg123 ion led to the 
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observation of several daughter ions (Figure 3.5.c), including the y-4 ion without 

modification, and the y-5 ion with modification, supporting a conclusion that 

modification occurs predominantly at Trp119. This finding is consistent with 

structural models of the Fyn SH3 domain, in which a β-strand positions the 

neighboring Trp119 and Trp120 side chains in opposite directions, with the Trp119 

indole extending toward the peptide-binding site and the Trp120 indole directed 

toward the hydrophobic core of the SH3 domain (Figure 3.5.b). 
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Figure 3-5. Elucidation of the modification site. a) MS analysis of crude Fyn SH3 

modification used for LC–MS/MS analysis of modification site. Conditions: Fyn (20 

μM), L3ERh (5 μM), diazo 3.1 (500 μM) for 5 h in pH 7 buffer. b) Model of the 

interaction between VSL12 (red) and the Fyn SH3 domain (orange). Hydrophobic 

residues packed with Trp119 are shown in green. c) LC–MS/MS analysis of 

modification. Sequence of the Fyn SH3 trypsin digest product, Phe109–Arg123 

([M+H]+ = 2143.9754), with expected y and b ions, assuming modification of Trp119. 

Expected daughter ions shown in colored text were matched to within 15 ppm in 

MS/MS fragmentation of the z=2 (m/z = 1072.4845, green text) or z=3 (m/z = 

715.3273, red text) ion of the Phe109–Arg123 peptide.  



 90 
 

3.3. Fine-tuning efficiency and selectivity of protein modification 

Numerous limitations and problems prevented us from extending proof-of-

concept result to any real extent. While it was possible to demonstrate modification 

of purified, natural Fyn SH3 domain at Trp119, the initial catalysts studied (S2ERh, 

L3ERh, R5ERh) were sluggish, inefficient, and poorly controlled, providing incomplete 

modification and mixtures of mono- and bis-functionalization (Figure 3.7.c). To a real 

extent, mixtures of modification site and number defeats the purpose of developing 

site-specific methods. Furthermore, the Fyn modification was reported with a 

“dummy,” unfunctionalized diazo compound (3.1). For conjugates with actual utility, 

a bifunctional biotin–diazo reagent 3.2 (Figure 3.3.a) was used, which was very 

effective in designed coiled-coil systems.35 Curiously, catalytic modification of natural 

SH3 domains with diazo 3.2 was uncontrolled. The lysate-based reactions, which 

require elevated diazo concentrations for modification of natural protein targets at 

their endogenous concentrations, led only to indiscriminant protein labeling (Figure 

3.16.b). Reactivity was observed even with the negative control Rh2(OAc)4 (Figure 

3.7.a), suggesting that at high concentrations biotin-diazo 3.2 might influence catalyst 

activity (see below). The rhodium metallopeptides based on the VSL12 peptide 

ligand32,36 have affinity for Fyn and other Src-family SH3 domains, such as Lck, Src, 

Hck, and Yes, and indiscriminant reactivity persisted with other Src-family members.  
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3.3.1. Improved metallopeptide catalyst design and alkyne-diazo reagent 

Two alterations dramatically improve modification efficiency and enable 

useful functionalization in complex environments: (1) Optimization of 

metallopeptide structure and (2) Development of a new bifunctional diazo reagent 

3.3 (Figure 3.3.a) and corresponding new protein blot imaging protocol. 

Optimization of sequence and rhodium placement on the SH3-binding peptide 

led to a new metallopeptide, R5DRh, a variant of the parent VSL12 peptide (Figure 

3.6). This catalyst has a shorter side chain (aspartate vs. glutamate) connecting the 

rhodium(II) center to the peptide, presumably with some accompanying decreased 

conformational freedom. This subtle change results in an extremely efficient catalyst 

that is both more active and also more selective: Complete conversion to a single 

product is observed using diazo reagent 3.3 (Figure 3.7.d). No modification is 

observed with Rh2(OAc)4 (Figure 3.7.b). Perhaps most surprisingly, the exquisite 

selectivity of the R5DRh catalyst is retained across other members of the Src SH3 

family (Figure 3.7.e,f). MS–MS sequencing has consistently proven that Fyn Trp119 

(or the corresponding tryptophan residue in homologous proteins) is the site for all 

Src-family modifications catalyzed by R5DRh (see Experimental section and Appendix 

A for MS–MS analysis methods and data). As with Fyn, the previous-generation 

catalyst provided mixtures of zero, one, and two modifications for these other 

domains as well. Metallopeptide structural optimization now allows production of 

monodisperse samples of modified Src-family SH3 domains.  



 92 
 

 

Figure 3-6. Structures of metallopeptide catalysts, showing placement of rhodium(II) 

core. The metallopeptides L3ERh, R5DRh, R6ERh, and 11LRh were derived from SH3 

domain binding peptide VSL12 (VSLARRPLPPLPP). 
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Figure 3-7. MALDI-MS analysis of modification reactions with optimized catalyst. a) 

Fyn SH3 modification with biotin diazo 3.2 and Rh2(OAc)4, b) Fyn SH3 modification 

with diazo 3.3 and Rh2(OAc)4, c) Fyn SH3 modification with diazo 3.3 and R5ERh 

metallopeptide, d) Fyn SH3 modification with diazo 3.3 and R5DRh metallopeptide, 

e) Src SH3 modification with diazo 3.3 and R5DRh metallopeptide, f) Yes SH3 

modification with diazo 3.3 and R5DRh metallopeptide. 
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3.3.2. Directing functionalization to three different sites via catalyst design 

The observation that subtle changes in metallopeptide sequence could have a 

strong effect on catalyst selectivity led us to pursue changes in metallopeptide 

structure in the hopes of modifying other residues. For example, the Lck SH3 domain 

contains, in addition to Trp97, and two histidine residues (His70, His 76) near the 

peptide-binding pocket. As anticipated, metallopeptide R5DRh also promotes 

modification of Trp97, homologous to Fyn Trp119, (albeit saturation of modification 

reaction with biotin was required, see below). Histidine is a poor substrate for 

rhodium-catalyzed modification: In coiled-coil work, it was estimated that 

tryptophan was more reactive by more than two orders of magnitude.28  

Nonetheless, working from the Lck structure, the metallopeptide 11LRh was 

designed, positioning the rhodium center near to His70, that induces efficient 

modification of the targeted histidine residue (Figure 3.6). His70 was unambiguously 

identified as site of modification with 11LRh by MS–MS methods. For optimal 

reactivity at His70, it was necessary to conduct the reactions at elevated pH (7.4) to 

minimize histidine protonation. A clear trend of increasing rate and conversion with 

increasing pH was observed (Figure 3.8), in contrast to tryptophan modification 

examples, where Ball group and others26,27 observe increasing pH leads to a decrease 

in rate and conversion. The second histidine (His76) in the Lck SH3 domain could also 

be targeted for modification. With a different catalyst, L3ERh (Figure 3.9), clean 

modification of this other histidine instead, was observed albeit at slower rates.  
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Thus, by judicious choice of catalyst and reaction conditions, site-specific 

modification of a wide range of Src-family SH3 domains was demonstrated, and 

showed that functionalization could be directed to three different sites around the 

peptide-binding interface, all with an identical reagent and without recourse to 

mutagenesis.  

 

Figure 3-8. MALDI-MS spectra of Lck SH3 modification reactions run at different pH 

values. Parallel reactions run for 5 h under identical conditions with increasing pH 

values. aBuffer is 20 mM Tris. 
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Figure 3-9. Lck SH3 domain site-specific modification reactions catalyzed by 11LRh, 

R5DRh and L3ERh. MALDI-MS spectra (bottom) shows conversion at 5 h at room 

temperature. His modification reactions carried out in Tris buffer pH 7.4 with diazo 

3.3. Biotin (~900 μM) was added to modification of Trp97. (inset) Structure of Lck 

SH3 domain bound to a peptide ligand (PDB ID: 2IIM) used for design of 

metallopeptides targeting different residues. 
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3.3.3. Effect of axial ligating additives on metallopeptide catalyst activity  

It was confirmed that the pendant biotin structure in diazo 3.2 was 

responsible for anomalous reactivity observed in pure protein and lysate-based 

modification reactions. The mechanistic details are not entirely clear, but it seems 

likely this phenomenon is caused by interactions of the thioether group with a 

metallocarbene intermediate. Intramolecular axial ligands affect rhodium(II) 

reaction selectivity in other contexts.37,38 To further investigate the role of the 

thioether a series of modification reactions were ran with saturated biotin. 

Preliminary results from aqueous protein modification reactions suggest biotin has 

following effects on metallocarbene reactivity:  

(1) Biotin generally accelerates tryptophan modification reactions. This effect 

is more dramatic for metallopeptide catalysis compared to Rh2(OAc)4 (Figure 3.10). 

This observation was exploited to facilitate modification of some recalcitrant 

tryptophan targets. For example, the initial efforts in catalytic modification of Lck SH3 

Trp97 with R5DRh metallopeptide provided sluggish conversion compared to 

modification reactions of homologous SH3 domains. As expected, saturation of this 

reaction with biotin dramatically improved conversion (Figure 3.10.d). Interestingly, 

this seem to be unique to cyclic thioether group of biotin, since a similar effect with 

thioether 2-(Methylthio)ethanol was not observed.  
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Figure 3-10. Biotin accelerates tryptophan modification in rhodium(II)-catalyzed 

reactions. a)  Fyn SH3 with diazo 3.3 and Rh2(OAc)4. b) Fyn SH3 with diazo 3.3 and 

Rh2(OAc)4 in saturated biotin condition. c) Lck SH3 with diazo 3.3 and R5DRh. d) Lck 

SH3 with diazo 3.3 and R5DRh in saturated biotin condition. 

 (2) Biotin accelerates cysteine modification. The Rh2(OAc)4 catalyzed 

modification of peptide and protein cysteine residues was previously reported. Here 

it was verified that biotin diazo 3.2 used in that study is crucial for cysteine 

modification. In reactions catalyzed with Rh2(OAc)4 using alkyne diazo 3.3 on a 

cysteine-containing model peptide (E3g2C) no modification was observed (Figure 

3.11). Saturation of the reaction with biotin gave minimal improvement in 

modification. Free biotin has relatively low solubility (saturated solution 

concentration ~900 µM) compared pendant biotin on biotin diazo 3.2. When 2 mM 

concentration of analogous pyrazole compound 3.2b lacking diazo reactivity (Figure 
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3.13) was used, much higher cysteine conversion was observed. The rate of 

modification was still lower compared to rates observed using biotin-diazo 3.2, which 

potentially benefits from pseudo-concentration effect of pendant biotin group. This 

observation may explain why Ball group and others had not initially observed 

modification of cysteine residues using other diazo reagents. 

 

Figure 3-11. Biotin accelerates cysteine modification in rhodium(II)-catalyzed 

reactions. a)  Modification reactions of E3g2C, a cysteine-containing peptide, with 

diazo 3.3, Rh2(OAc)4, and biotin additives. Conditions: E3g2C (100 μM), Rh2(OAc)4 

(10 μM), diazo 3.3 (2 mM) for 5 h in pH 6.2 buffer (10 mM TBHA). b) MALDI-MS 

spectra of cysteine modification reactions. 
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(3) Biotin inhibits histidine modification. Surprisingly, in 11LRh 

metallopeptide-catalyzed modification of Lck SH3 and R6ERh metallopeptide-

catalyzed modification of Hck SH3 (see below) saturation of reactions with biotin 

(~900 µM) results in complete inhibition of the modification (Figure 3.12).  

 

Figure 3-12. Biotin inhibits histidine modification in rhodium(II)-catalyzed 

reactions. a) Lck SH3 with diazo 3.3 and 11LRh. b) Lck SH3 with diazo 3.3 and 11LRh 

in saturated biotin condition. c) Hck SH3 with diazo 3.3 and R6ERh. d) Hck SH3 with 

diazo 3.3 and R6ERh with 900 µM biotin in reaction mixture. 

The Francis lab had originally identified the beneficial effect of TBHA (N-(tert-

butyl)hydroxylamine) buffer in the stabilization of metallocarbenes at pH ~ 6, 

enabling protein modification in biologically relevant conditions. It is likely that, 

similarly, the thioether axial ligation on the opposite side of metallocarbene alters the 

electron density on the metal complex (Figure 3.13). This might change the polarity 
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of the metallocarbene with concurrent reactivity enhancement towards sulfhydryl 

and indole groups but reduction in reactivity towards the imidazole. Taken together 

these observations suggest the possibility of using axial ligands as an additional lever 

for controlling reactivity and selectivity of metallocarbenes, especially in 

polyfunctional environments. Generally, reactivity of metallocarbenes can be tuned 

using attachment of electron-withdrawing and electron-donating groups in the 

parent diazo reagent.39  

 

Figure 3-13. Axial ligands stabilize metallocarbenes and modulate their reactivity. 

Development of novel methods for tuning the reactivity of metallocarbenes 

will be useful for accessing a variety of diazo substrates and functionalization 

products. Further investigation into modulation of the reactivity of metallocarbenes 

using additives such as biotin is needed to understand the mechanistic 
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underpinnings. In the context of protein modification, this will require design and 

synthesis of highly water-soluble biotin analogues and possibly new rhodium(II) 

catalysts with an incorporated axial-ligating group.40 The emerging principles should 

have important implication beyond protein modification. 

3.3.4. Orthogonal modification based on subtle structural differences in 

protein targets 

While screening for optimal modification conditions protein-metallopeptide 

pairs were observed that consistently produce functionalization of a target protein at 

a particular residue (Table 3.2). Metallopeptide R5DRh catalyzes modification of 

homologous tryptophan residues in several of the SH3 domains. Metallopeptide 

11LRh catalyzes modification of unique His70 on Lck SH3, while Lck His76 can be 

functionalized using L3ERh. However, when it was attempted to use R5DRh and L3ERh 

metallopeptides to functionalize the Hck SH3 domain at homologous tryptophan or 

histidine sites, no modification could be observed. Hck is a member of the Src family 

kinases and also has an SH3 domain. There are two histidine residues located in a 

flexible loop along its peptide-binding groove. Although the structural analysis of the 

Lck and Hck SH3 domains suggest a high degree of similarity between them (Figure 

3.14), it is possible that in some cases dynamic structural variations in solution may 

require custom-tailored metallopeptide catalysts for targeting a protein domain.  
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Table 3-2. Protein modification conversion values based on MALDI-MS analysis.a 

Hck SH3 Catalyst Notes Modification (%) 
 R5DRh  2 
 R6ERh mod at H93 (presumed) 35 
 R6ERh (pH 7.4) mod at H93 (presumed) 90 
 11LRh (pH 7.4)  2 
    

Lck SH3    
 S2ERh  4 
 L3ERh (pH 7.4) mod at H76 by MS/MS 51 
 R5DRh mod at W121 by MS/MS 50 
 R5ERh  2 
 R6ERh  3 

 11LRh (pH 7.4) 
mod at H70 by MS/MS; 2% double 

mod 
97 

 Rh2(OAc)4  0 
    

Fyn SH3    

 S2ERh 
mod at W119 (presumed); 3% 

double mod 
93 

 L3ERh 
mod at W119 (presumed); 5% 

double mod 
96 

 R5DRh mod at W119 by MS/MS 100 
 R5DRh (250 µM diazo)  50 
 R5DRh (2.5 µM)  56 

 R5ERh 
mod at W119 by MS/MS; 30% 

double mod 
75 

 R6ERh  0 
 11LRh  0 
 Rh2(OAc)4  0 
    

Src SH3    
 R5DRh mod at W121 by MS/MS 100 
 R5DRh (2.5 µM)  51 
 11LRh  0 
 Rh2(OAc)4  0 
    

Yes SH3    
 R5DRh mod at W128 by MS/MS 100 
 R5DRh (2.5 µM)  61 

 R5ERh 
mod at W128 (presumed); 10% 

double mod 
60 

 R6ERh  4 
 11LRh  0 
 Rh2(OAc)4  0 
    

a Conditions, if not noted otherwise: SH3 domain protein (10 μM), rhodium 
catalyst (5 μM), diazo 3.1 (500 μM) for 5 h at 25 °C in TBHA buffer (100 mM) pH 
6.2.  
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Figure 3-14. Aligned structures of Lck (gray) and Hck (purple) SH3 domains.PDB ID: 

2IIM, 2C0I. L3ERh modifies Lck His76 but not the homologous His72. Metallopeptide 

R6ERh was designed to target a Hck histidine residue and provides highly selective 

modification of Hck SH3.  

Gratifyingly, the metallopeptide catalyst redesign yielded R6ERh, a capable 

catalyst for Hck SH3 functionalization (Figure 3.12.c). Hck modification proceeds 

smoothly at pH > 7 and is inhibited under saturated biotin conditions (Figure 3.12.d), 

supporting a conclusion that one of the histidine residues is the site of the 

modification. Metallopeptide R6ERh is highly selective for Hck SH3 and R6ERh-

catalyzed modification is observed neither on Yes SH3 (a prototype for homologous 

tryptophan residues) nor on Lck SH3 (histidine residue). 
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Figure 3-15. MALDI-MS data showing results of modification reactions using 

orthogonal metallopeptide-protein pairs. Modification is observed only with protein-

specific metallopeptide catalyst. Conditions: SH3 domain protein (10 μM), catalyst (5 

μM), alkyne-diazo 3.3 (1 mM), TBHA (100 mM) buffer pH 6.2 (Tris buffer pH 7.4 for 

His mod reactions).  

When the R5DRh, R6ERh, and 11LRh metallopeptides and their respective 

target proteins are coupled in optimal reaction conditions, they represent three sets 

of orthogonally reactive pairs (Figure 3.15). The orthogonality is strictly induced 

based on subtle structural variations among the target proteins, akin to enzymatic 

post-translational modifications. Access to such protein-selective functionalization 

tools in context of highly homologous protein targets will facilitate investigation in 

biological roles played by these proteins. Currently, a comparable level of 
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orthogonality is achievable only via genetically engineered unnatural amino acids 

(orthogonal tags such as azides and alkynes for click chemistry) and fusion enzymes 

that lend themselves to mechanism-based modification such as SNAP-tag and Halo-

tag.7,10  

3.3.5. Modification of natural SH3 domains in lysate 

With an efficient means of controlling the site of modification at several 

different points on the surface of SH3 domains and ability to differentiate among 

these homologous protein targets, the vexing lack of selectivity in lysate-based 

reactions with the bifunctional biotin–diazo 3.2 (Figure 3.16.b, nonselective 

labelling) was addressed. Diazo reagent was switched to alkyne-diazo 3.3, which 

provides predictable reactivity as judged by mass spectrometry. Successful 

modification and analysis of SH3 domains in E. coli cell lysate required optimization 

of the visualization method. While the alkyne–diazo reagent 3.3 solved issues of non-

selective reactivity, visualizing the products of reagent 3.3 in lysate was challenging, 

especially for small protein domains where separation from small-molecule regents 

was difficult. Using a fluorogenic azide, these issues were solved by performing 

copper-catalyzed azide–alkyne coupling reactions directly on the surface of a PVDF 

transfer membrane after a typical protein gel.  

The “fluorogenic,” or “turn-on” reagent, 3-azido-7-hydroxycoumarin (3.4)41—

non-emissive (“dark”) until it reacts with alkyne—allowed direct visualization of SH3 

domain modifications upon bathing a transfer membrane in a solution of azide 3.4 
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and a copper catalyst. Although conceptually straightforward, chemical reactions on 

blotting membranes is little utilized,42 and no literature examples of other use of 

fluorogenic reagents in this context could be found.  

Gratifyingly, this chemical blotting of lysate reactions produced an image with 

a single fluorescent band. Control reactions with Rh2(OAc)4 or without catalyst had 

no observable fluorescence (Figure 3.16.c).  It worth noting that it was possible 

successfully tag and analyzed a protein sample with molecular weight <10 kDa (Fyn 

SH3 domain), a significant result given the challenges of working with such small 

proteins. 

Next the human tumor cell line, PC-3,43 which expresses the full-length Yes 

kinase, a member of the Src family (Figure 3.17.a) was examined. The PC-3 whole 

lysate was subjected to modification conditions and analyzed. A fluorescent band at 

60 kDa appeared, corresponding to Yes kinase, and its identity was confirmed by 

conventional western blot with a Yes antibody. Interestingly, a second major band at 

80 kDa was also visualized. This band, like Yes, was absent from the negative control, 

Rh2(OAc)4, indicating that it binds to the PPII metallopeptide catalyst or co-assembles 

with Yes kinase. Modification of natural levels of full-length Yes kinase is especially 

noteworthy because the targeted SH3 domain is inaccessible in the kinase resting 

state.44 It remains bound to a loop region near the kinase domain (Figure 3.17.b). 

Peptides and small molecules of modest affinity (~1 µM) for SH3 domains, such as the 

R5DRh catalyst, typically display IC50 values of >1 mM for binding to the full kinase 

because small peptides do not effectively out-compete the intramolecular loop  
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Figure 3-16. Modification of natural SH3 domains in E. coli lysate. Target protein (2 

μM), metallopeptide (20 μM), and diazo (500 μM) were added to lysate. a) Conceptual 

representation of fluorogenic analysis of blotting membranes containing lysate-based 

modification reaction products. b) Western blot of analysis of lysate-based 

modification with biotin–diazo 3.2, showing non-selective reactivity. Visualization 

with Avidin-Hrp. c) Blots of modification reactions using diazo 3.3 and visualized as 

outlined in (a). *Denotes target protein band. Total protein loading shown using 

Ponceau S staining. aYes SH3 expressed as fusion with maltose binding protein.   
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interaction.45-47 Catalytic activity of the metallopeptide at only 15 µM indicates that 

catalyst-substrate assembly need not be the predominant species in solution to 

achieve efficient modification. 

 

Figure 3-17. Modification of Yes, a SH3-containing protein, at endogenous 

concentration. a) Human PC-3 cell lysate subjected to modification reaction catalyzed 

by rhodium(II) metallopeptide (R5DRh, 15 µM). b) The enzyme resting state of Src-

family kinases contains an interaction between the SH3 domain (orange) and a loop 

region near the kinase domain (cyan), effectively burying the SH3 peptide-binding 

motif. Shown here for Src (PDB ID: 2SRC). 

3.3.6. Alternative diazo reagent for protein modification 

Encouraged by the utility of the chemical blotting protocol, a diazo reagent 

with an azide handle (3.5) was designed. The azide-diazo could be obtained starting 

from styrylacetic acid and the asymmetric PEG-azide 3.7 in good overall yields 
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(Scheme 3.3). In order to determine whether azide functionality is compatible with 

rhodium(II) catalysis and protein modification conditions, a series of protein 

medication reactions were setup. The diazo reagent proved effective for protein 

modification with reactivity comparable to that of alkyne-diazo 3.3 (Figure 3.18). 

 

Scheme 3-3. Synthesis of azide-diazo 3.5. 
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Figure 3-18. The azide-diazo reagent for protein modification. a) SH3 domain protein 

modification reaction setup. b) Fyn SH3 modification with diazo 3.5 and R5DRh 

metallopeptide. c) Fyn SH3 modification with diazo 3.5 and R5ERh metallopeptide. d) 

Yes SH3 modification with diazo 3.5 and R5DRh metallopeptide. e) Yes SH3 

modification with diazo 3.5 and R5ERh metallopeptide. Conditions: SH3 domain 

protein (10 μM), catalyst (5 μM), azide-diazo (1 mM), TBHA (100 mM) buffer pH 6.2, 

5 h at 25 °C. 
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3.4. Conclusion 

In a departure from traditional residue-selective chemistries, the promiscuity 

of metallocarbene intermediates allows specific decoration of a protein surface that 

does not depend on the presence of specific residues. In reactions with purified Lck 

SH3 protein, catalyst design overrides inherent chemical reactivity, selecting for 

His70 or His76 modification rather than reactions at the more reactive Trp97 residue, 

despite a significantly higher inherent reactivity (>2 orders of magnitude more 

reactive) for tryptophan relative to histidine.28 In principle, custom tailored-catalysts 

may deliver modification of virtually any protein of interest. This approach is limited 

only by the ability to discover sequences that bind, even quite weakly, to a protein of 

interest. Fortunately, modern screening and computational methods have greatly 

accelerated the search for new protein ligands. 

Developing chemistry to tackle the complex, functional-group-rich 

environment of natural proteins remains a challenge. Despite what is now decades of 

effort to overcome this limitation and develop selective reactions that rival enzymatic 

transformations, successful examples are rare—such as recent examples with 

complex natural products 18,19—and are just beginning to touch the surface of what is 

possible. The results of Yes kinase from PC-3 tumor cells indicate that specific 

modification reactions, in lysate and at natural abundance, are possible. Furthermore, 

the fluorogenic chemical blot method improves sensitivity, allows improved 

detection of small proteins, and, in initial studies, appears broadly robust with a 

variety of fluorophores and conjugation chemistries. 
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3.5. Experimental section 

3.5.1. General information 

All chemical reagents were purchased from Sigma-Aldrich and were used 

without further purification.  

Peptide synthesis. All peptides were synthesized with an AAPPTEC APEX 396 

Automated Multipeptide Synthesizer using standard solid-phase Fmoc protocols.48 

Peptides were prepared as C-terminal amides using Rink amide MBHA resin 

(AAPPTEC), or Wang resin (AAPPTEC) and were acetylated at the N-terminus prior 

to cleavage from the resin. The peptides were purified by reverse-phase HPLC.  

HPLC separation. Reverse-phase HPLC was performed on the Shimadzu 

CBM-20A instrument with Phenomenex Jupiter 4μ Proteo 90A (250 × 15 mm 

preparative) and Phenomenex Jupiter 4μ Proteo 90A (250 × 4.6 mm analytical) 

columns. The columns were eluted with a gradient of MeCN in water (10-90%) (8 

mL/min and 1 mL/min for preparative and analytical columns, respectively). 

Trifluoroacetic acid (0.1%) was added to all eluents.  

NMR. 1H NMR spectra were measured with a Bruker 400 MHz or a 500 MHz 

spectrometer. All 13C NMR were recorded at 125 MHz. All purified products were 

determined to be ≥95% pure unless otherwise noted. 
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Mass spectrometry. MALDI-TOF MS were performed on a Bruker Daltonics 

Autoflex MALDI-TOF/TOF mass spectrometer with Sinapic acid matrix (Fluka, 20 

mg/mL). ESI-MS was performed on a Bruker Daltonics micrOTOF instrument.  

LC–MS/MS. Sample preparation. Quenched modification reaction solutions 

containing protein, probe, and catalyst were buffer exchanged into 50 mM 

ammonium bicarbonate (pH 8.0) solution via repeated dilution and centrifugation 

through an ultrafiltration device with a 3,000 MWCO membrane (Amicon Ultra 3K, 

Millipore Corp.). 50 pmol of peptide was then subjected to overnight digestion at 37 

°C with either sequencing grade trypsin (Promega Corp.) or sequencing grade Asp-N 

(Protea Biosciences) protease at a 1:25 enzyme-to-substrate ratio. 

Data collection and analysis. Resulting digest peptides were then diluted in 

water/0.1% formic acid for injection onto a UPLC/MS system and resolved by 

nanoflow liquid chromatography reverse phase gradient separation (3-40% 

acetonitrile/0.1% formic acid linear gradient over 30 min at 300 nl/min flow rate) on 

a 75 μm X 250 mm NanoAcquity BEH C-18 UPLC column (1.7 μm particle size; waters 

Corp.) using a NanoAcquity® UPLC system (Waters Corp.) before being introduced 

via a nanoelectrospray ionization source into a Synapt® mass spectrometer (Waters 

Corp.) for analysis.  Mass spectrometry analysis to determine the site of modification 

to the SH3 domain protein by the alkyne diazo-containing probe moiety was carried 

out by MS precursor/product ion analysis accomplished using positive ion mode in 

the Synapt® instrument utilizing a data-independent parallel ion fragmentation 

strategy using alternating low and high collision energies in successive MS scans, 
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termed MSE,49,50 LC/MS instrument control and data acquisition was accomplished 

using MassLynx software (v4.1, Waters Corp.). The site of modification on the parent 

SH3 domain peptide was localized by first identifying potentially modified precursor 

molecular ions from all of the observed low energy MSE spectra derived from the SH3 

domain digest peptides containing a delta mass of +415.19 Da (monoisotopic) 

associated with the reactive probe. The actual amino acid site of modification on the 

precursor ion was then identified by comparing the observed high energy MSE spectra 

derived from the precursor molecular ion by the ramped CID collision energies to 

theoretical b-ion and y-ion fragmentation patterns predicted by in-silico MS spectral 

search algorithms with the probe modification being used as a potential “variable 

modification” allowable on any amino acid side chain (except glycine). MS spectral 

analysis was accomplished by a computerized protein database search strategy, after 

internal lock-mass correction of the raw MS data, using ProteinLynx Global Server 

(PLGS v3.0, Waters Corp.) software,51 using a target search database comprised of the 

protein sequences from the Src, Fyn, Yes, and Lck protein kinases. All MS spectra used 

for elucidation of  modification sites were manually verified for accuracy. 

ITC analysis. ITC experiments were carried out on a VP-ITC instrument 

(MicroCal) at 25 ˚C. Titrations of 275 μM peptide into 18 μM SH3 domain proteins 

were used. Heats of dilutions were measured independently for each experiment by 

titrating 275 μM peptide into buffer (20 mM phosphate buffer, pH 7, 150 mM NaCl, 1 

mM EDTA). Experimental data were fit and Kd values calculated using a one-site 

binding model in Origin software.  
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Preparation of known compounds and reagents. Several compounds, 

previously reported and characterized elsewhere, were prepared by known 

protocols: diazo reagent, [2-(2-methoxyethoxy)ethoxy]ethyl (E)-4-phenyl-2-diazo-3-

butenoate (3.1);27 and biotin diazo (3.2);35 3-Azido-7-hydroxycoumarin (3.4);41 

asymmetrical PEG-amine (3.6) and asymmetrical PEG-azide (3.7).52 The fyn, src, yes, 

and lck SH3 domain plasmids were adapted from the previously reported genes;53,54 

the gene templates for src, yes, and lck SH3 domains were obtained from Addgene, ID 

numbers: 23934, 23938, and 23890, respectively. 

Fyn SH3 domain preparation (Cloning done by Jane M. Coughlin). The fyn 

SH3 domain was amplified by PCR using Phusion DNA polymerase (Finnzymes). The 

reactions were performed following manufacture's protocol with Phusion HF buffer 

and 5% DMSO. Primers were designed as follows: 5´-

GGAATTCCATATGACAGGAGTGACACTC-3´ (NdeI site underlined) and a reverse 

primer, 5´-GAATTCGGATCCCTAGATAGAGTCAACTGG-3´ (BamHI site underlined). 

The resultant product was digested with NdeI and BamHI and cloned into NdeI-

BamHI sites of pET28b. Sequencing confirmed PCR fidelity. The histidine in the linker 

sequence between the 6X His tag and Fyn SH3 was mutated to alanine using Phusion 

DNA polymerase and the primers 5’-CGCGCGGCAGCGCAATGACAGGAGTG-3’ and 5’-

CACTCCTGTCATTGCGCTGCCGCGCG-3’ (the targeted site for mutation is underlined). 

The 5’ end of the PCR primers were phosphorylated using T4 Polynucleotide Kinase. 

The PCR reaction mixture (50 μl) consisted of 1X Phusion HF buffer, 10-ng plasmid 

DNA as the template, 5% DMSO, 200-μM deoxynucleoside triphosphates, 0.5 μM of 
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each primer, and 1 U of Phusion (Finnzymes). The PCR reaction was run at 98 ˚C for 

30 s followed by 25 cycles of amplification (10 s at 98 ˚C, 15 s at an annealing 

temperature of 72 ˚C, and 15 s for an extension time at 72 ˚C). A final postrun 

extension for 5 min at 72 ˚C was incorporated. The PCR product was circularized with 

T4 DNA ligase (New England Biolabs) in a 60-min reaction and then transformed into 

competent DH10B cells. This yielded mutated plasmid pJC2 where sequence analysis 

showed the codon encoding for His had been mutated to an Ala in the linker between 

the 6X His tag and Fyn SH3. 

E. coli (BL21) cells were transformed with the plasmid pJC2, and the resultant 

recombinant cells was cultured under standard conditions. Cultures of 500 mL LB in 

2.5-L flasks with 50 µg/mL kanamycin were grown at 37 ˚C until the OD600 reached 

0.7 (~2.5 h) and then induced with 0.5 mM IPTG. Cells continued incubation at 20 ˚C 

for 18 h before harvesting. Cells were pelleted by centrifugation at 10,000 g for 10 

min and stored at –80 ˚C. The pellet was thawed on ice and then resuspended in 20 

mM Tris (pH 7.5), 200 mM NaCl, 200 µg/mL lysozyme, 4 units/mL DNase I, and 1 mM 

MgCl2. the material was then incubated on ice for 1 h and sonicated for 5 × 30 s. 

Cellular debris was removed by centrifugation (17,000 g at 4 ˚C for 1 h). Supernatant 

was applied to Ni-NTA column, washed with 10 column volumes of 20 mM Tris (pH 

7.5) containing 200 mM NaCl, and 10 mM imidazole. Bound protein was eluted with 

20 mM Tris (pH 7.5) containing 200 mM NaCl, and 200 mM imidazole. The eluted 

protein was dialyzed against 20 mM Tris (pH 7.5) containing 200 mM NaCl and 2.5 

mM CaCl2. The protein was concentrated, and the 6X His tag was cleaved by 
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incubation with thrombin (1 unit/mL) at 4 ˚C overnight. Any remaining Fyn SH3 with 

uncleaved 6X His-tag was captured by running the cleavage mixture through a Ni-

NTA column. The cleaved protein was further purified by size exclusion 

chromatography on a Superdex 75 column (GE Healthcare) equilibrated in 20 mM 

phosphate buffer (pH 7) containing 150 mM NaCl and 1 mM EDTA. The purity of 

eluted fractions was assessed by SDS-PAGE using 12% Bis-Tris gels (Invitrogen). Size 

exclusion fractions containing Fyn SH3 were pooled, concentrated, and aliquoted for 

storage at –80 ˚C. Concentration was determined using the absorbance at 280 nm on 

a spectrophotometer (NanoDrop, Thermo Scientific). 

Lck SH3 domain preparation. The lck SH3 domain was amplified by PCR 

using Phusion DNA polymerase (Finnzymes). The reactions were performed 

following manufacture's protocol with Phusion HF buffer and 5% DMSO. Primers 

were designed as follows: 5'-GGATCCCCACTGCAAGACAACCTGGTTATCGC-3' (BamHI 

site underlined) and a reverse primer, 5'-

GAATTCTTACAGGCTGTTCGCTTTGGCCACAAAATTG-3' (EcoRI site underlined). The 

resultant product was digested with BamHI and EcoRI and subcloned into BamHI-

EcoRI sites of pGex-KTO. Confirmed PCR fidelity by sequencing.  

Src SH3 domain preparation. The src SH3 domain was amplified by PCR 

using Phusion DNA polymerase (Finnzymes). The reactions were performed 

following manufacture's protocol with Phusion HF buffer and 5% DMSO. Primers 

were designed as follows: 5´-GGTACCGGGTGGAGTGACCACCTTTG-3´ (KpnI site 

underlined) and a reverse primer, 5´-CCATGGGATGGAGTCGGAGGGCGC-3´ (Nco1 site 
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underlined). The resultant product was digested with KpnI and NcoI and subcloned 

into KpnI-NcoI sites of pMal-2c. Sequence encoding for GST-tag was amplified from 

pGex-KTO plasmid using following primers: 5´-CCATGGATGTCCCCTATACTAGG-3´ 

(NcoI site underlined) and a reverse primer, 5´-GAATTCTCATTTTGGAGGATGGT-3´ 

(EcoRI site underlined), and then subcloned into MBP-Src SH3 plasmid, into site 

immediately following Src SH3. A poly-glycine linker was inserted between Src SH3 

and GST tag using PCR mutation with following primers: 5´-

CTGTCTGGTGGTGGTGGTGGTCCATGGATGTCCCC-3´ a reverse primer, 5´- 

ATCCGATTTATCATCGTCGTCGATGGAGTCGGAGGG -3´. Fidelity of each PCR step was 

confirmed by sequencing.  

Yes SH3 domain preparation. The yes SH3 domain was amplified by PCR 

using Phusion DNA polymerase (Finnzymes). The reactions were performed 

following manufacture's protocol with Phusion HF buffer and 5% DMSO. Primers 

were designed as follows: 5´-GGTACCGGGTGGTGTTACTATATTTGTGGCC-3´ (KpnI 

site underlined) and a reverse primer, 5´- GAATTCTAAAATGGAATCTGCAGGCGCTAC-

3´ (EcoRI site underlined). The resultant product was digested with KpnI and EcoRI 

and subcloned into KpnI-EcoRI sites of pMal-2c. Confirmed PCR fidelity by 

sequencing.  

After transformation of src, yes, and lck domain plasmids into E. coli BL21 

(DE3) resulting recombinant cells were cultured under standard conditions. Cells 

were grown at 37 °C to OD600 of ~0.6 with 100 µg/mL ampicillin at which point they 

were induced with 0.5 mM IPTG. Cells were further incubated at 18 ˚C for 16 h before 
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harvesting. Cells were pelleted by centrifugation at 10,000 g for 10 min. The pellet 

was resuspended in 50 mM Tris (pH 7.5), 200 mM NaCl, 200-µg/mL lysozyme, 4 

unit/mL DNase I, and 1mM MgCl2 and incubated on ice for 1 h. then sonicated for 4 × 

30 s. Cellular debris was removed by centrifugation (17,000 g at 4 ˚C for 1 h). 

Supernatant was applied to affinity column (Glutathione - agarose resin for GST-Lck 

SH3 and MBP-Src SH3-GST; Amylose resin for MBP-Yes SH3), washed with 10 column 

volumes of 20 mM Tris (pH 7.5) containing 200 mM NaCl. Bound protein was eluted 

with 20 mM Tris (pH 7.5) containing 200 mM NaCl, and 10 mM additive (reduced 

glutathione for GST-Lck SH3 and MBP-Src SH3-GST; maltose for MBP-Yes SH3). The 

protein was concentrated, and the buffer was exchanged for specific cleavage buffer 

(200 mM Tris pH 8.4, 1.5 M NaCl, 25 mM CaCl2 for GST-Lck SH3 or 20 mM Tris pH 7.4, 

200 mM NaCl, 2 mM CaCl2 for MBP-Src SH3-GST and MBP-Yes SH3) using Amicon 

Ultra centrifugal filters. The affinity tag was cleaved by incubation with specific 

cleavage (thrombin (4 unit/mL) for GST-Lck SH3; enterokinase (6 unit/mL) for MBP-

Src SH3-GST and MBP-Yes SH3) at 4 ˚C overnight. 

The cleaved affinity tag was removed by size exclusion chromatography on a 

Superdex 75 column (GE Healthcare) equilibrated in 20 mM phosphate buffer (pH 7) 

containing 150 mM NaCl and 1 mM EDTA. The purity of eluted fractions was assessed 

by SDS-PAGE using 12% Bis-Tris gels (Invitrogen). Fractions containing pure SH3 

domain protein were pooled, concentrated, and aliquoted for storage at –80 ˚C. 

Concentration was determined using the absorbance at 280 nm on the 

spectrophotometer (NanoDrop, Thermo Scientific).  
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For use in-lysate modification reaction some amount of MBP-Yes SH3 was not 

subjected to cleavage of the affinity tag and was purified by size exclusion 

chromatography directly after affinity column. Pure fractions were pooled, 

concentrated, and flash frozen. 

PC-3 lysate preparation. PC-3 lysate was a gift of Tanushree Chatterji and 

Gary E. Gallick from University of Texas MD Anderson Cancer Center. Briefly, cells 

were lysed using RIPA buffer with subsequent homogenization by passing through a 

25-gauge needle. Cell debris was removed by centrifugation. 

3.5.2. Experimental procedures 

Modification of pure protein. Aq. solutions of SH3 domain protein (400 µM) 

and of metallopeptide (500 µM) were prepared. A t-BuOH solution of diazo reagent 

(50 mM) was also prepared. In a 0.6-mL Eppendorf tube, all three reagents were 

added to 100 mM TBHA buffer pH 6.2 (total reaction volume: 50 µL, final 

concentration: protein, 10 µM; metallopeptide, 5 µM, diazo, 1 mM). The reaction tube 

was initially vortexed for ~30 s with a bench-top mixer and was allowed to react for 

5 h at room temperature before direct MALDI analysis. Time points were collected by 

removing aliquots (1 µL) and quenching into acetonitrile (1 µM). 

In-lysate reaction conditions. E. coli. lysate reaction. To evaluate alkyne 

diazo 3, initial in-lysate modification reactions were performed in E. coli. lysate with 

added Fyn SH3 or MBP-Yes SH3 fusion protein. Briefly, lysate (25 µL) from D3E E. coli. 

bearing no transformed plasmid was buffered to pH 6.2 with 100 mM TBHA (23 µL). 
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SH3 domain protein (2 µM final concn.), metallopeptide catalyst (0.5 µL, 20 µM final 

concn.), and alkyne-diazo 3 (0.5 µL, 500 µM final concn.) were added. Reaction was 

run for 16 h at 4 °C. 

Mammalian cell lysate reaction. PC-3 lysate (25 µL) was buffered to pH 6.2 with 

100 mM TBHA (23 µL). Metallopeptide catalyst and alkyne-diazo 3 (0.5 µL, 500 µM 

final concn.) were added. Reaction was run for 16 h at 4 °C. Optimal catalyst loading 

was identified by running reactions with increasing metallopeptide loading. 15 µM 

metallopeptide was found sufficient to achieve detectable modification. 

Concentration range for reliable analysis using chemical blotting of modification 

reaction products was assessed by addition of known amounts of MBP-Yes SH3 fusion 

protein into optimized reaction conditions. MBP-Yes SH3 serves as a positive control 

for modification. 

Fluorogenic analysis of blot membranes. In-lysate reaction sample (5 µL) 

was loaded into SDS-PAGE (12% Bis-tris gel, Life Technologies). Resolved protein 

bands were then transferred onto a PVDF membrane (GE Healthcare), which was 

preactivated in MeOH for 5 mins. After transfer the membrane was bathed in click 

reaction mixture, which contained 500 µM 3-azido-7-hydroxycoumarin, 20 µM TBTA, 

5 mM sodium ascorbate, 500 µM CuSO4. The solvent for reaction is 50% DMSO/H2O. 

After incubation for 1 h with gentle rocking, in dark, and at room temperature the 

membrane was rinsed 3 times with 70% EtOH to remove DMSO. The membrane was 

imaged with a Fujifilm LAS-4000 instrument using epi-UV light source (370 nm LED) 
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and L41 filter set. After fluorescence imaging, the membrane was air dried and then 

stained with Ponceau S solution, for imaging of total protein loading. 

Western blot analysis of PC-3 lysate reaction. In-lysate reaction sample (5 

µL) was loaded into SDS-PAGE (12% Bis-tris gel, Life Technologies). Resolved 

proteins bands were then transferred onto a nitrocellulose membrane (Bio-Rad), 

which was subsequently blocked in 8% milk (8% milk in 100 mL TBS-T) for 1 h. The 

membrane was incubated with c-Yes antibody (SantaCruz) solution in TBS-T for 1 h, 

followed by washing (3 × 5 min) with TBS-T. Then the membrane was incubated with 

secondary antibody anti-mouse IGG peroxidase conjugate (SantaCruz) solution 

(1:1000 dilution in TBS-T) for 1 h, followed by washing (3 × 5 min) with TBS-T and 

the last wash with TBS. Blots were developed with chemiluminescent substrate 

(Clarity ECL Reagent, Bio-Rad) and images recorded with a Fujifilm LAS-4000 

instrument. 

3.5.3. Chemical synthesis and characterization 

Representative peptide metalation for the preparation of rhodium 

metallopeptides: Preparation of metallopeptide S2ERh. Purified S2E peptide 

(AcVELARRPLPPLPN-NH2) (4.63 mg, 3.06 µmol) and Rh2(tfa)(OAc)3 (1.52 mg, 3.07 

µmol) were added to a 4-mL scintillation vial with pH 4.7 MES buffer (1 mL, 0.1 M, 

MES=2-(N-morpholino)ethanesulfonic acid). The reaction was stirred with heating to 

50 °C overnight, after which all reactants were consumed based on HPLC analysis 

(monitored at 220 and 300 nm). The resulting metallopeptide was purified by direct 
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injection of the reaction mixture onto a preparative HPLC column and isolated by 

lyophilization to afford a light blue solid (4.27 mg, 73%). Purity was assessed by ESI–

MS (calc’d for [M+2H]2+ = 948.4, found 948.1) and analytical HPLC. 

 

Alkyne-diazo 3.3. Step 1: Synthesis of propargylacetic-PEG alcohol. The 

asymmetrical PEG-amine 3.6 (650 mg, 3.37 mmol), 4-Pentynoic acid (660 mg, 6.73 

mmol, 2.0 equiv), and DCC (1.37 g, 67.3 mmol, 2.0 equiv) were stirred in MeCN (30.0 

mL) under nitrogen atmosphere for 24 h. DCU was filtered out, after which the solvent 

was removed in vacuo. The residue was purified by silica gel column (eluent: 2%–4% 

MeOH/CH2Cl2) to provide the propargylacetic-PEG alcohol as a light yellow oil (760 

mg, 78 %). 1H NMR (400 MHz, CDCl3): δ 1.99 (t, J = 2.8 Hz, 1 H), 2.42 (t, J = 7.2 Hz, 2 

H), 2.51-2.55 (m, 2 H), 3.47-3.76 (m, 17 H). 

Step 2: Esterification with styrylacetic acid. The propargylacetic-PEG alcohol 

(500 mg, 1.73 mmol), trans-styrylacetic acid (308 mg, 1.90 mmol, 1.1 equiv), DCC 

(445 mg, 2.77 mmol, 1.6 equiv), and a catalytic amount of the base DMAP (28 mg, 

0.173 mmol) were stirred in MeCN (1.0 mL) under nitrogen atmosphere for 24 h. DCU 

was filtered out and the solvent was removed in vacuo. The residue was purified by 

silica gel column (eluent: 1% MeOH/CH2Cl2) to provide the ester 3.8 as a yellow oil 

(452 mg, 58%). 1H NMR (500 MHz, CDCl3): δ 2.02 (t, J = 3.0 Hz, 1 H), 2.40 (t, J = 6.0 Hz, 

2 H), 2.50-2.55 (m, 2 H), 3.28 (dd, J = 7.2, 1.2 Hz, 2 H), 3.47 (quin, J = 5.2 Hz, 2 H), 3.55 
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(t, J = 4.8 Hz, 2 H), 3.61-3.69 (m, 8 H), 3.72 (t, J = 4.8 Hz, 2 H), 4.28 (t, J = 4.4 Hz, 2 H), 

6.30 (dt, J = 15.6, 14.0 Hz, 1 H), 6.50 (d, J = 16 Hz, 1 H), 7.20-7.24 (m, 1 H), 7.30 (t, J = 

6.8 Hz, 2 H), 7.36-7.37 (m, 2 H). 

Step 3: Diazo transfer. Compound 3.8 (10 mg, 0.018 mmol), DBU (4.0 mg, 0.026 

mmol, 1.5 equiv), and p-ABSA (7.0 mg, 0.029 mmol, 1.5 equiv) were dissolved in 

MeCN (0.20 mL) at 0 °C. The reaction mixture was allowed to warm to room 

temperature with stirring over 4 h. The solvent was removed in vacuo and the residue 

purified on a silica gel column (eluent: 50% ethyl acetate/hexanes) to afford 3.3 as a 

brown orange oil (5.0 mg, 48%). 1H NMR (500 MHz, CDCl3): δ 2.02 (t, J = 2.5 Hz,  1 H), 

2.40 (t, J = 7.0 Hz,  2 H), 2.52 (td, J = 7.5, 3.0  Hz, 2 H), 3.47 (t, J = 5.0 Hz, 2 H), 3.55 (t, J 

= 5.0 Hz, 2 H), 3.61-3.69 (m, 8 H), 3.76 (t, J = 5.0 Hz, 2 H), 4.42 (t, J = 5.0 Hz, 2 H), 6.20 

(d, J = 16 Hz, 1 H), 6.48 (d, J = 16 Hz, 1 H), 7.20 (t, J = 7 Hz, 1 H), 7.30-7.36 (m, 4 H).13C 

NMR (125 MHz, CDCl3): 15.0, 35.4, 39,4, 64.4, 69.3, 69.5, 70.0, 70.4, 70.7, 70.7, 70.8, 

83.2, 111.4, 123.3, 125.8, 126.0, 127.3, 128.9, 129.1 136.9, 171.1. ESI–MS calcd 

[M+H]+: 444.2; found 444.0. 

 

Azide-diazo 3. Step 1: Esterification with styrylacetic acid. The asymmetrical 

PEG-azide 3.7 (588 mg, 2.68 mmol), trans-styrylacetic acid (478 mg, 2.95 mmol, 1.1 

equiv), DCC (692 mg, 4.29 mmol, 1.6 equiv), and a catalytic amount of the base DMAP 

(43 mg, 0.26 mmol) were stirred in MeCN (30.0 mL) at rt and under nitrogen 
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atmosphere for 24 h. DCU was filtered out and the solvent was removed in vacuo. The 

residue was purified by silica gel column (eluent: 1% MeOH/CH2Cl2) to provide the 

ester 3.9 as a light yellow oil (300 mg, 43%). 1H NMR (400 MHz, CDCl3): δ 3.27 (dd, J 

= 7.2, 1.2 Hz, 2 H), 3.33 (quin, J = 5.2 Hz, 2 H), 3.65-3.67 (m, 10 H), 3.72 (t, J = 4.8 Hz, 

2 H), 4.27 (t, J = 4.8 Hz, 2 H), 6.30 (dt, J = 15.6, 14.0 Hz, 1 H), 6.49 (d, J = 16 Hz, 1 H), 

7.22-7.26 (m, 1 H), 7.28-7.35 (m, 2 H), 7.37-7.38 (m, 2 H). 

Step 2: Diazo transfer. Compound 3.9 (70 mg, 0.19 mmol), DBU (44 mg, 0.29 

mmol, 1.5 equiv), and p-ABSA (49 mg, 0.19 mmol, 1.0 equiv) were dissolved in MeCN 

(2.0 mL) at 0 °C. The reaction mixture was allowed to warm to room temperature 

with stirring over 6 h. The solvent was removed in vacuo and the residue purified on 

a silica gel column (eluent: 10% acetone/dichloromethane) to afford 3.5 as a bright 

orange oil (36 mg, 48%). 1H NMR (500 MHz, CDCl3): δ 3.37 (t, J = 6.0 Hz, 2 H), 3.55-

3.69 (m, 10 H), 3.74-3.77 (m, 2 H), 4.40-4.42 (m, 2 H), 6.20 (d, J = 16 Hz, 1 H), 6.48 (d, 

J = 16 Hz, 1 H), 7.20 (t, J = 7 Hz, 1 H), 7.30-7.36 (m, 4 H). 

3.6. References 

 (1) Chen, Z.; Vohidov, F.; Coughlin, J. M.; Stagg, L. J.; Arold, S. T.; Ladbury, J. 
E.; Ball, Z. T.: Catalytic Protein Modification with Dirhodium Metallopeptides: 
Specificity in Designed and Natural Systems. J. Am. Chem. Soc. 2012, 134, 10138-
10145. 
 (2) Vohidov, F.; Coughlin, J. M.; Ball, Z. T.: Rhodium(II) Metallopeptide 
Catalyst Design Enables Fine Control in Selective Functionalization of Natural SH3 
Domains. Angew. Chem. Int. Ed. 2015, 54, 4587-4591. 
 (3) Sletten, E. M.; Bertozzi, C. R.: Bioorthogonal Chemistry: Fishing for 
Selectivity in a Sea of Functionality. Angew. Chem. Int. Ed. 2009, 48, 6974-6998. 
 (4) Spicer, C. D.; Davis, B. G.: Selective chemical protein modification. Nat. 
Commun. 2014, 5, 4740-4753. 



 127 
 

 (5) Hinner, M. J.; Johnsson, K.: How to obtain labeled proteins and what to 
do with them. Curr. Opin. Biotechnol. 2010, 21, 766-776. 
 (6) Chen, Z.; Jing, C.; Gallagher, S. S.; Sheetz, M. P.; Cornish, V. W.: Second-
generation covalent TMP-tag for live cell imaging. J. Am. Chem. Soc. 2012, 134, 13692-
13699. 
 (7) Sun, X.; Zhang, A.; Baker, B.; Sun, L.; Howard, A.; Buswell, J.; Maurel, D.; 
Masharina, A.; Johnsson, K.; Noren, C. J.; Xu, M. Q.; Corrêa Jr, I. R.: Development of 
SNAP-tag fluorogenic probes for wash-free fluorescence imaging. ChemBioChem 
2011, 12, 2217-2226. 
 (8) Scheck, R. A.; Schepartz, A.: Surveying protein structure and function 
using bis-arsenical small molecules. Acc. Chem. Res. 2011, 44, 654-665. 
 (9) Uttamapinant, C.; White, K. A.; Baruah, H.; Thompson, S.; Fernández-
Suárez, M.; Puthenveetil, S.; Ting, A. Y.: A fluorophore ligase for site-specific protein 
labeling inside living cells. Proc. Nat. Acad. Sci. U.S.A. 2010, 107, 10914-10919. 
 (10) Los, G. V.; Encell, L. P.; McDougall, M. G.; Hartzell, D. D.; Karassina, N.; 
Zimprich, C.; Wood, M. G.; Learish, R.; Ohana, R. F.; Urh, M.; Simpson, D.; Mendez, J.; 
Zimmerman, K.; Otto, P.; Vidugiris, G.; Zhu, J.; Darzins, A.; Klaubert, D. H.; Bulleit, R. F.; 
Wood, K. V.: HaloTag: A Novel Protein Labeling Technology for Cell Imaging and 
Protein Analysis. ACS Chem. Biol. 2008, 3, 373-382. 
 (11) Chen, I.; Howarth, M.; Lin, W. Y.; Ting, A. Y.: Site-specific labeling of cell 
surface proteins with biophysical probes using biotin ligase. Nat. Methods 2005, 2, 
99-104. 
 (12) Witus, L. S.; Netirojjanakul, C.; Palla, K. S.; Muehl, E. M.; Weng, C. H.; 
Iavarone, A. T.; Francis, M. B.: Site-specific protein transamination using N-
methylpyridinium-4- carboxaldehyde. J. Am. Chem. Soc. 2013, 135, 17223-17229. 
 (13) Carrico, Z. M.; Farkas, M. E.; Zhou, Y.; Hsiao, S. C.; Marks, J. D.; 
Chokhawala, H.; Clark, D. S.; Francis, M. B.: N-terminal labeling of filamentous phage 
to create cancer marker imaging agents. ACS Nano 2012, 6, 6675-6680. 
 (14) Krishnamurty, R.; Brigham, J. L.; Leonard, S. E.; Ranjitkar, P.; Larson, E. 
T.; Dale, E. J.; Merritt, E. A.; Maly, D. J.: Active site profiling reveals coupling between 
domains in SRC-family kinases. Nat. Chem. Biol. 2013, 9, 43-50. 
 (15) Sato, S.; Nakamura, H.: Ligand-Directed Selective Protein Modification 
Based on Local Single-Electron-Transfer Catalysis. Angew. Chem. Int. Ed. 2013, 52, 
8681-8684. 
 (16) Hayashi, T.; Hamachi, I.: Traceless Affinity Labeling of Endogenous 
Proteins for Functional Analysis in Living Cells. Acc. Chem. Res. 2012, 45, 1460-1469. 
 (17) Ball, Z. T.: Molecular recognition in protein modification with rhodium 
metallopeptides. Curr. Opin. Chem. Biol. 2015, 25, 98-102. 
 (18) Pathak, T. P.; Miller, S. J.: Chemical tailoring of teicoplanin with site-
selective reactions. J. Am. Chem. Soc. 2013, 135, 8415-8422. 
 (19) Lichtor, P. A.; Miller, S. J.: Combinatorial evolution of site- and 
enantioselective catalysts for polyene epoxidation. Nat. Chem. 2012, 4, 990-995. 



 128 
 

 (20) Lewis, C. A.; Miller, S. J.: Site-selective derivatization and remodeling of 
erythromycin A by using simple peptide-based chiral catalysts. Angew. Chem. Int. Ed. 
2006, 45, 5616-5619. 
 (21) Takaoka, Y.; Ojida, A.; Hamachi, I.: Protein Organic Chemistry and 
Applications for Labeling and Engineering in Live-Cell Systems. Angew. Chem. Int. Ed. 
2013, 52, 4088-4106. 
 (22) Liu, Z.; Sadler, P. J.: Organoiridium Complexes: Anticancer Agents and 
Catalysts. Acc. Chem. Res. 2014, 47, 1174-1185. 
 (23) Tsukiji, S.; Miyagawa, M.; Takaoka, Y.; Tamura, T.; Hamachi, I.: Ligand-
directed tosyl chemistry for protein labeling in vivo. Nat. Chem. Biol. 2009, 5, 341-
343. 
 (24) Fujishima, S.-h.; Yasui, R.; Miki, T.; Ojida, A.; Hamachi, I.: Ligand-
Directed Acyl Imidazole Chemistry for Labeling of Membrane-Bound Proteins on Live 
Cells. J. Am. Chem. Soc. 2012, 3961–3964. 
 (25) Sato, S.; Nakamura, H.: Ligand-directed selective protein modification 
based on local single-electron-transfer catalysis. Angew. Chem. Int. Ed. 2013, 52, 
8681-8684. 
 (26) Antos, J. M.; McFarland, J. M.; Iavarone, A. T.; Francis, M. B.: 
Chemoselective Tryptophan Labeling with Rhodium Carbenoids at Mild pH. J. Am. 
Chem. Soc. 2009, 131, 6301-6308. 
 (27) Antos, J. M.; Francis, M. B.: Selective tryptophan modification with 
rhodium carbenoids in aqueous solution. J. Am. Chem. Soc. 2004, 126, 10256-10257. 
 (28) Popp, B. V.; Ball, Z. T.: Proximity-driven metallopeptide catalysis: 
Remarkable side-chain scope enables modification of the Fos bZip domain. Chem. Sci. 
2011, 2, 690-695. 
 (29) Popp, B. V.; Ball, Z. T.: Structure-selective modification of aromatic side 
chains with dirhodium metallopeptide catalysts. J. Am. Chem. Soc. 2010, 132, 6660-
6662. 
 (30) Dalgarno, D. C.; Botfield, M. C.; Rickles, R. J.: SH3 domains and drug 
design: Ligands, structure, and biological function. Biopolymers 1997, 43, 383-400. 
 (31) Kim, L. C.; Song, L.; Haura, E. B.: Src kinases as therapeutic targets for 
cancer. Nat Rev Clin Oncol 2009, 6, 587-595. 
 (32) Feng, S.; Chen, J. K.; Yu, H.; Simon, J. A.; Schreiber, S. L.: Two binding 
orientations for peptides to the Src SH3 domain: development of a general model for 
SH3-ligand interactions. Science 1994, 266, 1241-1247. 
 (33) Feng, S.; Kasahara, C.; Rickles, R. J.; Schreiber, S. L.: Specific interactions 
outside the proline-rich core of two classes of Src homology 3 ligands. Proc. Natl. Acad. 
Sci. U. S. A. 1995, 92, 12408-12415. 
 (34) Renzoni, D. A.; Pugh, D. J. R.; Siligardi, G.; Das, P.; Morton, C. J.; Rossi, C.; 
Waterfield, M. D.; Campbell, I. D.; Ladbury, J. E.: Structural and Thermodynamic 
Characterization of the Interaction of the SH3 Domain from Fyn with the Proline-Rich 
Binding Site on the p85 Subunit of PI3-Kinase†. Biochemistry 1996, 35, 15646-15653. 



 129 
 

 (35) Chen, Z.; Popp, B. V.; Bovet, C. L.; Ball, Z. T.: Site-Specific Protein 
Modification with a Dirhodium Metallopeptide Catalyst. ACS Chem. Biol. 2011, 6, 920-
925. 
 (36) Bacarizo, J.; Camara-Artigas, A.: Atomic resolution structures of the c-
Src SH3 domain in complex with two high-affinity peptides from classes I and II. Acta 
Crystallogr. D Biol. Crystallogr. 2013, 69, 756-66. 
 (37) Zaykov, A. N.; Ball, Z. T.: Kinetic and stereoselectivity effects of 
phosphite ligands in dirhodium catalysis. Tetrahedron 2011, 67, 4397-4401. 
 (38) Sambasivan, R.; Zheng, W.; Burya, S. J.; Popp, B. V.; Turro, C.; Clementi, 
C.; Ball, Z. T.: A tripodal peptide ligand for asymmetric Rh(II) catalysis highlights 
unique features of on-bead catalyst development. Chem. Sci. 2014, 5, 1401-1407. 
 (39) Davies, H. M. L.; Denton, J. R.: Application of Donor/Acceptor-
Carbenoids to the Synthesis of Natural Products(). Chem. Soc. Rev. 2009, 38, 3061-
3071. 
 (40) Bachmann, D. G.; Schmidt, P. J.; Geigle, S. N.; Chougnet, A.; Woggon, W.-
D.; Gillingham, D. G.: Modular Ligands for Dirhodium Complexes Facilitate Catalyst 
Customization. Adv. Synth. Catal. 2015, 357, 2033-2038. 
 (41) Sivakumar, K.; Xie, F.; Cash, B. M.; Long, S.; Barnhill, H. N.; Wang, Q.: A 
Fluorogenic 1,3-Dipolar Cycloaddition Reaction of 3-Azidocoumarins and Acetylenes. 
Org. Lett. 2004, 6, 4603-4606. 
 (42) Tsai, C.-S.; Yen, H.-Y.; Lin, M.-I.; Tsai, T.-I.; Wang, S.-Y.; Huang, W.-I.; Hsu, 
T.-L.; Cheng, Y.-S. E.; Fang, J.-M.; Wong, C.-H.: Cell-permeable probe for identification 
and imaging of sialidases. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 2466-2471. 
 (43) Dayyani, F.; Parikh, N. U.; Varkaris, A. S.; Song, J. H.; Moorthy, S.; 
Chatterji, T.; Maity, S. N.; Wolfe, A. R.; Carboni, J. M.; Gottardis, M. M.; Logothetis, C. J.; 
Gallick, G. E.: Combined Inhibition of IGF-1R/IR and Src Family Kinases Enhances 
Antitumor Effects in Prostate Cancer by Decreasing Activated Survival Pathways. 
PLoS ONE 2012, 7. 
 (44) Tishinov, K.; Schmidt, K.; Häussinger, D.; Gillingham, D. G.: Structure-
Selective Catalytic Alkylation of DNA and RNA. Angew. Chem. Int. Ed. 2012, 51, 12000-
12004. 
 (45) Yadav, S. S.; Miller, W. T.: Cooperative activation of Src family kinases 
by SH3 and SH2 ligands. Cancer Lett. 2007, 257, 116-123. 
 (46) Moarefi, I.; LaFevre-Bernt, M.; Sicheri, F.; Huse, M.; Lee, C.-H.; Kuriyan, 
J.; Miller, W. T.: Activation of the Src-family tyrosine kinase Hck by SH3 domain 
displacement. Nature 1997, 385, 650-653. 
 (47) Stangler, T.; Tran, T.; Hoffmann, S.; Schmidt, H.; Jonas, E.; Willbold, D.: 
Competitive displacement of full-length HIV-1 Nef from the Hck SH3 domain by a 
high-affinity artificial peptide. Biol. Chem. 2007, 388, 611-617. 
 (48) Wellings, D. A.; Atherton, E.: Standard Fmoc protocols. In Solid-Phase 
Peptide Synthesis, 1997; Vol. 289; pp 44-67. 
 (49) Silva, J. C.; Denny, R.; Dorschel, C. A.; Gorenstein, M.; Kass, I. J.; Li, G.-Z.; 
McKenna, T.; Nold, M. J.; Richardson, K.; Young, P.; Geromanos, S.: Quantitative 



 130 
 

Proteomic Analysis by Accurate Mass Retention Time Pairs. Anal. Chem. 2005, 77, 
2187-2200. 
 (50) Silva, J. C.; Gorenstein, M. V.; Li, G.-Z.; Vissers, J. P. C.; Geromanos, S. J.: 
Absolute Quantification of Proteins by LCMSE : A Virtue of Parallel ms Acquisition. 
Molecular & Cellular Proteomics 2006, 5, 144-156. 
 (51) Li, G.-Z.; Vissers, J. P. C.; Silva, J. C.; Golick, D.; Gorenstein, M. V.; 
Geromanos, S. J.: Database searching and accounting of multiplexed precursor and 
product ion spectra from the data independent analysis of simple and complex 
peptide mixtures. PROTEOMICS 2009, 9, 1696-1719. 
 (52) Cubberley, M. S.; Iverson, B. L.: 1H NMR Investigation of Solvent Effects 
in Aromatic Stacking Interactions. J. Am. Chem. Soc. 2001, 123, 7560-7563. 
 (53) Renzoni, D. A.; Pugh, D. J. R.; Siligardi, G.; Das, P.; Morton, C. J.; Rossi, C.; 
Waterfield, M. D.; Campbell, I. D.; Ladbury, J. E.: Structural and Thermodynamic 
Characterization of the Interaction of the SH3 Domain from Fyn with the Proline-Rich 
Binding Site on the p85 Subunit of PI3-Kinase. Biochemistry 1996, 35, 15646-15653. 
 (54) Johannessen, C. M.; Boehm, J. S.; Kim, S. Y.; Thomas, S. R.; Wardwell, L.; 
Johnson, L. A.; Emery, C. M.; Stransky, N.; Cogdill, A. P.; Barretina, J.; Caponigro, G.; 
Hieronymus, H.; Murray, R. R.; Salehi-Ashtiani, K.; Hill, D. E.; Vidal, M.; Zhao, J. J.; Yang, 
X.; Alkan, O.; Kim, S.; Harris, J. L.; Wilson, C. J.; Myer, V. E.; Finan, P. M.; Root, D. E.; 
Roberts, T. M.; Golub, T.; Flaherty, K. T.; Dummer, R.; Weber, B. L.; Sellers, W. R.; 
Schlegel, R.; Wargo, J. A.; Hahn, W. C.; Garraway, L. A.: COT drives resistance to RAF 
inhibition through MAP kinase pathway reactivation. Nature 2010, 468, 968-972. 

 

 



 131 
 

Chapter 4 

Dirhodium Metallopeptides as Potent 

and Selective Inhibitors of SH3 

Domains  

Parts of this chapter have been adapted from:1 

(1) Vohidov, F.; Knudsen, S. E.; Leonard, P. G.; Ohata, J.; Wheadon, M. J.; Popp, B. 

V.; Ladbury, J. E.; Ball, Z. T.: Potent and selective inhibition of SH3 domains 

with dirhodium metalloinhibitors. Chem. Sci. 2015, 6, 4778-4783. 

4.1. Introduction 

The Src-family SH3 domains are functionally important mediators of protein 

assembly and of signaling pathways that illustrate the problems of “undruggable” 

targets. SH3 domains are ubiquitous and versatile subunits, appearing ~300 times in 

the human genome, often found in proteins implicated in the proliferation of cancer 

and other diseases. The domains recognize short, proline-rich motifs (e.g. PxxP).2 
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However, currently available techniques to chemically perturb Src-family SH3 

interactions in a selective way is limited: SH3 domain interactions are weak (Kd ~1-

10 µM) interactions at a shallow binding interface and are highly conserved, 

especially within closely related protein families. The Lyn kinase is a prototypical Src-

family kinase. It contains a kinase domain and two regulatory domains: an SH3 and 

an SH2, which are believed to be involved in both upstream and downstream 

interactions.3,4 It shares significant sequence similarity with its Src-family brethren. 

Lyn and Lck, for example, have 63% sequence identity, similar to other comparisons 

within the family. 

The SH3 domain represents an attractive and daunting challenge for inhibitor 

development. Within the Src family and in other related kinases, the catalytic kinase 

domain has been the primary target of inhibitor development. However, because the 

Src-family proteins have a high degree of similarity, kinase inhibitors can display 

unacceptable off-target activity. Thus the SH3 domain is a potentially powerful new 

target if truly selective inhibitors can be developed. In addition, SH3-selective 

inhibitors would shed light on kinase biology. The relative roles that Lyn SH2 and SH3 

interactions play in the plethora of upstream and downstream signaling pathways 

known for Src-family kinases are poorly understood, apart from limited reports.5,6 

The development of domain- and protein-specific tool compounds could untangle the 

roles SH3 domains play in kinase activation, catalytic reactivity, and substrate 

preference.  
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Efforts to inhibit SH3 interactions have found limited success, both in terms of 

potency and selectivity. Peptides7,8 and peptoids9 similar to the natural target 

sequence have been used in a variety of contexts to inhibit SH3 interactions, though 

IC50 ≥100 µM is typical. In one noteworthy approach, macromolecular, divalent 

ligands that bind simultaneously to SH3 and SH2 domains have been used to deliver 

increased potency.10,11 However, selectivity remains a general challenge when 

targeting Src-family kinases or members of other closely-related families.12 One small 

molecule, reported to disrupt SH3 interactions, was later shown to have no SH3 

affinity.13-15 The Pyke group has reported 2-aminoquinolines that bind the Tec SH3 

(~10–100 µM), perhaps the most effective small molecule inhibitors to date.16,17 The 

HIV Nef protein binds tightly to the Hck SH3 domain, and exhibits half-maximal 

activation of Hck at 130 nM, though Nef also displays promiscuous activation of 

several other Src-family kinases.18,19 

4.2. Dirhodium metalloinhibitors of SH3 domains 

Dirhodium conjugates have unique properties that make them particularly 

well suited as inhibitors of specific protein–protein interactions. Dirhodium 

conjugates can benefit from metal–ligand interactions with histidine or other Lewis-

basic residues on the surface of the target protein, offering potentially dramatic 

affinity benefits relative to traditional noncovalent organic interactions, which are 

typically weak. Dirhodium complexes are especially appealing in this regard due to a 

differential coordination environment—containing both exchange-inert equatorial 
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sites that allow for stable conjugation and also weakly-held axial ligands for dynamic 

sampling of Lewis basic residues. Dirhodium complexes also have a history of 

biological and medical studies indicating compatibility with living systems.20-25 The 

use of transition metals for such Lewis-basic anchoring of ligand molecules through 

specific interactions with the target protein is not widely studied. Inhibition has been 

demonstrated with dirhodium cores in designed26 and natural protein27,28 contexts, 

and others have implemented similar ideas with cobalt29,30 and copper,31 for example. 

Designing metal coordination with protein target residues contrasts with alternative 

approaches that use transition metals as structural elements,32,33 oxidative damage 

agents,34 or cytotoxic species.35,36 

4.2.1. Design of dirhodium metalloinhibitors 

The ITC data fitting was performed by Paul G. Leonard (University of Texas, 
M.D. Anderson Cancer Center, Houston). 

Sequence and structure analysis shows that Lyn has two non-conserved 

histidine residues near the top of its binding pocket, His78 and His96 (Figure 4.1). 

The His96 is unique among Src-family sequences, and the His78 appears only in Hck 

and Lck. Individual amino-acid alterations are among the few factors that might help 

distinguish the nearly identical secondary structures and peptide-binding 

preferences of Src-family SH3 domains (see Figure 4.1.c). Based on a Src-family SH3-

binding sequence (VSL12),37 known to binds with similar affinity across Src-family 

SH3 domains,38 metallopeptides with rhodium in different sites near the beginning of 

the SH3-binding peptide were prepared.  
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Figure 4-1. Structures of the SH3 domains of representative Src-family kinases, Lyn 

and Lck with a peptide ligand. a,b) Structures of the SH3 domains of representative 

Src-family kinases, Lyn and Lck with a peptide ligand. PDB: 1W1F, 2IIM,4EIK.39,40. 

Histidine residues in the SH3 domain are shown explicitly. c) Alignment of core SH3 

residues for a variety of human Src-family (1–7) and other SH3 domains, highlighting 

histidine residues. d) Affinity of designed rhodium(II) metallopeptides for three Src-

family SH3 domains. 
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Figure 4-2. a) Structure of the optimal Lyn-binding metallopeptide, S2ERh. ITC 

analysis for affinity determination of b) S2ERh and b) 13DRh, a negative control. 

Several of these showed increased affinity (Figure 4.1). The optimal 

metallopeptide, S2ERh, bound to Lyn with 6-nM affinity. The accuracy of ITC data is 

reduced for C values >1000 (C = [protein]/Kd). Under these conditions the 

distribution of data points on the isotherm reduces the precision of the global fit. 
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Since the enthalpic contributions to binding in the formation of the complexes 

described in this work were high, it was possible to use a low protein concentration 

(4 µM) which ensured that the C values were well below this upper range. (The 

highest C value in this work is ~670). Isothermal titration calorimetry (ITC) 

measurements revealed an enthalpy-driven binding event (ΔH = -13.9 kcal mol-1) 

with a much smaller entropic penalty for binding (–TΔS = 2.7 kcal mol-1) at 25 °C. In 

broad terms, the thermodynamics—favourable enthalpy and unfavourably 

entropy—are consistent with previous examinations of peptide–SH3 binding.41 

Moving the location of the rhodium center toward the N-terminus, away from the 

histidine, led to a drop in binding affinity (Figure 4.2). The 13DRh metallopeptide, a 

convenient negative control with the rhodium center too far for histidine interactions, 

binds with micromolar activity, similar to simple SH3 binding of the parent peptide. 

It can be concluded that the vast affinity improvement is due to rhodium coordination 

to unique histidine residue(s). The Hck domain— which shares one of two key 

histidine residues (Lyn His78; Hck His93) with Lyn—also exhibited significant 

affinity (Kd 26 nM, Table 4.1, entry 2) for the S2ERh metallopeptide. A metallopeptide 

13DRh, which positions the rhodium center far away from the Lyn His78 and His96 

provided no affinity enhancement relative to the parent peptide. 

4.2.2. Structural basis for remarkable Lyn SH3 affinity of S2ERh   

The computation modeling was performed by Brian V. Popp (West Virginia 
University), Lyn SH3 alanine mutants prepared by Jun Ohata. 
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The remarkable 6-nM affinity, far stronger than that of any reported non-

protein ligand for SH3 domains, led us to study the structural basis of the observed 

affinity. Mutation experiments prove that both His78 and His96, in the Lyn SH3 

binding pocket, contribute to potent binding. The H78A and H96A mutants bind to 

S2ERh with 20- and 39-nM affinity, respectively. The H78A and H96A double mutant 

binds much more weakly (>5 µM). These results indicate that both histidine residues 

bind to the dirhodium core, presumably by binding in a co-linear fashion to each of 

the two rhodium atoms. The two single-histidine mutants bind with roughly similar 

affinity, 3–7 fold less potent than the native Lyn, and ~100x more potent than the 

parent peptide, implying that both histidines are well positioned to coordinate to the 

dirhodium center. That the majority of the stabilization energy comes from the first 

histidine coordination is consistent with the negative cooperativity generally seen for 

axial coordination to rhodium(II): a second coordination in solution is roughly two 

orders of magnitude less favorable.42-45 

The structure of the Lyn SH3 domain strongly suggests that two histidine 

residues are well positioned to coordinate to a dirhodium core, with the histidine side 

chains approaching from different directions and coordinating separate rhodium 

atoms. This bidentate trans coordination mode—reminiscent of metalloproteins such 

as cytochrome C.46—is rare in small molecule ligands. Brian Popp conducted a 

computational study using a combination of molecular mechanics and quantum 

mechanics to faithfully describe protein folding as well as rhodium coordination.  
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Figure 4-3. Computational models of S2ERh bound to Lyn SH3. a) QM/MM-optimized 

structure of Nγ-Nγ isomer of Lyn-S2ERh with overlayed native SH3-binding peptide 

ligand (magenta). b) Depiction of the histidine flanked cleft of LYN where dirhodium 

binding occurs. c) Top slice view of an overlay of native LYN SH3 (yellow) and the Nγ-

Nγ isomer of Lyn-S2ERh (green).  d) Overview of the QM/MM optimization. High layer 

(DFT): tube. Low layer (MM): stick.  
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Figure 4-4. Illustrations of QM/MM optimized geometries of Lyn-RhS2E isomers with 

relative total energy and relevant structural metrics. Isomer labels reflect the 

coordinated nitrogen of the histidine residue with the first being that of His78 

followed by His96 (below and above dirhodium, respectively). 
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Specifically, previously determined structures of Lyn (PDB ID: 1W1F) and 

Rh2(OAc)447 were used as a starting model for the metalloprotein. Four structural 

isomers based on coordination of rhodium with His78 and His96 γ- and δ-nitrogen 

atoms were constructed. Geometry minimization was carried out on the four initial 

structures using the UFF force field in which the structural environment of Rh2(OAc)4 

and the respective Rh-His bonds were frozen. The Glu carboxylate side chain of S2E 

replaced an equatorial acetate ligand in order to position the peptide near the SH3 

binding groove. Two-layer ONIOM calculations were performed on Lyn-S2ERh 

isomers using the DFT functional B3LYP for the QM layer and the force field UFF for 

the MM layer. The most energetically stable isomer is predicted to arise from bis-

histidine binding through both γ-nitrogen atoms (Figure 4.4). This binding motif also 

necessitates the least displacement of the native Lyn structure. In the optimized 

structure of the Nγ-Nγ isomer (Figure 4.3.a), the metallopeptide (yellow) overlays 

closely with a published structure for an SH3-binding peptide (magenta) in the C-

terminal region. At the extreme N-terminus, on the other hand, the peptide backbone 

is displaced, and the short helical structure of the canonical peptide structure is 

replaced by the dirhodium core occupying the cleft between the two histidine 

residues (Figure 4.3.b). A slice depicting the histidine-containing region of the 

reported Lyn SH3 structure (Figure 4.3.c, yellow) and the calculated Lyn structure 

bound to S2ERh (green), demonstrates what little backbone alterations are needed to 

accommodate bis-histidine binding to the rhodium core. Based on the model, only 

small conformational changes in the Glu95-Trp99 and Ile77-Asp80 loops are required 
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to position His78 and His96 to interact with the dirhodium tetraacetate, consistent 

with the small entropic penalty for binding observed by the ITC.  

4.2.3. Evaluation of dirhodium inhibitor potency in cell-like environment 

 

Figure 4-5. Potent sequestration of a metallopeptide catalyst by Lyn SH3. (Left box) 

In the absence of Lyn, a metallopeptide (R5ERh) catalyzes covalent attachment of an 

alkyne-containing small molecule to the Yes SH3 domain (expressed as a fusion with 

MBP) in cell lysate, visualized after reaction with a fluorogenic azide following 

techniques outlined in chapter 3. The metallopeptide catalyst is inhibited by added 

Lyn SH3, indicating selective binding in lysate. (Right box) Total protein (Ponceau) 

stain of the lysate reactions. Conditions: MBP-Yes fusion (2 µM), metallopeptide (10 

µM), in E. coli lysate, diluted 2× with N-tert-butylhydroxylamine buffer at pH 6.2 at 4 

°C. 

Catalytic protein modification was used to examine the potency of the 

metallopeptide–Lyn interaction in a cell-like environment. Previously it was shown 
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that rhodium metallopeptides catalyze protein modification in lysate, with specificity 

provided by molecular recognition.48 More recent work has demonstrated that SH3 

domains are amenable to this approach, permitting site-specific alkyne 

functionalization of specific SH3 domains in lysate.49 For example, in the presence of 

R5ERh metallopeptide and an alkyne–diazo reagent, the Yes SH3 domain (expressed 

as a fusion with maltose-binding protein, MBP) is readily tagged with an alkyne 

group, and the modification visualized by alkyne-azide cycloaddition on a blot 

membrane (Figure 4.5, left box).49 Because catalytic covalent modification requires 

metallopeptide (R5ERh) binding to the Yes SH3 domain, the addition of an exogenous 

high-affinity domain (Lyn, Kd = 81 nM) would be predicted to out-compete 

metallopeptide binding to the substrate (Yes, Kd = 1,740 nM) and thus to prevent 

modification. Indeed, when these reactions are dosed with Lyn SH3, a drastic drop in 

labelling is observed, consistent with Lyn effectively outcompeting Yes and all other 

cellular proteins for the metallopeptide. Lyn itself is not modified by the catalyst, 

consistent with a Lyn–metallopeptide binding model (Figure 4.3.b) in which both 

rhodium coordination sites are blocked by histidine residues.  

4.3. Tuning affinity of metallopeptides  

The analytical FPLC, Hck and Lck SH3 domain preparation performed by 
Jun Ohata and Jane M. Coughlin.  

Rhodium(II) conjugation represents a general way to build potent SH3 ligands 

in a predictable way from structural information and simple design principles. 

Through a combination of sequence optimization and judicious choice of rhodium 
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location, it is possible to alter specificity to favor other SH3 domains by targeting 

unique histidine residues.  

4.3.1. Selective inhibitors of Lck and SH3 domains 

Lck is another Src-family protein, with high similarity to Lyn and possessing 

similarly SH3-binding-peptide preferences.50 However, Lck lacks the Lyn His96 

residue (Figure 4.1), and does not bind tightly to S2ERh (Figure 4.2). On the other 

hand, Lck has a unique histidine (His70, see Figure 4.1.b) residue at the bottom of the 

pocket. By moving the rhodium core to the 12th residue (P12DRh), the affinity for Lck 

increased to 79 nM as a consequence of specific interactions with the unique His70 

residue (Figure 4.1.b). The clean formation of 1:1 protein/metallopeptide complex, 

even in the presence of excess metallopeptide was also indicated by analytical FPLC 

(Figure 4.6). Similarly, selective affinity for a third Src-family member, Hck, could be 

achieved with the R6ERh peptide (Table 4.1, entry 2), presumably due to interactions 

with the unique His94 (homologous to Lyn 79) found in Hck.  

Table 4-1. Affinity (Kd) of selected metallopeptides for various human SH3 domains. 

entry protein S2ERh L3ERh R6ERh N13DRh P12DRh 

1 Lyn 6.1 30 152 1,203  
2 Hck 26  52  51 544 2315 
3 Lck 481  3788 239 79 
4 Yes 610 3,745  301  
5 Fyn 769 5,130  238  
6 Src 327     
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Figure 4-6. Analytical FPLC traces of Lck SH3 complex with increasing amounts of 

P12DRh. 
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4.4. Conclusion 

The S2ERh metallopeptide is the first ligand with single-digit nanomolar 

affinity yet reported for Lyn SH3 and is among the few highly potent SH3 ligands yet 

reported. In addition, metallopeptides exhibit strong Lyn SH3 binding under 

biologically relevant conditions of the cell lysate. Importantly, an approach based on 

metallopeptides allows both structure-guided inhibitor design and selective 

inhibition within homologous protein families that are difficult to differentiate with 

traditional inhibitors. By targeting unique residues at the periphery of the binding 

pocket, it is possible to design specificity for Lyn, and, separately, for Lck and Hck, 

despite the large sequence homology of Src-family SH3 domains. Rhodium-containing 

inhibitors thus should serve as powerful tools to probe homologous protein families. 

4.5. Experimental section 

4.5.1. General information 

All chemical reagents were purchased from Sigma-Aldrich and were used 

without further purification.  

Peptide synthesis. All peptides were synthesized with an AAPPTEC APEX 396 

Automated Multipeptide Synthesizer using standard solid-phase Fmoc protocols.51 

Peptides were prepared as C-terminal amides using Rink amide MBHA resin 

(AAPPTEC), or Wang resin (AAPPTEC) and were acetylated at the N-terminus prior 

to cleavage from the resin. The peptides were purified by reverse-phase HPLC.  
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HPLC separation. Reverse-phase HPLC was performed on the Shimadzu 

CBM-20A instrument with Phenomenex Jupiter 4μ Proteo 90A (250 × 15 mm 

preparative) and Phenomenex Jupiter 4μ Proteo 90A (250 × 4.6 mm analytical) 

columns. The columns were eluted with a gradient of MeCN in water (10-90%) (8 

mL/min and 1 mL/min for preparative and analytical columns, respectively). 

Trifluoroacetic acid (0.1%) was added to all eluents.  

FPLC separation. Analytical FPLC was performed on an ÄKTA instrument 

with Superdex Peptide PE 7.5/300 column. The column was equilibrated with buffer 

(150 mM NaCl, 50 mM Tris, pH 7.0) at flow rate of 0.2 mL/min. 

ITC analysis. ITC experiments were carried out on a VP-ITC instrument 

(MicroCal) at 25 ˚C. Titrations of 275 μM peptide into 18 μM SH3 domain proteins 

were used for all titrations, except for the titration of S2ERh into Lyn SH3 domain, 

where the lower concentrations of 69 µM S2ERh peptide and 4 µM Lyn SH3 were used 

to attain a c-value for the titration within the accepted limts for ITC experiments 

(1000 < c < 1).3 

Heats of dilutions were measured independently for each experiment by 

titrating 275 μM peptide into buffer (20 mM phosphate buffer, pH 7, 150 mM NaCl, 1 

mM EDTA). All experimental data were fitted using a one set of sites binding model 

in Origin software (MicroCal) except for the data with Hck SH3 domain. With Hck 

only, the non-peptide specific binding of dirhodium tetraacetate to Hck SH3 domain 

could not be treated as negligible, despite the very weak interaction (88 µM), due to 
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the larger enthalpy contribution observed for non-specific binding to this SH3 

domain, so the titrations of peptide into Hck were fitted using a 2 set of sites binding 

model where the stoichiometry for the second set of sites was fixed at 2.0. 

Mass spectrometry. ESI-MS was performed on a Bruker Daltonics micrOTOF 

instrument.  

Known compounds and proteins. Several metallopeptides (S2ERh, L3ERh, 

R5ERh, and 13DRh) were reported previously and were prepared by known 

protocols;48 alkyne-diazo 3,49 3-azido-7-hydroxycoumarin52 were synthesized 

following reported procedures; fyn, yes, lck, and src SH3 protein domains were 

prepared following published procedures.49 Hck and lyn SH3 domain plasmids were 

adapted from the previously reported genes;53 the gene templates were obtained 

from Addgene, ID numbers: 23879 and 23905, respectively. 

Hck SH3 domain preparation. The hck SH3 domain was amplified by PCR 

using Phusion DNA polymerase (Finnzymes). The reactions were performed 

following manufacture's protocol with Phusion HF buffer and 5% DMSO. Primers 

were designed as follows: 5'-GGATCCGGCTCTGAGGACATCATCGTGGTTG-3' (BamHI 

site underlined) and a reverse primer, 5'-

GAATTCTTACAGAGAGTCAACGCGGGCGACATAG-3' (EcoRI site underlined). The 

resultant product was digested with BamHI and EcoRI and subcloned into BamHI-

EcoRI sites of pGex-KTO. Confirmed PCR fidelity by sequencing.  



 149 
 

Lyn SH3 domain preparation. The lyn SH3 domain was amplified by PCR 

using Phusion DNA polymerase (Finnzymes). The reactions were performed 

following manufacturer's protocol with Phusion HF buffer and 5% DMSO. Primers 

were designed as follows: 5’-GGATCCGAGGAACAAGGAGACATTGTGG-3’ (BamHI site 

underlined) and a reverse primer, 5'- GAATTCTTAGAGTTTGGCCACATAGTTGCTG-3' 

(EcoRI site underlined). The resultant product was digested with BamHI and EcoRI 

and subcloned into BamHI-EcoRI sites of pGex-KTO. Confirmed PCR fidelity by 

sequencing.  

Lyn SH3 mutagenesis. Single point mutations His17→Ala and His35→Ala; 

double mutation His17→Ala, His35→Ala of Lyn SH3 were performed using New 

England Biolabs Q5 mutagenesis kit. The pGex-KTO lyn SH3 construct was used as 

template. The mutations were performed following manufacture's protocol. Primers 

were designed as follows: for H78A mutant: 5'-

TGATGGCATCGCGCCGGACGACTTGTCTTTC-3' and a reverse primer, 5'-

TAGGGGTACAAGGCTACC-3 (mutation site underlined); for H96A mutant: 5'-

CCTGGAGGAGGCGGGAGAATGGTGGAAAG-3' and a reverse primer, 5'-

ACTTTCATCTTCTCTCCTTTC-3' (mutation site underlined). The double mutant was 

prepared sequentially, using the same mutation primers. Confirmed PCR fidelity by 

sequencing.  

After transformation of each plasmid into E. coli BL21 (DE3) the resulting cells 

were cultured under standard conditions. Cells were grown at 37 °C to OD600 of ~0.6 

with 100 µg/mL ampicillin, at which point they were induced with 0.5 mM IPTG. Cells 
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were further incubated at 18 ˚C for 16 h before harvesting. Cells were pelleted by 

centrifugation at 10,000 g for 10 min. The pellet was resuspended in 50 mM Tris (pH 

7.5), 200 mM NaCl, 200-µg/mL lysozyme, 4 unit/mL DNase I, and 1 mM MgCl2 and 

incubated on ice for 1 h., followed by sonication 4 × 30 s. Cellular debris was removed 

by centrifugation (17,000 g at 4 ˚C for 1 h). Supernatant was subjected to affinity 

column (Glutathione - agarose resin), washed with 10 column volumes of 20 mM Tris 

and 200 mM NaCl at pH 7.5. Bound protein was eluted with 20 mM Tris, 200 mM NaCl, 

and 10 mM reduced glutathione at pH 7.5. The protein was concentrated and the 

buffer exchanged into cleavage buffer (200 mM Tris-HCl, 1.5 M NaCl, 25 mM CaCl2 at 

pH 8.4) using Amicon Ultra centrifugal filters. The GST-tag was cleaved by incubation 

with thrombin (4 unit/mL) at 4 ˚C overnight. 

The cleaved affinity tag was removed by size exclusion chromatography on a 

Superdex 75 column (GE Healthcare) equilibrated in 20–mM phosphate buffer 

containing 150 mM NaCl and 1 mM EDTA at pH 7. The purity of eluted fractions was 

assessed by SDS-PAGE using 12% Bis-Tris gels (Invitrogen). Fractions containing 

pure SH3 domain protein were pooled, concentrated, and aliquoted for storage at –

80 ˚C. Concentration was determined using the absorbance at 280 nm (NanoDrop, 

Thermo Scientific).  

Computational Methods. Four isomeric structures of Rh2(OAc)4 bound to the 

Lyn-SH3 domain (PDB: 1W1F) were obtained by molecular mechanics (MM) 

geometry minimization using the UFF force field as implemented within Spartan ’14. 

The atoms of Rh2OAc4 and the rhodium-NHis bonds were frozen during the calculation, 
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allowing the protein to relax around the dirhodium center. The S2E peptide was 

subjected to a molecular dynamics simulation (Monte Carlo, parameters: Tinitial = 

5000K and step size = 10 K) with Spartan ’14, and the lowest energy conformation 

was added to the dirhodium center by substitution of the S2E glutamate side chain 

with that of an equatorial acetate ligand. QM/MM geometry optimization of the four 

resulting isomers was carried out using the ONIOM algorithm within Gaussian03 

(G03).54 Two layer ONIOM calculations were carried out in which the high and low 

layers were calculated using density functional theory (DFT) and MM, respectively. 

The molecular makeup of the high layer is illustrated in Figure X of the manuscript. 

DFT calculations used the B3LYP functional55,56 with the LANL2TZ(f) basis set for Rh, 

obtained from the EMSL Basis Set Library,57,58 and the 6-31G(d) basis set for all other 

atoms. Smaller basis sets for Rh (eg., LANL2DZ) failed to reproduce the Rh-Rh bond 

length with acceptable computational accuracy (ie, 2.39±0.05 Å when imidazole-

derived axial ligands were present).59 MM calculations used the UFF force field as 

implemented within G03, and charges were estimated at the initial geometry using 

the QEq algorithm. Geometry optimizations were carried out using the “quadmacro” 

option in order to produce finer optimization steps. All calculations minimized to 

geometries that exceeded the default optimization criteria, but subsequent analytical 

frequency calculations were not performed due to the size of the systems. The four 

minimized isomers are depicted in Figure 5.4. The Lyn-RhS2E isomers’ SH3 domains 

were each compared to that of the native Lyn-SH3 domain (972 atoms) using the “fit” 
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algorithm within MacPyMol.60 The structural similarity was characterized by the 

root-mean-squared (RMS) error. The figure with tabulated RMS is Appendix B. 

4.5.2. Experimental procedures 

In-lysate reaction conditions. Parallel MBP-Yes SH3 modification reactions in 

lysate with increasing amounts of added Lyn SH3. Lysate (25 µL) from D3E E. coli. that 

had no transformed plasmid was buffered to pH 6.2 with tert-butyl-

hydroxylamine·HCl (TBHA, 23 µL, 100 mM). Pure MBP-Yes SH3 fusion protein (2 µM 

final concentration), Lyn SH3 (0-10 µM final concentration), metallopeptide catalyst 

(0.5 µL, 10 µM final concentration), and alkyne-diazo 3.3 (0.5 µL, 500 µM final 

concentration) were added. Reactions were run for 16 h at 4 °C. 

Fluorogenic analysis of blot membranes. In-lysate reaction sample (5 µL) 

was directly loaded into SDS-PAGE (12% Bis-tris gel, Life Technologies). Resolved 

protein bands were transferred onto a PVDF membrane (GE Healthcare), which was 

preactivated in MeOH for 5 mins. After transfer the membrane was bathed in a click 

reaction mixture containing 500 µM 3-azido-7-hydroxycoumarin, 20 µM Tris[(1-

benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), 5 mM sodium ascorbate, 500 µM 

CuSO4. The solvent for reaction was 50% DMSO/H2O. After 1 h incubation with gentle 

rocking in the dark at room temp., the membrane was rinsed 3 times with 70% EtOH 

to remove DMSO. The membrane was imaged with a Fujifilm LAS-4000 instrument 

using epi-UV light source (370 nm LED) and L41 filter set. After fluorescence imaging, 
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the membrane was air dried and then stained with Ponceau S solution for imaging of 

total protein loading. 
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Chapter 5 

Chemical blotting using turn-on azide 

probes 

Parts of this chapter have been adapted from:1,2 

(1) Ohata, J.; Vohidov, F.; Ball, Z. T.: Convenient analysis of protein 

modification by chemical blotting with fluorogenic "click" reagents. Mol. 

BioSyst. 2015, 11, 2846-2849. 

 

(2) Vohidov, F.; Ohata, J.; Aliyan, A.; Huang, K.; Marti, A. A.; Ball, Z. T.: 

Luminogenic iridium azide complexes. Chem. Commun. 2015, 51, 15192-

15195. 

5.1. Introduction 

 Development of highly selective protein modification methods requires 

access to reliable analysis protocols. Outcome of chemical modification of pure 

protein samples can routinely be evaluated using mass spectroscopy techniques. On 
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the other hand, assessing the selectivity of reactions complex biomolecular mixtures 

can quickly become a daunting challenge. The protein gel and blot-based approaches 

have historically offered alternatives for analysis of complex protein mixtures.  

The rhodium(II) metallopeptide-catalyzed modification method, described in 

Chapter 3, produces can alkyne-functionalized proteins. In principle, a fluorophore 

can be attached to just the functionalized protein via orthogonal click chemistry, 

allowing direct visualization. However, initial efforts using protein gels to visualize 

products of lysate-based modification reactions provided poor signal and it was 

found that a laborious purification step is needed. To address this issue a chemical 

blotting protocol that uses turn-on type luminescent probes was developed.1 

5.2. Chemical blotting 

Because the protein modification method described in Chapter 3 uses ~50-

fold excess (relative to target protein) of alkyne-diazo reagent, large amounts of by-

products and unreacted small-molecules are present in the reaction mixture. 

Conjugation with a fluorophore leads to formation of a mixture with undesired signals 

from small-molecule agents that overwhelm detectors and result in poor 

quantification of the target protein. A simple yet effective solution for this issue was 

found: switching the order of the click reaction and SDS-PAGE. In this manner the 

small molecules are separated from functionalized target protein. The gel 

electrophoresis separates proteins based on molecular weight and charge state; small 

molecules move to the bottom of the gel and can be removed. The resolved protein 
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bands are transferred onto a PVDF blot membrane making them accessible for 

subsequent visualization through attachment of a fluorescent probe (Figure 5.1). 

 

Figure 5-1. Schematic description of chemical blotting. i) Proteins subject to a 

modification reaction. (ii) The alkyne-labeled protein can be liberated from excess 

small molecules by SDS-PAGE iii) The alkyne-labeled protein is poised for 

bioorthogonal detection after transferred onto a blot membrane. iv) Fluorogenic, 

bioorthogonal reaction on the membrane surface reveal the labeled protein. 
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5.2.1. Turn-on azide probes are optimal for chemical blotting  

 

Figure 5-2. a) Screening for detection of alkyne-tagged protein in E. coli lysate. 

*Denotes target protein, maltose binding protein (MBP). Method A: Cu-free 

Sonogashira coupling.3 Method B: Cu-catalyzed cycloaddition. False-color imaging is 

used to convey fluorophore emission. Right box: total protein staining with Ponceau 

S. b) Probes examined in this work.  

In early efforts with traditional reactive fluorophores (Figure 5.2.a) all protein 

bands on blot membranes were found to be fluorescent. Presumably, non-covalent 

interactions of dye molecules with protein bands results in unspecific staining. To 
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minimize this background staining, it was decided to use fluorogenic probes, “pro-

fluorophores” that are non-emissive or minimally emissive prior to a specific 

conjugation reaction. Several known fluorogenic reagents were examined, among 

which azido-coumarin 3.44 (Figure 5.2.b) emerged as an optimal probe for chemical 

blotting. The adoption of this fluorogenic molecule greatly improved imaging quality, 

and allowed sensitive and selective detection of terminal-alkyne-labeled protein 

proteins (Figure 5.2).1  

5.3. Turn-on iridium azide probes 

The photophysical measurements of iridium azide probes were conducted 
with Jun Ohata. Synthesis of iridium azide probes performed by Jun Ohata. 

Turn-on fluorophores coupled with a chemical blotting protocol allow 

visualization of proteins with bioorthogonal handles installed by varied chemical, 

enzymatic, genetic, or metabolic methods. Fluorogenic probes with red emission 

(~600 nm) were assessed. Such fluorophores can offer even greater sensitivity in 

chemical blotting by evading imaging in short wavelengths (~400 nm) and associated 

issues of autofluorescence from biomolecules. Furthermore, red-emitting 

fluorophores are well-suited for other bioimaging applications including multi-

channel cell and deep tissue imaging.  

A brief literature survey revealed the underdeveloped state of red to near-IR 

(NIR) fluorogenics. Recently, the silicon-rhodamine turn-on probes have been 

developed.5,6 However, arduous synthetic pathway including use of pyrophoric 
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reagents prevented us from adapting silicon-rhodamines for blotting protocol. In an 

attempt to develop readily obtainable turn-on probes it was decided to evaluate 

cyclometallated iridium complexes. Because of their relatively straightforward 

synthesis, based on established ligand-exchange routes, metal complexes are 

attractive scaffolds for probe design. The first transition-metal complex-based 

luminogenic azide probe was discovered. This probe is an iridium emitter with red to 

near-IR photoluminescence appropriate for biological imaging, long emission 

lifetimes, efficient “turn-on” photoluminescence, and cell penetration and labeling 

capabilities.  

5.3.1. Design and synthesis of luminogenic iridium azide probes 

Although they complement organic fluorogenic probes,7-10 transition-metal 

luminogenic probes remain relatively little-studied. Much of the development of 

luminogenic transition-metal complexes has focused on sensor development,11-14 

while bioorthogonal probe development remains less studied.15 The probe design 

was guided by previous work12 indicating that the photoluminescence quantum 

efficiency of an octahedral phenanthroline–iridium complex is affected by 

substituents at the phenanthroline 5-position. It was hypothesized that an azide 

might serve as a similarly non-radiative quencher for Ir(ppy)2(phen) (ppy = 2-

phenylpyridine and phen = 1,10-phenanthroline). Diazotization of amino complex 

5.4 with t-butyl nitrite was used followed by azide substitution to prepare azide 5.5 

in good yields.2  
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Figure 5-3. a) Synthesis of compounds. i) NaN3; then Ac2O.16 ii) DBU, 83%. iii) 

[Ir(ppy)2(MeCN)2][PF6], 74%. iv) tBuONO and TMS-N3, 88% (5.5a), 78% (5.5b), 93% 

(5.5c). v) phenylacetylene, CuI, 42% (5.6a), 74% (5.6b). (vi) SO3∙NMe3, 44%. b) 

Emission spectra of 5.5b (blue) and 5.6b (red). c) Solution of 5.5a (left) and 5.6a 

(right) under UV lamp. 
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A more convergent and efficient preparation of the desired azide complexes 

was also developed from 5-azidophenanthroline (5.3), prepared for the first time 

here by epoxide ring-opening (Figure 5.3.a)  and subsequent elimination16 of an 

epoxide precursor (5.1) (all attempts at diazotization of 5-aminophenanthroline 

were unsuccessful). In this way, 5-azidophenanthroline was purified in high yield, 

and complexation with [Ir(ppy)2(MeCN)2][PF6] afforded azide complex 5.5 (74%). 

The preparation of complex 5.5 from 5-azidophenanthroline is a more convergent 

route that facilitates variation on the 2-phenylpyridine ligand.  With an eye toward 

investigating the effects of different substituents, complexes 5.5b, 5.5c, and 5.5d 

were synthesized incorporating anionic groups for increased water solubility. 

5.3.2. Application of iridium azide complexes in biological imaging 

Cell imaging experiments and cycloaddition reaction kinetics 
measurements performed with Jun Ohata.  

Consistent with photoluminescence “turn-on” behavior, the azide complexes 

show weak photoluminescence, while the triazole products (5.6) of a cycloaddition 

reaction with phenylacetylene show bright emission (Figure 5.3.b,c). Having 

confirmed that the luminogenic properties of the iridium complexes, their suitability 

for biological imaging purposes was examined. The optimal alkyne coupling partners 

were identified by investigatation of the cycloaddition reaction kinetics of iridium 

azide complexes in copper-catalyzed and copper-free reactions with a terminal and 

strained alkynes, respectively (Figure 5.4). The kinetics of azide-alkyne 

cycloadditions were straightforward and consistent with an electron-deficient azide. 
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Analysis using a plate reader of copper-catalyzed reactions of complex 5.5 with 4-

pentynoic acid (5.7) and a triazole ligand17 showed complete “turn-on” of the 

photoluminescence within 20 min (Figure 5.4.a, red squares), while no reaction 

occurred in the absence of copper catalyst (blue triangles). In copper-free reactions 

with an electron-rich cycloalkyne (BCN, 5.8a) and electron-poor dibenzocyclooctyne 

(DBCO, 5.9) (Figure 5.4.b, c), the later proceeded considerably faster.18 Based on 

these results, BCN scaffold was chosen as a coupling partner for further cell imaging 

applications.  

 

Figure 5-4. Kinetics complex 5.5d cycloadditon, assessed by micro plate reader. 

Emission measured at 600 nm. a) reaction with pentynoic acid in the presence or 

absence of CuSO4, sodium ascorbate, and a triazole ligand THPTA.17 b) Cu-free 

reaction with bicyclo[6.1.0]non-4-yne (BCN) derivative 5.5a and dibenzocyclooctyne 

(DBCO) derivative 5.9. c) Structure of alkynes used. 
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Figure 5-5. Two-photon excitation luminescence cell imaging. The U2OS cells were 

labeled with BCN NHS-carbonate 5.8b and then treated with azide complexes 5.5a, 

5.5b, and 5.5d. (Scale bar: 100 μm). 

The iridium azides proved capable cellular imaging agents. U2OS cells were 

pre-treated with reactive alkyne 5.8b (Figure 5.4.c), washed, and fixed. Then cells 

were incubated with azide 5.5, washed, and imaged. Motivated in part by the known 

large two-photon cross-section of similar octahedral metal complexes,19 the alkyne-

modified cells were irradiated with a 860-nm laser, producing clean cell images with 

minimal background in the absence of alkyne (Figure 5.5). Two-photon excitation is 

a powerful tool for highly selective imaging, and the new iridium luminogenic 

complexes exhibited robust two-photon imaging.  
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5.4. Conclusion 

The chemical blotting method is complementary to existing protein-based 

detection methods. As a secondary functionalization method, the approach is general 

for visualization of proteins with bioorthogonal handles installed by varied chemical, 

enzymatic, genetic, or metabolic methods. The method is inexpensive and 

operationally simple, requiring none of the blocking and secondary antibody 

recognition steps common in western blotting, for example. Because of the covalent 

dye attachment, the treated membrane can be imaged after long storage unlike 

traditional immunoblotting. 

The luminogenic iridium azides developed here proved useful for use in 

biomolecule labeling and imaging biological imaging. Since a phenanthroline ligand 

is a common ligand motif for functionalized photoactive transition-metal complexes 

(e.g. Ru20, Re21, Pt22), the facile synthesis of 5-azidophenanthroline described here 

could serve to expand the portfolio of functionalized photoactive complexes. 

5.5. Experimental section 

5.5.1. General information 

All chemical reagents obtained from commercial suppliers were used without 

further purification. All solvents were anhydrous grade and used as received. Triazole 

ligand THPTA (#1010) was purchased from Click Chemistry Tools. Amino-DBCO 5.9 

(#761540), amino-BCN 5.8a (#745073), and BCN-NHS carbonate 5.8b (#744867) 
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were purchased from Sigma-Aldrich. Phosphate buffered saline (Hyclone, 1X, 0.0067 

M phosphate, pH = 7.4, #SH30256.01) was purchased from Thermo Scientific.  

NMR. 1H NMR spectra were measured with a Bruker 400 MHz or a 500 MHz 

spectrometer. All 13C NMR were recorded at 125 MHz. All purified products were 

determined to be ≥95% pure unless otherwise noted. 

Mass spectrometry. ESI-MS was performed on a Bruker Daltonics micrOTOF 

instrument.  

Imaging of blot membrane. Fluorescence imaging was performed on Fujifilm 

LAS-4000 instrument using epi-UV light source (370 nm LED) and a longpass filter at 

410, 515, or 605 nm. 

Optical spectroscopy. Absorption spectra were recorded on a Shimadzu UV-

2450 UV-Vis spectrometer. Steady-state photoluminescence spectra were recorded 

on a Horiba-Jovin Yvon Fluorolog 3. Samples were excited at 420 nm and emission 

was measured from 450 to 830 nm. Quantum yield was determined using a standard 

of known quantum yield ([Ru(bpy)3]Cl2 in water, Φ = 0.04).23 The photoluminescence 

lifetime measurements were performed on an Edinburgh Instruments OD470 single-

photon counting spectrometer equipped with a high speed red detector and a 370 nm 

picosecond pulse diode laser. 

Plate-reader fluorescence measurements. Kinetics studies of fluorescence 

enhancement in cycloaddition reactions of iridium azides was performed using a 96-
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well microtiter plate and measurements were made using BioTek Synergy 4 Hybrid 

Plate Reader. 

Fluorescence microscopy. Mammalian cell imaging was performed on a 

Nikon A1Rsi Confocal microscope (Nikon, Tokyo, Japan) using a Nikon CFI Apo 

Lambda 40X (NA 1.15) water-immersion objective lens (Nikon, Tokyo, Japan). A 405 

nm laser was used for excitation, and emission was detected after passage through a 

band-pass filter, 561 nm to 640 nm (Chroma Technologies, Bellow Falls, VT). Pinhole 

size was set at 1 AU. Imaging under two-photon excitation was performed on a Nikon 

Eclipse FN1 Multiphoton microscope using Nikon 25X water-dipping objective lens 

with NA 1.15 (Nikon, Tokyo, Japan). Samples were excited using pulsed 860 nm laser 

and emission was detected after passage through a band-pass filter from 601 nm to 

657 nm (Chroma Technologies, Bellow Falls, VT). 

Preparation of known compounds and reagents. Azido-5,6-dihydro-1,10-

phenanthrolin-5-yl acetate 5.2,16 [Ir(ppy)2(phenNH2)][PF6] 5.4a,24 

[Ir(ppy)2(NCMe)2][PF6],25 ppy-COOH,26 phen-NH2,27 prepared according to literature 

procedures. The in-lysate alkynation of Yes-MBP was performed as reported 

previously. 28 

5.5.2. Experimental procedures 

Chemical blotting. In-lysate reaction sample (5 µL) was loaded into SDS-

PAGE (12% Bis-tris gel, Life Technologies). Resolved protein bands were then 

transferred onto a PVDF membrane (GE Healthcare), which was preactivated in 
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MeOH for 5 mins. After transfer the membrane was bathed in click reaction mixture, 

which contained 500 µM 3-azido-7-hydroxycoumarin, 20 µM TBTA, 5 mM sodium 

ascorbate, 500 µM CuSO4. The solvent for reaction is 50% DMSO/H2O. After 

incubation for 1 h with gentle rocking, in dark, and at room temperature the 

membrane was rinsed 3 times with 70% EtOH to remove DMSO. The membrane was 

imaged with a Fujifilm LAS-4000 instrument using epi-UV light source (370 nm LED) 

and L41 filter set. After fluorescence imaging, the membrane was air dried and then 

stained with Ponceau S solution, for imaging of total protein loading. 

Plate-Reader Fluorescence Experiment. Reactions were conducted in a 96-

well microtiter plate and measurements were made using BioTek Synergy 4 Hybrid 

Plate Reader. For copper-catalyzed reaction, 2 mM sodium ascorbate, 500 M THPTA, 

1 mM pentynoic acid, 100 μM Ir complex, and 1 mM CuSO4 were mixed in each well. 

For copper-free reactions, a 10 mM stock solution of cyclooctynes in DMSO was added 

to a mixture of PBS buffer and tBuOH and then the bisulfate azido complex 5.5d (2 μL, 

200 μmol of 10 mM stock solution in DMSO) was added for a final concentration of 

100 μM (PBS/tBuOH/DMSO = 75:18:7). Total reaction volume in each well was 200 

L of solution. The plate was continuously shaken during reactions. Compounds were 

excited at 370 nm and emission was collected at 600 nm.  

Mammalian cell imaging. Human bone osteosarcoma epithelial (U2OS) cells 

were grown in DMEM (Life Technologies #11995065) supplemented with 10% fetal 

bovine serum (Life Technologies #10082147), penicillin-streptomycin (1,000 U/mL, 

Life Technologies #15140122), and non-essential amino acids (Life Technologies 
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#11140050). The cells were washed with PBS buffer (3 × 1 mL) and incubated with 

BCN-NHS carbonate 5.8b (500 μM) in PBS buffer (pH = 8.0) at 4 °C for 30 min. 

Specifically, freshly prepared BCN-NHS carbonate solution in (50 μL, 0.5 μmol of 10 

mM DMSO solution) was added to the well filled with the PBS buffer (1 mL). The cells 

were washed with PBS buffer (3 × 1 mL), and then fixed with 4% paraformaldehyde 

in PBS buffer for 15 min at rt. The fixed cells were washed with PBS buffer (3 × 1 mL) 

and incubated with iridium complex (50 μM) in PBS buffer (500 μL) for 30 min at rt 

in the dark. Specifically, iridium complex 5.5a, 5.5b, or 5.5d (2.5 μL, 25 nmol of 10 

mM DMSO solution) was added to the well filled with the PBS buffer. The cells were 

washed with PBS buffer (3 × 1 mL) and mounted onto a cover slide with ProLong Gold 

Antifade Mountant (Life Technologies #P36934), covered with CoverGrip (Biotium 

#23005), and imaged with confocal microscopy. 

5.5.3. Chemical synthesis and characterization 

 

5-azido-1,10-phenanthroline 5.3. Azido-5,6-dihydro-1,10-phenanthrolin-5-

yl acetate (95.0 mg, 0.338 mmol) was placed in a 10-mL round bottom flask capped 

with a rubber septum. Dry acetonitrile (2 mL) and 1,8-diazabicycloundec-7-ene (75 

μL, 0.492 mmol) were added and the reaction mixture stirred overnight at rt. The 

mixture was diluted with water and product extracted with ethyl acetate. Extracts 
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were combined and washed with brine. All volatiles were removed under reduced 

pressure to obtain a yellow solid (62.0 mg, 83%). IR (neat, cm-1): 2111; 1H NMR (500 

MHz, CDCl3): δ 9.23 (dd, J = 4.2, 1.7 Hz, 1H), 9.12 (dd, J = 4.3, 1.7 Hz, 1H), 8.54 (dd, J = 

8.2, 1.7 Hz, 1H), 8.17 (dd, J = 8.0, 2.0 Hz, 1H), 7.65 (m, 2H), 7.48 (s, 1H). 13C NMR (125 

MHz, CDCl3): δ 151.4, 149.8, 146.7, 144.3, 135.5, 134.8, 131.5, 128.4, 123.7, 123.4, 

123.2, 112.4. ESI-MS: m/z calcd for C12H8N5 [M+H] 222.1, found 222.0. 

 

[Ir(ppy)2(phen-N3)][PF6] 5.5a. [Ir(ppy)2(NCMe)2][PF6] (28.5 mg, 0.039 

mmol) was dissolved in MeOH/CH2Cl2 (1:1, total 2 mL) and 5-azido-1,10-

phenanthroline (8.6 mg, 0.039 mmol) was added. The reaction was stirred at rt for 2 

h in the dark and then concentrated under reduced pressure. The concentrated soln 

was added dropwise into ether to form precipitate. The precipitate was separated by 

centrifugation and then washed with ether (3 × 5 mL). Drying in vacuo afforded 5.5a 

as a dark orange solid (25.1 mg, 74%). 1H NMR was identical to the product obtained 

via the diazotization route. 1H NMR (500 MHz, CD3CN): δ 8.74 (dd, J = 8.5, 1.5 Hz, 1H), 

8.57 (dd, J = 8.4, 1.4 Hz, 1H), 8.33 (dd, J = 5.0, 1.4 Hz, 1H), 8.20 (dd, J = 5.0, 1.4 Hz, 1H), 

8.05 (m, 3H), 7.80 (m, 6H), 7.44 (m, 2H), 7.06 (m, 2H), 6.96 (m, 2H), 6.88 (m, 2H), 6.37 

(m, 2H). 13C NMR (125 MHz, CD3CN): δ 168.38, 168.36, 153.0, 151.2, 150.6, 150.47, 

150.46, 150.41, 148.4, 145.6, 145.26, 145.23, 139.5, 139.1, 138.0, 134.6, 132.7, 132.6, 
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132.1, 131.32, 131.31, 128.2, 127.9, 127.1, 125.84, 125.82, 124.4, 124.3, 123.64, 

123.62, 120.8, 115.0. ESI-MS: m/z calcd for C34H23IrN7 [M]+ 722.2, found 721.9. 
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Appendix A: Selected Spectra for Chapter 
3 
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1. Mass spectra and analytical HPLC traces of Rh(II) metallopeptides: 

S2ERh: 

 

a) HPLC trace 0~1.0 min, CH3CN 10%, 1.0~17.0 min, CH3CN 10%~60%, 18.0-25.0 
CH3CN 90%, 25.1-30.0 CH3CN 10%).  

 

b) ESI: calc’d mass 1894.7; [M+2H]2+ 948.4; found 948.1. 
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 L3ERh:  

 

a) HPLC trace (0~1.0 min, CH3CN 10%, 1.0~17.0 min, CH3CN 10%~60%, 18.0-25.0 

CH3CN 90%, 25.1-30.0 CH3CN 10%).  

 

b) ESI: calc’d mass 1868.6, [M+2H]2+  = 935.4; found 935.0. 
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R5ERh: 

 

a) HPLC trace (0~1.0 min, CH3CN 10%, 1.0~17.0 min, CH3CN 10%~60%, 18.0-25.0 

CH3CN 90%, 25.1-30.0 CH3CN 10%).  

 

b)ESI: calc’d mass 1825.6, [M+2H]2+ = 913.8; found 913.5. 
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R5DRh:  

 

a) HPLC trace (0~1.0 min, CH3CN 10%, 1.0~17.0 min, CH3CN 10%~60%, 18.0-
25.0 CH3CN 90%, 25.1-30.0 CH3CN 10%).  

 

b) ESI: calc’d mass 1810.6, [M+2NH4]2+ = 924.0; found 924.0. 
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R6ERh:  

 

a) HPLC trace 0~1.0 min, CH3CN 10%, 1.0~17.0 min, CH3CN 10%~60%, 18.0-25.0 
CH3CN 90%, 25.1-30.0 CH3CN 10%).  

 

b) ESI: calc’d mass 1827.0, [M+2H]2+ = 914.4; found 914.5. 
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11LRh:  

 

a) HPLC trace (0~1.0 min, CH3CN 10%, 1.0~17.0 min, CH3CN 10%~60%, 18.0-
25.0 CH3CN 90%, 25.1-30.0 CH3CN 10%).  

 

b) ESI: calc’d mass 1643.4, [M]2+   = 821.7, found 821.5. 
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13DRh:  

 

a) HPLC trace (0~1.0 min, CH3CN 10%, 1.0~17.0 min, CH3CN 10%~60%, 18.0-
25.0 CH3CN 90%, 25.1-30.0 CH3CN 10%).  

 

b) ESI: calc’d mass 1853.71, [M+2H]2+ =  927.9; found 927.5. 
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Biotin 3b:  

ESI: calc’d mass 590, [M]+ = 590.0; found 590.2. 
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2. ITC binding isotherms of metallopeptide catalysts to SH3 domains: 

ITC titration of 550 μM metallopeptide into 30 μM SH3 domain protein: a) S2ERh 

into Fyn SH3, b) L3ERh into Fyn SH3, c) R5ERh into Fyn SH3, and d) 12DRh into Fyn 
SH3. 
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ITC titration of 275 μM metallopeptide into 18 μM SH3 domain protein: a) R5DRh 

into Fyn SH3, b) 11LRh into Lck SH3, c) R5DRh into Src SH3, and d) R5DRh into Yes 
SH3. 
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3. MS/MS of modification reaction samples. 

MS/MS spectrum of Fyn SH3 modification reaction catalyzed by L3ERh 
metallopeptide a) Fragmentation of z=3 ion. b) Fragmentation of z=2 ion. 
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MS/MS of Yes SH3 modification catalyzed by R5DRh metallopeptide. 
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MS/MS of Src SH3 modification catalyzed by R5DRh metallopeptide. 
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MS/MS of Lck SH3 modification catalyzed by L3ERh metallopeptide. 
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MS/MS of Lck SH3 modification catalyzed by 11LRh metallopeptide. 
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4. NMR spectra of diazo reagents. 

1H NMR spectrum of alkyne diazo  
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13C NMR spectrum of alkyne diazo 
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1H NMR spectrum azide-diazo 3.5 
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Appendix B: Selected Spectra for Chapter 
4 
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1. Mass spectra and analytical HPLC traces of dirhodium metalloinhibitors: 

P12DRh: 

 

a)  HPLC trace 0~1.0 min, CH3CN 10%, 1.0~17.0 min, CH3CN 10%~60%, 18.0-25.0 

CH3CN 90%, 25.1-30.0 CH3CN 10%).  

 

b) ESI: calc’d mass 1756.6; [M+H]2+ 879.3; found 879.6. 
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2. ITC binding isotherms of dirhodium metalloinhibitors to SH3 domains: 

ITC titration of 275 μM S2ERh metallopeptide into 18 μM Src SH3 domain protein. 
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ITC titration of 275 μM metallopeptide or Rh2(OAc)4 into 18 μM Hck SH3 domain protein. 

a) Rh2(OAc)4, b) S2ERh, c) L3ERh, d) R6ERh, e) P12DRh, f) N13DRh. 
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ITC titration of 275 μM metallopeptide into 18 μM Lck SH3 domain protein. a) S2ERh, b) 

R6ERh, c) P12DRh, d) N13DRh. 
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ITC titration of 275 μM metallopeptide or Rh2(OAc)4 into 18 μM Lyn SH3 domain protein. 

a) Rh2(OAc)4, b) L3ERh, c) R5ERh, d) R6ERh. 

 

 

 

 



 202 
 

ITC titration of 275 μM metallopeptide into 18 μM Yes SH3 domain protein. a) S2ERh, b) 

L3ERh, c) R5ERh, d) N13DRh. 
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Table of the thermodynamic parameters for binding of metallopeptides to SH3 
domains, determined by isothermal titration calorimetry (ITC). 

Protein Peptide Stoichiometry 
Kd 

(nM) 

ΔH 
(kcal 

mol-1) 

-TΔS 
(kcal 

mol-1) 

ΔG 
(kcal 

mol-1) 

Lyn 

Rh2(OAc)4 1.0 (fixed) 150000 -6.3 1.0 -5.2 
S2ERh 1.1 6.1 -13.9 2.7 -11.2 
L3ERh 1.2 30 -11.8 1.6 -10.3 
R5ERh 1.1 81 -14.0 4.4 -9.7 
R6ERh 1.1 152 -9.4 0.1 -9.3 

N13DRh 1.2 1203 -9.7 1.6 -8.1 

Yes 

S2ERh 0.79 610 -17.6 9.1 -8.5 
L3ERh 0.95 3745 -14.1 6.7 -7.4 
R5ERh 1.1 1740 -19.1 11.2 -7.9 

N13DRh 0.82 238 -19.8 10.9 -8.9 

Hck* 

Rh2(OAc)4 1.0 (fixed) 89000 -4.5 -1.0 -5.5 
S2ERh 0.95 26 -17.2 6.9 -10.4 
L3ERh 0.89 22 -15.3 4.9 -10.4 
R6ERh 0.89 51 -10.5 0.6 -9.9 

P12DRh 1.0 2315 -9.7 2.0 -7.7 
P13DRh 1.0 544 -12.6 3.7 -8.9 

Lck 

S2ERh 1.1 481 -11.2 2.6 -8.6 
R6ERh 1.0 3788 -8.8 1.4 -7.4 

N12DRh 0.97 79 -12.1 2.4 -9.7 
N13DRh 1.1 239 -9.6 0.5 -9.0 

Src S2ERh 1.1 327 -16.0 7.2 -8.8 

*The binding isotherms for metallopeptide interactions with Hck were fitted 
using a two-sets-of-sites model with the stoichiometry for the second set of sites 
fixed to 2.0.  The second set of binding sites was used to account for the weak, but 
not negligible, binding of the peptide to another surface of Hck SH3 domain, 
presumably through non-specific interactions of the dirhodium tetraacetate 
group.  The thermodynamics for the high affinity specific binding site interaction 
are provided in this table. 
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3. Illustrations of QM/MM-optimized Lyn-RhS2E isomers overlaid on the 

experimentally determined structure of Lyn-SH3 domain 

 

The RhS2E and histidine protons have been removed from the illustration for 
clarity. Visual inspection suggests that significant His78 displacement occurs for all 
isomers upon dirhodium binding whereas His96 displacement is largely minimized. 
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Appendix C: Selected Spectra for Chapter 
5 
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1. NMR spectra of azide compounds: 

1H NMR spectrum of 5-azido-1,10-phenanthroline 5.3 in CDCl3. 
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13C NMR spectrum of 5-azido-1,10-phenanthroline 5.3 in CDCl3. 
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1H NMR spectrum of iridium azide complex 5.5a in CD3C. 
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13C NMR spectrum of iridium azide complex 5.5a in CD3CN. 
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2. Mass spectra of azide compounds: 

a)5-azido-1,10-phenanthroline 5.3. 

ESI: calc’d mas 221.0; found [M+H]+ 222.0; [M+Na]+  244.0; [M+Na-N2]+  194.0. 

 

b) Iridium azide complex 5.5a. 

ESI: calc’d mas 721.9; found [M]+ 721.9; [M-N2]+  693.9. 
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3. IR spectrum of 5-azido-1,10-phenanthroline: 
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