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Abstract 

 

Metalloenzymes have specialized roles in biology which have been refined by 

nature over time. The efficient and selective catalytic activity of metalloenzymes 

is a characteristic that has been studied for decades and continues to be desired of 

mimetic complexes. For synthetic catalysts, balancing needs for appropriate 

recognition motifs, transition state stabilization of the reaction, and robust activity 

has been challenging. Well-designed metallopeptides help to meet this challenge 

by mimicking native metalloenzymes in structure and composition, but also by 

emulating similar activity as synthetic catalysts. Decades of studies have 

investigated the interactions of transition metal ions with linear peptides; however 

conformationally constrained peptides have not been as rigorously explored.  

 

The work discussed herein represents an effort to improve the metal-binding and 

catalytic activity of a peptide-metal complex by incorporating a macrocyclic 

constraint. This work is unique in its approach in that it uses macrocyclization to 

tune chiral and functional catalytic sites of short peptide sequences. This 

dissertation also explores the incorporation of metal-binding functionality into 

peptide scaffolds in a new, synthetically accessible manner. This strategy 

represents a potentially broad paradigm for generating asymmetric catalysts. This 

work has established the fundamentals of the strategy, enabling the discovery of 

novel classes of constrained metallopeptide scaffolds with observable catalytic 

reactivity. 
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Introduction: How macrocyclic constraints can expand metallopeptide 

catalysis. 

 

Amino acid coordination of transition metals 

 

Metal ions play a vital role in biology. About a third of all proteins, enzymes, or 

biomolecules bind metals, either for structural or functional purposes.
1
 It remains 

unclear how many of these biomolecules choose the proper metal coordination 

from a pool of bio-available ions. Historically there has always been an argument 

within the bioinorganic field regarding what dictates this selective incorporation 

of particular metals into biomolecules.
2ï5

 The fate of which metal ions to include 

could be due to the biomolecular structure, folding, or binding sites of the 

ligand.
3,6,7

  Alternatively, the metal itself may coordinate and dictate the particular 

structure and folding properties for that ligand set.
4,6ï8

 Once incorporated, metal 

ions allow significantly more robust reactions than the proteins alone, and often 

contributes to more intricate structures and folding.  

 

Metals and amino acids are primed to be interacting partners and these complexes 

are heavily involved in biological systems.  Peptides, and in particular their side 

chain residues, possess a number of donor atoms suitable for inner sphere metal-

binding site coordinations.
9
 In this document, the primary coordination sphere is 

defined as those residues directly participating in coordination of the metal, and 

the outer or secondary coordination sphere is defined as scaffolding not directly 

bound to the metal ion but that induces an electronic effect on the metal.
9
  The 
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coordinative functional groups of the peptide backbone are the carbonyl oxygen 

and the amide (when deprotonated), as well as the acid and amine functionalities 

of the C- and N- terminus.
6,7,10,11

 The backbone, however, tends to be non-specific 

in its binding. The amino acid side chain groups, on the other hand, have 

interesting selectivity for various metal ions based on their hard-soft acid-base 

classification. For example, imidazole nitrogen from histidine lies on the border 

between these designations, and so is good at coordinating divalent iron, nickel, 

zinc, cobalt, and copper. Histidine is still able to coordinate other ions, though 

with lower affinty.
6,7,11

 The sulfur of cysteine, considered somewhat basic, has a 

high affinity for soft metals like gold, lead, and platinum. The acidic side chains 

conversely target harder metal ions like calcium, trivalent iron, and magnesium.  

Along these lines, it would be highly unlikely to find acidic aspartate binding soft 

metals like lead or mercury.
6,7,11

 Therefore, nature has selected for mixed types of 

amino acid ligands (hard and soft) to locate appropriate metal ions from the 

surrounding environment. See Figure 1 for a visual representation of the typical 

metal-binding modes of those amino acids presenting donor ligands, and Table 1 

for a more comprehensive listing of metal-residue partners.  

 

Histidine and cysteine are the two most prevalent residues at the active sites of 

metalloproteins.
12,13

 This is due to the fact that the metals they coordinate most 

strongly are also the most often used in molecular recognition and catalysis. 

Generally, histidine-containing peptides form chelating structures that efficiently 

coordinate metals like divalent copper and zinc.
14

 Cysteine, a robust metal 
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coordinator, is also an interesting site of nucleophilic reactions, as exemplified by 

the cyclization chemistry used in Chapter 3. These two residues will therefore 

have primary focus in this work as we consider potential coordination spheres of 

designed peptide catalysts, which can lend insight into structure and function of 

natural motifs.  

 

It is important that the metal-binding interactions, whether for structural or 

functional purposes, are extremely strong. This is required to prevent loss of the 

metal ion from the complex. In biological systems, free metals would then wreak 

havoc through generation of reactive oxygen species and non-selective 

interactions.  For in vitro reaction engineering, loss of the metal would lead to an 

inability to distinguish activity of the free metal from that of the metal-peptide 

complex. Well-designed metallopeptide complexes have stable metal-ligand 

interactions, similar in magnitude to native enzymes, with association constants 

typically greater than 10
8 

M
-1
.
7
  The strength of the metal-ligand bond correlates 

to the size of the ionic radii, with smaller distances yielding stronger bonds. This 

is referred to as the Irving-Williams series, where the preference of binding 

divalent first-row transition metals in high spin octahedral geometry for any 

ligand follows the stability trend Ca
2+

 < Mg
2+

 < Mn
2+

 < Fe
2+

 < Co
2+

 < Ni
2+

 < Cu
2+

 

> Zn
2+

.
6,15

 There is evidence of this trend, particularly when examining host-guest 

chemistry in biology.
16ï19

 For example, we can look to the chlorophyll, 

hemoglobin, and vitamin B12 for information regarding metal binding to 

porphyrins in biology.
18,20,21

 Magnesium, iron, and cobalt bind to a porphyrin type 
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ligand in each of these proteins, respectively, showing how some ligands are 

versatile in the range of metals with which it will coordinate, but that the overall 

complexes may have different activity. This both affirms and limits the role of 

complementarity, which is the property of certain metal ions to be bound by 

particular ligands based on the radii and bond length.  pKa is also a significant 

consideration in whether a metal-ligand complex will form, as binding will be 

favorable if a cationic metal ion can lower the pKa and deprotonate the ligand.
6
 

This is especially true of peptide side chains whose protonation state depends on 

the pH of the solution.   All of these factors need to be considered in the design of 

efficient metallopeptide catalysts.  
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Figure 1: Common metal binding modes of amino acid side chains found in 

biological systems.  

Essentially any amino acid side chain exhibiting a pKa value below 9, in addition to the 

side chains of methionine, asparagine, and glutamine, are observed in metal-interactions 

in biological systems.
7 

Cysteineôs thiol group has been shown to bind one or two metal 

ions, whereas methionineôs sulfide group, bound with a methyl group, can only 

coordinate a single metal ion via a sulfur lone pair. Serine and threonine, as neutral 

ligands, can form monodentate complexes. Tyrosine forms a bond with a single metal ion 

via the oxygen atom at the benzylic position, in both protonated and unprotonated states, 

depending on the metal. The side chain carbonyl in asparagine and glutamine can also 

coordinate.  Depending on the pKa of solution, either nitrogen of the imidazole in 

histidine has the potential to bind, or both can coordinate separate ions and act as a 

bridging ligand. Finally, aspartic and glutamic acids, and the free C-terminus, can have 

a number of binding geometries, including monodentate (including syn- and anti-

configurations), bidentate chelating, and bidentate bridging. Image adapted from 

Lippard and Berg and Bertini, Gray, Stiefel, and Valentine. 
6,7
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Table 1: Common metals bound to amino acid residues, with bioinorganic 

ligand sets associated with these metals listed to their right. (adapted from 

Lippard and Berg).
6
 

Metals Ligands 

HARD 

H
+
  Na

+ 
 K

+
  Mg

2+
  Fe

3+
 

Tl
3+

  Mn
2+

  Al
3+

  Ga
3+

  Ca
2+

 

Cr
3+

  Co
3+

 

H2O, NH3, OH
-
, RNH2, ROH, 

 RO
-
,
 
CO3

2-
, NO3

-
, CH3CO2

-
,  

N2H4, PO4
3-

, R2O,  

ROPO3
2-

, (RO)2PO2
-
, Cl

-
 

BORDERLINE  

Fe
2+ 

 Ni
2+ 

 Zn
2+ 

 Co
2+ 

 Cu
2+

 

Imidazole,  benzylic amine,  

NO2
-
, N2, SO3

2-
, Br

-
, N3

- 

SOFT 

Cu
+
  Au

+ 
 Cd

2+
  Pt

2+
  Tl

+ 

Pb
2+

  Pt
4+

  Hg
2+ 

R2S, RS
-
, SCN, RSH, CN

-
, CO, 

(RS)2PO2
-
, RNC, R

-
, H

-
, 

R3P, (RO)2P(O)S
- 

 

 

Metallopeptide design and re-design 

 

Metalloenzymes have particular and efficient roles in biology. Nature has selected 

and refined these structures over time, and their unique character has been studied 

for decades and is still being explored today.
22ï25

 The use of artificial proteins and 

peptides is way to mimic the outer sphere effects of these active sites and retain 

reactivity of the enzyme.
2,3,9,26,27

 This is particularly important, as amino acid 

scaffolding not directly involved with metal coordination can have substantial 

impact on the reactivity of the metal ion. This is a benefit over many small 

molecule metalloenzyme mimics that fail to simulate catalytic rates of the natural 

enzyme.
9,28,29

 The use of these flagging amino acids could prove an advantage in 

the realm of catalysis.    

 

There are a few different approaches towards emulating these types of natural 

active sites and their ability to have steric control over metal ions, remote 
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interactions with the substrate, and high catalytic activity.
30

 The stability, 

characterization, and functionality of many naturally existing enzymes have been 

investigated.
22,23,31ï33

  Artificial  proteins have also been synthesized as either de 

novo designs or as re-designs of existing enzymes in order to study the energetics 

of folding and packing. De-novo design intends to make a protein with a 

particular structure or function, or to enhance the activity of an existing protein, 

using designed sequences that are not found in native enzymes.
23,34

 Redesigns 

take existing motifs, and alter them in a variety of ways to add structural and 

functional features that are not natively present. Often this is done as a way to 

increase or decrease the substrate promiscuity or to catalyze a different reaction. 

This can include incorporating an active site into an enzyme where no activity 

occurs in the natural sequence.
22,23,33

 In either approach, significant care is taken 

to consider preexisting knowledge of hydrophobicity and folding, key hydrogen 

bonding interactions for secondary structure and solubility, electrostatics, and 

active site preorganization versus structure gained upon metal binding.  

 

Mimicking larger metalloproteins with smaller metallopeptides has been another 

approach for understanding larger enzymes in structure, function, electron 

transfer, and catalysis.
23,35,36

 Compared to larger, artificial proteins, 

metallopeptides are easily synthesized and can incorporate recognition motifs of 

native proteins and mimic their transition state stabilizations. Compared to small 

molecule catalysts, peptides can achieve similar reactivity in both potency and 

selectivity.
37

  Therefore peptides exhibit the combined advantages of larger 
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artificial enzymes and robust small molecule catalysts. However, one limitation to 

small metallopeptides is that they have many degrees of freedom, and can 

typically assume many different conformations. While this can be helpful to form 

the best coordination site about the metal ion, it can also lead to diminished metal 

binding and catalytic activity. Constraints within a peptide may promote stronger 

binding interactions with metals, and in this way provide increased potency 

towards asymmetric catalysis.  

 

 

Application of metallopeptides to asymmetric  catalysis 

 

The significance of asymmetric catalysis is highlighted by the 2001 Nobel Prize 

in Chemistry, awarded to Knowles, Noyori, and Sharpless for their 

accomplishments with chiral catalysts.
38

 Their work alongside decades of 

catalysis research demonstrates that, despite the challenges of of asymmetric 

catalysis, clever scientists can design chiral catalysts with great utility. In recent 

years, researchers have explored metallopeptides as asymmetric catalysts with 

great success due their structural complexity, intrinsic chirality, and synthetic 

accessibility.  

 

Firstly, metallopeptides are ideal for achieving the end goals desired of 

asymmetric catalysis. Metallopeptides can mimic native metalloenzymes in 

structure, composition, and, when designed well, activity. The abundant studies 

on existing metalloenzymes can be utilized to inform the design of peptide 
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mimics. The intrinsic chirality of the peptide backbone also provides the 

opportunity to direct enantioselectivity of transformations.
39ï43

 

 

The binding of metal ions with chiral peptides can generate complexes with 

unique structure as well as robust electronic properties that can be useful for 

asymmetric catalysis. Metals have varying coordination number and structural 

geometries that can be obtained, depending on the surrounding coordination 

sphere.
44,45

 For example, a six ligand metal in octahedral geometry can access 

over 30 different stereoisomers, compared to an asymmetrical tetrahedral carbon 

which can only access two.
4
 This gives rise to broad number of possible 

arrangements which cannot be obtained simply using peptides or other ligands 

alone. Complexation gives these type of ligands a greater number of 

conformations with which to be able to effectively interact, either through spatial 

or electronic means. Due to the electronic nature of metal ions, there are 

numerous redox and magnetic properties they may display. They can also catalyze 

radical formation and undergo ligand exchange interactions which are common to 

many natural processes. 
27,46,47

 These properties contribute to the broad range of 

applications of metal ions in complex with peptides.  

 

Peptides offer additional advantages for the design of metallocatalysts.  Peptides 

themselves are synthetically modular, and can easily be altered to achieve 

improvements to the surrounding coordination spheres, including by 

incorporating non-natural functionalities. The water solubility of many peptides is 
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additionally advantageous, expanding potential substrates and reactions beyond 

just organic phase transformations.
48ï51

 In general, a great deal of information is 

known about how proteins fold, and sequences of amino acids are similarly well-

characterized. However, it remains a challenge to make even small predictions 

about the expected folding or solubility of these peptides. Inducing a constraint 

can minimize the number of possible conformations, and may lead to more 

predictive design strategies for peptide-metal complexes.  

 

Many of the groups working on metallopeptide catalysts capitalize on these 

favorable properties. For instance, small Ni(II )-peptide mimetics of superoxide 

dismutase (SOD) have been synthesized and characterized to partition superoxide 

radicals in a similar manner as the native enzyme (Figure 2a).
52,53

 The peptide-

based Ni(II)SOD model complexes are derived from the N-terminus Ni(II) -

binding hook of the native enzyme. Investigation of the model showed that the 

Ni(II) -nitrogen coordination is elongated compared to the natural enzyme, but that 

redox chemistry appears to be maintained. This is a perfect example of 

metallopeptides being able to access the activity of naturally occurring enzymes.  
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Figure 2: Examples of successful metal-binding peptide catalysts 

These are just a few of the catalytically successful metal-binding peptides to date. 

(a) the SOD mimic synthesized by Shear, et. al. using peptidic components.
52,53

 

Though structurally dissimilar to the native enzyme, the Ni(II) complex has 

equivalent activity. (b) the phosphine containing beta-turn based peptides that 

coordinate to palladium and perform allylation reaction.
43

 (c) Zach Ballôs work 

with di-rhodium complexes coordinated to acidic amino acid side chains that take 

advantage of proximity driven catalysis.
54,55

 (d) Francis and Jacobsenôs 

discovery, using one-bead-one-compound library screening, of Fe(II) 

coordinating peptides capable of alkene epoxidation.
42

  

 

However, not all metallopeptide catalysts were generated based off an existing 

enzymatic scaffold. For example, Pecoraroôs group has developed artificial 

metalloenzymes from scratch using three-stranded coiled-coil peptides as 

carbonic anhydrase mimics.
22,56,57

 This work successfully incorporated metal-
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binding coiled-coil peptides in a novel way, but still needs to address issues 

surrounding primary and secondary coordination spheres, as well as the minimal 

sequence required for catalytic activity. The Ball group has generated di-rhodium 

catalysts, coordinated to acidic side chains of coiled-coil peptides, which can 

catalyze reactions such as silane insertion, alkene cyclopropanation, and thiol 

alkylation (Figure 2c).
54,58,59

 Ballsô work highlights the need to fine tune catalysts 

to be substrate-selective in even complex media. Gilbertsonôs ɓ-turn-based 

phosphine peptide libraries achieve asymmetric allylation in the presence of 

palladium, however at low selectivity and with limited substrate scope (Figure 

2b).
43

 Additionally, Francis and Jacobsensôs Fe(II) peptide ligands, found using 

one-bead-one-compound libraries, are efficient at alkene epoxidation with yields 

at 78%, but with significantly low enantioselectivity at less than 20% (Figure 

2d).
60

 These studies highlight the power of metallopeptide catalysts, but fall short 

of the degree of conformational control typically used by metalloenzymes to fine-

tune metal binding and catalysis.  Despite their promise, metallopeptides have not 

achieved the potency and versatility of natural metalloenzymes and still hold 

limitations.  

 

 

Exploring macrocyclic constraints in the field of metallopeptides 

 

Decades of studies have investigated the interactions of transition metal ions with 

linear peptides; however, conformationally constrained peptides have not been as 

rigorously explored.
61ï68

 There are many advantages to the use of cyclic peptide 
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sequences based upon their interactions in biological systems, though this will not 

be the focus of this work. Briefly, when the peptide backbone is constrained, it is 

less susceptible to proteolysis and degradation, and this has been observed in 

several studies.
69ï74

 This stability gain is possible because the cyclic peptide 

adopts a conformation that does not interact with the active sites of many 

proteases. Along these lines, the induced constraint forces the peptide to adopt a 

particular structure, which is advantageous when replicating or mimicking 

enzymes, where minimal variations preclude any of the original activity. Cyclic 

peptides can also offer other positive properties, such as improved cellular 

penetrability and target selectivity and potency in biological systems.
75

 Though 

our work will not directly apply these concepts, they are important to keep in 

mind. The structures and properties we discover from our macrocyclic constraints, 

and the contribution of this toward metal binding and activity, may prove useful 

to others looking to employ similar strategies for biological applications.  

 

Metal ions can coordinate to cyclic peptides via similar modes of contact as 

compared to linear sequences, however often with added benefits. As we touched 

on earlier, complementarity between the ligands and the metal ions are optimally 

matched for similar hardness, as described by hard/soft acid base theory. Similar 

hardness combinations maximize the thermodynamics of bond formation.
6,7,76

 

Inducing a constraint on a peptide sequence dictates the flexibility and topology 

of the interaction, which can affect the entropy and further influence the energy of 

bond formation. An increase in entropy is associated with the chelation of a metal, 
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as compared to binding with mono-dentate donors, however there is an even 

greater increase in stability due to macrocyclic ligand coordination, termed the 

macrocyclic effect. For the case of the macrocycle, dissociation is more greatly 

hindered than the initial binding of the metal, and the ligand is incapable of 

undergoing a similar stepwise dissociation mechanism as is observed in linear 

chelators (since there is no ñendò of the molecule). 
13,46,77ï79

 

 

Early experiments by Margerum and others demonstrated how macrocyclization 

profoundly alters these thermodynamics and kinetics of metal binding for non-

peptidic and peptidic ligands.
46,79ï81

 They discovered that  macrocyclization can 

lower the formation rate constant, therein slowing the rate at which metal 

complexation occurs, but also stabilizing the complex compared to linear chains 

of similar compostion.
78,82

 This was seen by Kaden in studying open chain 

quadridentate polyamine 1,4,7,10-tetraazadecane and observing a 30,000 times 

smaller association rate for the macrocyclic 14-membered ring version of the 

molecule.  Presumably this slower rate of complexation occurs from a loss of 

flexibility which slows the formation of important intermediate complexes.
82

 

Margerum further investigated this, considering the effects of macrocyclization on 

metal-peptide coordination distances, based on whether the peptide was 

protonated under those given conditions. Margerum revealed that, depending on 

the geometry, metal hydroxides (or rather the counter ions) can contribute axial 

interactions with the ligand that affect the rate of complexation. Specifically, axial 

substitution could occur followed by either Jahn-Tellar distortion or classical 
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substitution. Cyclization also appeared to make second bond formation more 

difficult  due to steric crowding about the inner sphere ligands by secondary 

donors. 
83

  

 

A large review by Izatt describes how the macrocyclic effect was explored in a 

variety of different complexes. Analysis showed a general trend of increased 

stability from macrocyclization.
78

  This stability is attributable to the dominant 

favorable enthalpy (in part resulting from enthalpy-entropy compensation by the 

less flexible ligand), slower dissociation of the cyclic complex, and appropriate 

complementarity between the metal and ligand.
78,84

 The idea of enthalpy-entropy 

compensation describes generating an increase in affinity of binding by increasing 

the Gibbs free energy of the interaction. This is traditionally achieved by either 

increasing enthalpy or entropic contributions to the binding event, ideally without 

compensation of the opposite component that would render zero change in the 

overall Gibbs free energy.  

 

  

 

Cyclization affects metal binding by reducing unfavorable entropy, assuming the 

constraint significantly prevents the peptide from rotating or flexing upon metal-

binding. This can directly increase the affinity for the metal (lowering the Gibbs 

free energy of metal binding). 
85ï87

 In many cases, constraining a sequence can 

also promote structure within the overall molecule, by positioning favorable 

hydrogen bonds and burying hydrophobic side chains.  Constraints can result in 
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enthalpic penalties if the optimal conformation differs from the conformation 

being rigidified.  Most losses in entropy are conformationally based, as opposed 

to translational, rotational, or vibrational.
87,88

 By placing  hydrogen bond donors 

or acceptors in areas that are conformationally constrained, we can obtain little 

significant loss of conformational entropy upon binding, since the ligand is 

already rigid and inflexible compared to a linear sequence.
86,87

 Some of the 

compensation can also be overcome by liberating solvent molecules from the 

coordination sphere upon tight host-guest binding interactions.
86

 Work 

investigating different substrates for ɓ-cyclodextran highlight these points, 

concluding that 94% of their enthalpy changes were due to conformational 

changes, with complete compensation from the entropic losses, and only 6% of 

the favorable gains in enthalpy were due to increases in stability of the complexes. 

They also note that significant stability was gained from releasing coordinated 

water molecules into the bulk solvent.
88

 

 

These and other powerful effects of ligand macrocyclization on metal-binding 

behavior have been exploited for the design of metallopeptide complexes suitable 

for selective metal ion recognition, ion transport, metalloenzyme modeling, and 

catalysis.
19,89

 Macrocyclic ligands have also been widely used in biomedical 

applications as MRI contrast agents,
90,91

 luminescence probes,
92,93

 carriers for 

drug delivery,
94

 and catalysts for selective nucleic acid cleavage.
95

  

 

Despite these studies, the field still lacks a general understanding of the effects of 

conformational constraints on peptide structure and metal binding.
96

  The work 
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presented here contributes to this set of knowledge by using constrained peptides 

to modulate the primary and outer coordination spheres of the coordinated metal 

ion. This work improves our understanding of how macrocyclic constraints tune 

chiral and functional catalytic sites of peptide sequences.  In addition, it has led to 

the discovery of novel classes of cyclic metallopeptides with observable catalytic 

activity.  

 

 

General outline and delineation 

 

In Chapter One, we explore constraining the natural ATCUN motif via head-to-

tail cyclization in order to investigate changes in the metal coordination of the 

sequence. This includes modeling, synthesis, and characterization of metal 

binding. We observe copper and nickel binding using UV-Vis spectroscopy, 

electron paramagnetic resonance (EPR), and nuclear magnetic resonance (NMR) 

experiments. Variants of these peptides are further explored for their ability to 

coordinate metals in the absence of histidine in the third position of the native 

sequence.   

In Chapter Two we investigate this library of cyclic ATCUN peptides for the 

effects of cyclization on their reactivity. By monitoring their redox properties 

using cyclic voltammetry, we are able to evaluate the oxidation potentials of the 

peptide-metal complexes. Furthermore, testing in DNA cleavage and fluorescence 
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assays demonstrate the OH radical production of these complexes, a property that 

is readily compared to reactivity of well-studied linear analogs. 

Chapter Three considers the design and synthesis of peptides using an innovative 

cyclization strategy that also incorporates metal binding functionality. In this way, 

we are able to design new classes of well-structured peptides that are biased for 

metal coordination. Here we discuss the synthesis and characterizations of the 

cyclic peptides, as well the effectiveness of the cyclization reactions. 

Chapter Four details the application of the new classes of metal-binding cyclic 

peptides in enantioselective reactions, in order to evaluate the effect of cyclization 

on activity and on asymmetry. We discuss the development of model reactions, 

the process of testing for product turnover, and how we evaluated asymmetry via 

separation on a chiral column.  

We conclude this work with a discussion of the overall impact of this approach 

for constraining peptide sequences and using them as metal ligands and 

metallocatalysts.  
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Chapter 1: Constraining the natural ATCUN motif and evaluating the effects 

of macrocyclization on metal binding 

 

 

A significant portion of this chapter has been published in the following 

references:  

× Eshelman, M. R.; Aldous, A. R.; Neupane, K. P.; Kritzer, J. A. Solution 

structure of a designed cyclic peptide ligand for nickel and copper ions. 

Tetrahedron 2014, 70, 7651ï7654. 

× Neupane, K. P.; Aldous, A. R.; Kritzer, J. A. Macrocyclization of the 

ATCUN Motif Controls Metal Binding and Catalysis. Journal of 

Inorganic Chemistry  2013, 52, 2729ï2735. 

× Neupane, K. P.; Aldous, A. R.; Kritzer, J. A. Metal-Binding and Redox 

Properties of Substituted Linear and Cyclic ATCUN Motifs. Journal of 

Inorganic Biochemistry 2014, 139, 65-76  

 

Matthew Eshelman conducted all NMR experiments and deconvolution to 

generate solution structure models of the apo and metal bound peptides (see 

Figure 8 ). Dr. Kosh Neupane assisted with the design, synthesis, purification, and 

UV-Vis experiments for all peptides (see Figures 2-4, 8-10 Figures S1-5, 8-26, 

Scheme 2, and Tables 3-5.) Data collected for EPR experiments were solely Dr. 

Neupaneôs work (See Figure 7,Figure S 6, and Figure S 27.) 

 

http://www.sciencedirect.com/science/article/pii/S0040402014011120
http://www.sciencedirect.com/science/article/pii/S0040402014011120
http://pubs.acs.org/doi/abs/10.1021/ic302820z
http://pubs.acs.org/doi/abs/10.1021/ic302820z
http://dx.doi.org/10.1016/j.jinorgbio.2014.06.004
http://dx.doi.org/10.1016/j.jinorgbio.2014.06.004
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1.1 History of the ATCUN motif  

 

Peptide backbones offer a modular, chiral, and synthetically accessible platform 

for exploring conformational effects on metal binding.
27,97

 Diverse peptides and 

proteins commonly utilize histidyl residues for the coordination of metal ions 

including Cu(II) and Ni(II).
62,97,98

 The precise positioning of the histidine 

imidazole groups plays a significant role in the coordination chemistry of the 

overall polypeptide.
62,99,100

 His-mediated coordination of Cu(II) and Ni(II) results 

in high thermodynamic stability, which is often further reinforced by metal ion-

induced deprotonation of adjacent backbone amides.
61

 These characteristics are 

exemplified by the amino-terminal copper and nickel (ATCUN) motif which was 

originally identified in serum albumin protein, the major copper transporter in 

blood.
80

 The conserved ATCUN motif is also predominant in neuromedin, 

proteamine, and histatin proteins.
80,101ï105

 As the name implies, this tripeptide 

sequence H2N-Xaa-Xaa-His, where Xaa is any amino acid (Scheme 1, Figure 3), 

is found at the N-terminus of proteins and coordinates to both Cu(II) and Ni(II) 

ions, with many studies demonstrating accommodation of Cd(II), Zn(II), and 

Co(II) as well.
80

 ATCUN structures adopt a square planar geometry utilizing the 

free amine of the N-terminus, two amide backbone nitrogen, and an imidazole 

nitrogen from histidine, as illustrated in Scheme 1. This coordination is typically 

employed as a means of sequestering and transporting these metals, which will 

minimize any biologically toxic effects by preventing both non-selective 

interactions and the generation of reactive oxygen species.
80,106
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Scheme 1: General structure and metal coordination geometry of the 

ATCUN motif  

The metal cation coordinates to the N-terminal amine, two backbone nitrogens, and the 

imidazole nitrogen of this histidine side chain in a 4N square planar geometry.  

 

Decades of investigations into the ATCUN motif have yielded a detailed 

structural and mechanistic picture of how these peptides bind Cu(II) and Ni(II), 

and how the ligand modulates the redox properties of the metal ion.
80,107,108

 For 

example, the absorbance bands for these complexes (Cu(II)-ATCUN, 525 nm and 

Ni(II) ATCUN, 420 nm) are well-characterized. 
109

 Based on consensus 

sequences, it was found that the first and second amino acids of the complex 

could largely be any amino acid, which led to the minimal ATCUN peptide 

sequence Gly-Gly-His-CONH2.  This minimal sequence is often the standard 

ATCUN motif used as a control in structural and activity assays.
80

 Many have 

looked at how changing the first two residues impact the stability of the overall 

complex, determining properties such as nitrogen donor affinity or how inclusion 

of charged lysine residue can improve binding to DNA.
80,110

 Mechanistically, 

there has been widespread discussion as to whether the copper undergoes a 

Cu(II)/(III) or a Cu(II)/(I) redox cycle, and the presence of different additives like 

ascorbate and hydrogen peroxide seem to affect that redox (this will be explored 

more fully in Chapter 2, starting on page 77).
63,64,80

 The ATCUN motif has been 

used for a wide variety of applications, most notably as a catalyst for selective 
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DNA and protein cleavage,
80,107,108,111ï118

 protein-protein crosslinking,
119

 enzyme 

inhibition,
120

 and damaging of malignant cells.
121

 

1.2 Strategic design and synthesis of a cyclized ATCUN peptide 

 

We were interested in investigating how constraining a catalytic linear peptide 

such as the ATCUN motif, while retaining the free amine of the N-terminus, 

might affect its metal binding and catalytic properties.
122

 Previous cyclic ATCUN 

variants were head-to-tail cyclized via amide formation with the N-terminus, 

resulting in large decreases in binding affinity and disruption of the characteristic 

square-planar complex.  For example, Brasun and coworkers synthesized and 

characterized cyclic tetrapeptides in the form of cyclo-(His-Xaa-His-Xaa), and 

found a variety of coordination environments for Cu(II) (N, 2N, 3N and 4N 

equatorial donor sets) due to the stepwise deprotonation of amides from the 

peptide backbone.
65,66

 In other work, six Cu(II)-peptide complexes of cyclo-

(HGHK) were observed at pH values ranging from 3 to 11.  These cyclic peptides 

bound Cu(II) with substantially lower affinity than linear ATCUN motifs.
63,66

  

 

We hypothesized that applying a macrocyclic constraint that did not alter the N-

terminal amine would permit design of square planar complexes with tunable 

selectivity and redox activity. Using the basic design software Molecular 

Operating Environment (MOE,) we modeled potential structures with different 

macrocyclic constraints on the basis of the known crystal structure of Cu(II)-

bound Gly-Gly-His-CONH2.
123ï127

 Backbones that retained square planar binding 
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geometry with Cu(II) when energy minimized were further investigated. This 

exercise allowed us to predict that cyclic peptide 1 (cyclic Lys-Asp-d-His, Figure 

3) would be able to bind Cu(II) or Ni(II) in a square planar geometry similar to 

the native GGH motif 7.  Compounds 2 and 3, diastereomers of 1, were also 

predicted to bind metal ions in a square planar geometry, but only with substantial 

ring strain.  

Next, we constructed a synthetic scheme (Scheme 2) that would allow us to 

realize these structures. We expected 1 to afford metal binding similar to the 

model GGH motif, with the constraint enhancing the binding and/or activity of 

the complex. Peptides 2 and 3 were also expected to bind Cu(II) and Ni(II); 

however, based on the ring strain observed in the MOE models, we anticipated a 

low-affinity complex, and/or distortions from the typical ATCUN structure. 

Testing the diastereomeric versions of the modeled peptides would give us further 

insight into the stereochemical preferences of the coordination sphere. Peptide 6 

was designed as the most appropriate linear analog to peptides 1-3. We could not 

directly correlate our cyclic peptides to the linear GGH in all instances due to the 

added leucine ñtailò, which may affect binding and activity, and thus the 

functionality added into 6 would serve as a more appropriate comparison. Linear 

peptides 4 and 5 were synthesized due to the challenge of purifying the standard 

GGH variant 7. Variation of L-His and D-His in 4 and 5, respectively, would 

further provide information about the dependence of metal binding and catalytic 

activity on the peptideôs stereochemistry.  GGH 7 was easily synthesized but 

could not be separated on RP-HPLC unless a leucine tail was added to the 
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sequence in order increase retention on the C8 and C18 columns.  Variation of l- 

and d- His in 4 and 5, respectively, would further provide information about the 

stereochemical relationship of the structure to the metal binding properties and 

reactivity. For future catalytic experiments, GGH (7) had to be purchased in order 

to directly compare activities of designed sequences to previously reported results 

for the minimal ATCUN sequence.  
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Figure 3: Design of cyclic ATCUN sequences using MOE software.  

 
This figure shows design of a) models of peptide macrocycles 1-3 bound to Cu(II) 

demonstrating predicted strain between peptide conformation and square planar 

coordination geometry. Carbons are shown in gray, nitrogens in blue, oxygens in red, 

and copper is shown in cyan.  Leu residues and side chains of Asp/Asn residues are 

omitted for clarity. (b) Chemical structures of cyclic peptides 1-3 at pH=7.5. Nitrogens 

critical for metal ion binding are shown in blue, and macrocycle linkers are shown in 

red.  (c) Chemical structures of linear peptides 4-7 at pH=7.5.  Nitrogens critical for 

metal ion binding are shown in blue. Peptide 6 was designed as the most appropriate 

linear analog to peptides 1-3. Linear peptides 4 and 5 were synthesized due to the 

challenge of purifying the standard GGH variant 7. GGH 7 was easily synthesized but 

could not be separated on RP-HPLC unless a leucine tail was added to the sequence in 

order increase retention on the C8 and C18 columns. For future catalytic experiments, 

GGH had to be purchased in order to directly compare activities of designed sequences. 
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Materials and Methods 

 

Materials 

Fmoc (N-a-(9-Fluorenyl methyloxycarbonyl)) protected amino acids, Rink 

Amide resin, N-hydroxybenzotriazole (HOBt) and 2-(1H-benzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were purchased either 

from NovaBiochem or AnaSpec, diisopropylethylamine (DIPEA), acetic 

anhydride, pyridine, trifluoroacetic acid (TFA), triisopropyl silane (TIPS), 

dimethyl formamide (DMF) were purchased from Sigma-Aldrich. Component 

amino acids included the following: Fmoc-Gly-OH, Fmoc-Asp-(OAll), Fmoc-

Asn(Trt)-OH, Boc-Lys(Fmoc)-OH, Boc-DLys(Fmoc)-OH, Fmoc-Lys(Ac)-OH, 

and Fmoc-His(Trt)-OH, Fmoc-DHis(Trt)-OH, and Fmoc-Leu-OH. Palladium 

tetrakis-triphenylphosphine (Pd(PPh3)4) (Fisher), copper(II) chloride dihydrate 

(Sigma), nickel(II) chloride hexahydrate (Sigma-Aldrich), cobalt(II) chloride 

hexahydrate (Sigma-Aldrich), gold(III) chloride (Sigma-Aldrich), sodium 

tetrachloroplatinate(II) hydrate (Acros Organics), sodium tetrachloropalladate(II) 

trihydrate (Strem Chemicals) and all other chemicals were used as received 

without modification.  All ultrapure water was deionized water that was further 

filtered using a Barnstead Ultrapure UF system to ensure resistivity was greater 

than 17.8 megaohms. 

 

Molecular Operating Environment Modeling  

Molecular Operating Environment (ChemComp) software was used to build 

models of macrocyclic ATCUN variants based on the crystal structure parameters 
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for the ATCUN-Cu(II) complex.
124ï127

 Models were energy-minimized using the 

MMFF94x forcefield.  

 

 

Peptide synthesis and purification 

Leucine residues were added to the C-termini of linear peptides and to the 

aspartate side chain of cyclic peptides in order to promote retention on reverse-

phase HPLC columns. Previous attempts were made to synthesize sequences 

without the leucine tails, but these were not retained by the column and eluted 

with the solvent peak flowthrough on HPLC. Peptides 1 to 6 were synthesized 

manually using standard Fmoc solid-phase synthesis protocols.  Rink Amide resin 

(0.20 mmole/g) was used and couplings were achieved with HBTU/HOBt/DIPEA 

(5:5:10). For cyclic peptides, allyl-protected C-termini were deprotected using 

Pd(PPh3)4 prior to Fmoc deprotection and cyclized overnight using PyBOP/Cl-

HOBt/DIEA (5:5:10 equivalents). All peptides were cleaved off the resin using 

TFA/TIPS/H2O (95:3:2) and filtered.  Volume was reduced by rotary evaporation 

and peptides were ether-precipitated.
128

   Peptides were purified using HPLC on a 

preparative-scale C8 column (solvent A was water/0.1% TFA, solvent B was 

acetonitrile/0.1% TFA, and a linear gradient of 5-40 % solvent B over 25 min was 

used). The fraction containing desired product was collected and lyophilized. The 

purity and identity of the peptides were determined by analytical HPLC and 

MALDI -TOF-MS or ESI-MS (Finnigan LTQ), respectively. Gly-Gly-His-COOH 

(7) was purchased from Bachem.   
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Scheme 2: Synthetic scheme for cyclic peptide 1 

This scheme shows the chain elongation and solid phase synthesis strategy of cyclic 

peptide 1 that allowed us to realize the structure.  Firstly, leucine was coupled to the rink 

amide polystyrene bead as a handle to spatially separate the macrocycle from the resin 

and to increase the retention time on HPLC purification. Allyl-protected aspartate was 

included to allow head-to-tail cyclization following from palladium-catalyzed de-

allylation. Thirdly, the side chain Ů-nitrogen of lysine was use to couple the last residue, 

histidine, rather than the lysine backbone nitrogen. This allowed us to accommodate a 

longer carbon chain linker in the backbone macrocycle structure, required based on the 

preliminary MOE model. Similarly, we were able to maintain a free amine from the 

lysine backbone to mimic the free amine of the N-terminus of proteins. Following Fmoc 

deprotection of the histidine and palladium deprotection of the aspartyl acid, head to tail 

cyclization was catalyzed using Pybop and HOBt. The peptide was cyclized head-to-tail 

using the histidine backbone amine, affording us a tri-peptide macrocycle with a leucine 

tail. Finally, global TFA deprotection of the side chain protecting groups and of the 

linear sequence from the resin yielded crude peptide ready for purification. Cyclic 

peptides 2 and 3 were synthesized in an analogous manner.  Further synthesis details for 

peptides 1-6 are described in the Methods and Materials section. Note step 4 should read 

ñcleaveò rather than ñcleavateò from the resin.  
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1.3 Characterization and structure determination of linear and constrained 

ATCUN peptides 

 

Our preliminary models provided us with various structures that have potential to 

achieve ATCUN-like square planar binding geometries in complex with Cu(II). In 

order to verify these predictions and investigate the effects of macrocyclization, 

we proceeded to experimentally characterize the metal-binding ability and 

geometry of theses peptides toward Cu(II) and Ni(II). Extensive UV-Vis 

experiments allowed us to observe interesting properties for our sequences that 

had yet to be exhibited by traditional linear ATCUNs, such as pH-dependent 

selectivity towards the two metals discussed.  Based on the intense absorption 

bands in the visible spectrum, we were able to deduce stoichiometric ratios and 

relative coordination geometry. Electron paramagnetic resonance (EPR) and 

nuclear magnetic resonance (NMR) studies were used to corroborate the UV-Vis 

evidence with our hypotheses.  

 

UV-Vis describes potential coordination geometry and evaluates 

stoichiometry and pH dependence of metal binding. 

 

 

Metallopeptide complex formation involves the competition between protons and 

metal ions for the side chain anion of the amino acid residue. The more stable 

complex can form at lower pH and less stable complexes organize at higher pH.
15

  

In some prior studies, the relative stabilities of metal-ligand complexes was 

measured by comparing concentration at which 50% of metal precipitated, or via 

extraction of metal-ligand complexes.
15

 We chose to use pH50, the pH at which 
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50% of the ligands have formed metal complexes, as a more direct and 

quantitative measure of complex stability for UV-Vis experiments.  

 

Metal-peptide complexation was found to be highly pH-dependent (Figure 4, 

Figure S 1, Figure S 2 ). The absorbance spectra of Cu(II) mixed with peptides 1, 

4, 5 or 6 at pH < 4 showed only a broad, weak band at 800 nm. This value is 

characteristic of Cu(II) in water and the formation of copper hydroxides.  By 

slowly raising the pH in increments of 0.1-1.0 units, the intensity of the d-d 

transition band at 525 nm increased and the intensity of the 800 nm band 

decreased (also shown in Figure S 17). This describes a dissociation of metal-

hydroxides (800 nm band) as the metals are forming a complex with the peptide 

(band at 525 nm for Cu(II) and 420 nm for Ni(II)). Similarly to previously 

reported linear ATCUN peptides, we observed that the linear peptides 4-6 each 

bound Cu(II) at 525 nm with a pH50 between 4 and 4.2 and bound Ni(II) at 420 

nm with a pH50 near 6.0.
80

  Cyclic peptide 1 had a similar pH50 for Cu(II)-binding 

near 6.0, while the peptide 1-Ni(II) complex formed with a pH50 nearly three log 

units higher (midpoint near 8.8). The sharp absorption transitions and lack of 

variations in lmax at higher pH for peptides 1 and 4-6 indicate the formation of 

single species for each metallopeptide complex. We rarely observed pH-

dependent precipitation of the peptides, possibly because the macrocycles were 

less prone to self-association.  
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Figure 4: UV-Vis spectroscopy of Cu(II) and Ni(II) to peptides 1-6.  

 

a) pH dependence of Cu(II) binding  to macrocycles and linear analogs.  (b) pH 

dependence of Ni(II) binding to macrocycles and linear analogs. For pH 

titrations, UV-Vis absorbance was monitored as pH was increased with dilute 

KOH, and normalized absorbance at lmax is plotted against experimentally 

measured pH.  (c) UV-Vis spectra of Cu(II)-peptide complexes at pH=7.5. (d) 

UV-Vis spectra of Ni(II)-peptide complexes at pH=9.5.  All UV-Vis spectra were 

taken using a solution of 1.0 mM metal-peptide complex in 50 mM N-

ethylmorpholine buffer at 25 °C.  Data for metal complexes of peptide 1 are 

shown in black, 2 in red, 3 in green, 4 in blue, 5 in cyan, and 6 in magenta..  
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The altered pH transition for metal binding observed for cyclic peptide 1 is 

consistent with previous studies of the macrocycle effect, wherein the 

thermodynamics of complex formation changed when a restrictive macrocycle 

constraint was applied.
78,83

 Linear ATCUN peptides readily form copper(II) 

complexes by cooperatively deprotonating the imidazolium, ammonium and 

amide nitrogens.
97

 However, this process appears to be thermodynamically 

disfavored for cyclic peptide 1, in that the pH transition of metal binding 

corresponds to solvent-mediated imidazolium deprotonation. This implies that, in 

the constrained structure of 1, the imidazole-Cu(II) coordinate bond is required to 

position the copper ion to allow it to lower the local pKa and therein deprotonate 

the other nitrogens in order to form the square planar complex (Figure S 1, Figure 

4). For Ni(II) binding, the pH titrations (Figure 4, Figure S 2) indicate that the 

linear ATCUN motifs will form the full complex upon solvent-mediated 

imidazolium deprotonation. Cyclic peptide 1, by contrast, appears to require 

solvent-mediated deprotonation of both the imidazolium and the N-terminal 

ammonium for complete complexation with Ni(II). This effectively makes cyclic 

peptide 1 selective for Cu(II) over Ni(II) at physiological pH. A competition 

experiment was performed (Figure 5) to ascertain that 1 would selectively 

coordinate Cu(II) in the presence of Ni(II) at pH 7.5, and showed the lack of 

selectivity by 4  in that it complexes both Cu(II) and Ni(II) at that pH. While 

selectivity for Cu(II) over Ni(II) is predicted by the Irving-Williams series,
15

 such 

selectivity has never previously been observed for ATCUN-derived peptides. 
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Figure 5: UV-Vis spectra showing Cu(II) over Ni(II) binding selectivity by 

Cyclic 1 

UV-Vis spectra showing selective binding of Cu(II) over Ni(II) by cyclic peptide 1 

at pH 7.5. 1.0 equivalent of metal ions (a mixture containing 0.5 mM CuCl2 (aq) 

and 0.5 mM NiCl2 (aq)) was added to 1 mM peptide in N-ethylmorpholine  buffer 

(pH 7.5). Cyclic peptide 1 binds Cu(II) only (red trace) whereas linear peptide 4 

binds both metal ions (black trace).  

 

 

 

UV-Vis titration experiments in conjunction with ESI-MS data demonstrated that 

the stoichiometry of the metal-peptide complexes was 1:1 for cyclic peptide 1 and 

linear peptide 4 (Figure S 3). By incrementally adding 0.2 equivalents of metal to 

the peptide solution and plotting against the absorbance maximum of the 

particular complex formation, we observed a linear relationship until a point 

leading to the formation of a plateau. This point of inflection signifies the 

stoichiometric ratio of the complex, which was 1:1 for these metal-peptide 

complexes (as shown in Figure S 3).  
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Curve fits of UV-Vis titrations were unable to produce accurate association 

constants due to the tight binding affinity and loss of signal upon appropriate 

dilution of concentrations, but indicated a Ka value of at least 10
9
 M

-1
. This 

compares to the strong interactions of biologically relevant ATCUN complexes 

like serum albumin and histatin, which have association constants with copper 

and nickel on the order of 10
11 

M
-1

. Simple, linear tripeptides such as Gly-Gly-His 

typically bind Cu(II) and Ni(II) with association constants on the order of 10
16

 to 

10
17 

M
-1

.
129

 Therefore, the induced macrocyclization constraint had retained the 

tight binding affinity for the corresponding metal ions. The increase in pH50 

indicates that the cyclic peptides are slightly weaker ligands compared to linear 

ATCUN motifs, but this slight de-stabilization may allow for increased activity 

(see an evaluation of activity in chapter 2).  

 

We later attempted to derive more accurate binding constants using micro-ITC 

(small scale isothermal calorimetry experiments). When two species bind, there 

exists a thermodynamic loss or gain of heat from the interaction. ITC monitors the 

change in signal, measured in power (microcalories/sec), that result from 

maintaining a constant temperature after each injection of titrant into the reaction 

cell.
130,131

  Rather than using a traditional ITC which uses a great deal of material, 

micro-ITC only has a reaction well of about 300 ɛL and only requires 100 ɛM 

peptide. This requires less than a third of the material needed for traditional ITC. 

However, even the micro-ITC technique was only accurate for determining limits 

of binding constants of 10
8
 M

-1
. In order to derive more precise values, 
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concentrations would have to be significantly decreased, and this level of dilution 

would generate a signal that would be too small to detect. 

   

In agreement with the inability to measure binding constants higher than 10
8
 M

-1
, 

our micro-ITC binding curves resemble step functions.  Upon titration of the 

metal into the peptide solution, there is flat region with no heat evolved, followed 

by a sharp increase upon 1:1 metal complexation, plateauing at a level of 

complete complexation (Figure 6). This step function is caused by a large 

confidence interval value ñcò for the stability constant fit parameters, as detailed 

by c= n* KITC* [ligand]. Traditionally, c values between 1 and 1000 will generate 

association constants with upper limits of 10
8
 to 10

9
 M

-1
.
130ï132

 Large c values 

greater than 1000, due to tight binding affinities, give sharp slope increases 

representative of Ka with lower limits of 10
8
 M

-1
.
130

 Small values of c would 

exhibit a curve with no features, presumably a flat line with no steps rather than 

having any slopes or curvature.
131

 See the work by Grossoehme et.al. for a more 

in depth discussion of these parameters, as well as the theory and practice of 

ITC.
131

 

 

Based on the high affinity interactions of metal-binding to our peptides, we 

looked to develop improved ITC methods to discern more accurate binding 

constants.  Following previous work by the Faller group on measuring the binding 

affinity between Cu(II) and  peptides DAHK and GHK, we expected our peptides 

to behave similarly and thus adapted their protocols.
133

 This paper confirmed that 
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it was difficult, if not impossible, to measure high binding affinity using ITC 

without the incorporation of a competitor ligand, in this case glycine. This group 

titrated a pre-complexed mixture of glycine and CuCl2 into the reaction well 

containing their DAHK or GHK peptides. Actual heat of dilutions were 

determined by finding the enthalpy for the metal-glycine interaction alone and 

subtracting from the metal-glycine and peptide interaction. We went through 

various iterations of the method, ranging from lower stirring speeds to larger 

titration volumes to doping the reactions with initial amounts of titrant (Figure S 

12). In the end, the best data was observed for 2.8 mM glycine with 0.7 mM 

CuCl2 titrated into 0.08 mM GGHL using 750 rpm stirring and 19 x 2 ɛL  

injections spaced 180 s apart (Figure 6, Table 2). Unfortunately, we could not 

derive a binding curve between glycine and CuCl2, and so were unable to fully 

calculate Ka values based on this data. In hindsight, increasing the concentration 

of glycine to much higher levels, such as 20 equivalents, may have facilitated this 

effort, allowing for the metal to less readily be displaced by the peptide ligand, 

decreasing the effective concentration of metal. Alternately, we could have 

implemented other competing ligands, such as EDTA or NTA. This was not 

attempted due to preliminary experiments, performed by Dr. Neupane (data not 

shown) indicating that our peptide cannot remove the metal ion from either of 

these ligands. However, even without a specific Ka, UV-Vis and ITC studies 

informed us that these interactions were very strong, with a Ka value likely 

between 10
8
 and 10

11
 M

-1
.  
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An alternative for future study of Cu(II) binding affinity would be the use of 

directly detectable fluorescent probes. The Wedd group has extensively studied 

this method, determining Ka values for Cu(II) interactions at micromolar to 

femtomolar concentrations using competition of small peptide probes conjugated 

with dansyl fluorophore.
134,135

  In one study, these researchers test the probes on 

the same GHK and DAHK peptides that were used by Faller in ITC 

experiments
133

 and found higher Ka values in the range of 10
10

 to 10
17 

M
-1
, 

depending on pH.
135

 This technique, performed at similarly low concentrations, 

would give more accurate assessments of the cyclic ATCUN peptideôs binding 

constant. Though these concentrations would be too dilute for ITC, fluorescence 

detection is far more sensitive, and therefore capable of this level of measurement. 

In addition, fluorescence detection avoids some errors in ITC measurements, such 

as dilution, precipitation, and time-dependent metal transfer contributions.
86,130,135

 

Therefore, future efforts in determining binding constants of ATCUN and other 

metal-binding peptide designs should consider exploring the use of these efficient 

fluorescent-peptide competing ligands.    

 

 



 

38 

 

(a) (b) (c)

 

Figure 6: ITC curves for Cu(II) -glycine competitive titrations against GGHL 

to evaluate Cu(II)-GGHL binding.  

Each curve (a, b, and c) represents a trial from a separate day of experiments. 

Each set of runs followed the parameters of 700 ɛM CuCl2 competed with 2.8 mM 

glycine titrated into 80 ɛM GGHL peptide, using 750 rpm stirring speed at 25  ɘC, 

with 19 x 2 ɛL   injections of titrant. Some curves were able to detect a point in 

the middle of the slope (a, Figure S 12) whereas others (b, c) did not show this 

midpoint. This agrees with the hypothesis that the GGHL and Cu(II) interaction is 

extremely strong, even in the presence of a competing ligand like glycine (the 

concentration of which should be substantially increased in future experiments) 

Regardless of whether a data point appears in the center of the slope, the value 

for the slope accurately indicates a 1:1 binding stoichiometry for the complex. 

 

 

Table 2: ITC data for Cu(II)Glycine titrat ion into GGHL peptide (without 

any baseline subtraction from the Cu(II)Glycine interaction.  

These fits describe the limits of binding. Even without accurate binding constants, 

the change in entropy can be calculated using the enthalpy change and internal 

energy change at constant pressure and constant volume. The ITC software does 

this by considering the Gibbs free energy under isobaric conditions, though 

without accurate binding constants will still be calculated roughly.
131

  

Property Trial 1 Trial 2 Trial 3 Average Standard 

Deviation 

N Sites 0.837 0.811 0.798 0.815 0.020 

K (M
-1

) 1.19 E+08 1.65 E+08
 

3.26 E+08
 

2.15E+08 1.29E+08 

ȹH (cal/mol) -8304 -8642 -8694 -8547 21 

ȹS 

(cal/mol/deg) 

9.10 8.61 10.6 9.44 1.04 
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ATCUN motifs have also been shown to bind other metal cations, including 

Co(II), Au(III), Pt(II), and Pd(II).
136ï138

   We incubated 1 and 4 with each of these 

metal ions and monitored complex formation by UV-Vis and ESI-MS (Figure S 8, 

Figure S 9, Figure S 10).  Both peptides bound Au(III), Pt(II), and Pd(II) below a 

pH of 3.0, with a slow complexation rate ranging from 2-3 hours for Pd(II) to 1-3 

days for Au(III) and Pt(II). It was later discovered that 1 can complex Pd(II) at 

different pH values, as indicated by changes in the absorbance spectra that follow 

from raising the pH (Figure S 11). These findings are consistent with literature 

reports on the complexation of these metal ions with linear ATCUN 

peptides.
137,139

 Linear peptide 4 also rapidly bound Co(II) in a 1:1 complex, as can 

various other ATCUN peptides previously reported.
108,136,140,141

 However, cyclic 

peptide 1 did not bind Co(II) at any pH up to 11.5.  In work by Alip´azaga et. al. 

studying cobalt-binding to ATCUN peptides, it was found that Co(II) is oxidized 

to Co(III) upon complex with GGH and this species is extremely oxygen-

senstive.
142

 Spectroscopic data exhibited a short-lived absorbance band at 360 nm 

that rapidly evolved into a band at 435 nm, 585 nm, and a shoulder at 290 nm. 

According to literature, this is indicative of a binuclear, bidentate Co(III)ï

complex with dioxygen that rapidly converts to a mono-dentate Co(III)-

complex.
142,143

 It is possible the lack of cobalt complexation with 1 is due to 

sterics of the macrocycle interfering with the preferred coordination geometry of 

the cobalt.  Due to the significant kinetic barriers causing slow on-rate for 

binding, and due to the highly basic reaction conditions required for 
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complexation, we did not consider further study of Au(III), Pt(II), Pd(II), or 

Co(II) complexes.  

 

UV-Vis spectra can be correlated to the approximate binding geometry of metal-

peptide complexes based on the strong absorbance bands that appear upon 

addition of metal to peptide solution. The UV-Vis absorbance bands observed for 

Cu(II) complexes of 1, 4, 5 and 6 at pH 7.5 (lmax = 525 nm, e = 94-100 M
-1

cm
-1

) 

and for Ni(II) complexes of 1, 4, 5 and 6 at pH 9.5 (lmax = 425 nm, e = 115-125 

M
-1

cm
-1

) (Figure 4, Table 3) result from d-d transitions consistent with the 

formation of tetraaza-M(II) complexes in a square planar geometry.
80

 Based on 

these observations, in addition to established crystal structures and spectra of 

ATCUN complexes,
124ï127

 we assumed a square planar geometry using the 

imidazole nitrogen, two amide backbone nitrogen, and the free amine offered by 

the lysine residue. As described below, our own EPR and NMR data are 

consistent with these assumptions.  

 

As an aside, the synthesis of cyclic peptide 1 had to be carefully adjusted to 

prevent aspartamide formation.
144

 We discovered after a few syntheses, when 

performing metal-binding titrations, that our cyclic peptide 1 was not the same 

peptide we had begun with. This was made clear by the blue color observed upon 

copper complexation, instead of the vibrant pink that we normally notice. This 

was also distinguishable by UV-Vis analysis, where the blue colored solution, 

which absorbed at 400 nm, was blue-shifted from the 525 nm absorbing pink 

solution. Therefore, the metal was no longer coordinating in the same manner, 
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and thus our peptide had to be taking on a different conformation or structure. 

After looking back at analytical HPLC traces, we realized this batch of peptide 

was eluting from the same HPLC column an entire minute later than usually 

expected. Upon further examination, we discovered we had made aspartamide-

containing linear sequences rather than the initial cyclic peptides, which both have 

a -18 mass from the linear sequence. This was promoted by the use of the 

microwave synthesizer rather than coupling at room temperature. Under 

microwave conditions, the apartyl residue is much more susceptible to formation 

of a 5-membered ring between the acid side chain and the peptide backbone 

amide as a result of interaction with the piperizine deprotection solution. Several 

groups had reported limiting aspartamide formation by using 5% piperizine, in 

place of 20% piperidine, in DMF, with an additive of 0.1M HOBt.
145

 This 

procedure successfully minimized racemization and nearly eliminated 

aspartamide formation in many of their peptides, as well as ours. We 

resynthesized our stock of 1 using these conditions and verified, via metal 

complexation and HPLC retention times, that we now had the appropriate cyclic 

peptide that turned pink with copper (absorbing at  525 nm) complexation rather 

than blue (absorbing at approximately 400 nm).  

 

Cyclic peptides 2 and 3 differed from 1 only by the stereochemistry of the 

macrocycle linker (Figure 3).  UV-Vis titrations of the diastereomer cyclic 

peptides 2 and 3 with Cu(II) and Ni(II) displayed stepwise transitions indicative 

of multiple independent deprotonation events (Figure 4). Some pH-dependent 
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Cu(II) binding was observed in these cases, but the UV-Vis and ESI-MS spectra 

of these complexes are not consistent with square planar, tetraaza-coordination 

complexes. We hypothesize that the donor ligands at this pH are the N-terminal 

amine, the imidazole and two oxygen atoms from carbonyl groups or water. This 

is based on the observation of an absorbance band that appears at approximately 

650 nm upon Cu(II) complexation, which is red-shifted from the 525 nm 

wavelength of Cu(II)-1.  The intensity of the Cu(II)-associated bands for 2 and 3 

(at  650 nm) decrease at pH greater than 10 and an absorption band centered at 

~500 nm starts to appear, maximizing at ~ pH 12 (Figure S 1).  Ni(II) binding to 2 

and 3 occurs over a broad, two-step transition between pH 8 and pH 12, with pKa 

values estimated at roughly 9 and 11, respectively (Figure S 2).  Al l together, the 

data on cyclic peptides 2 and 3 indicate that they are capable of forming ATCUN-

like metal complexes, but only at high pH. Thus, they possess an even greater 

thermodynamic barrier to complexation than cyclic peptide 1. This correlates with 

predictions from the design strategy, and highlights the critical role of the 

macrocycle linker in spatial organization of the cyclic ATCUN motif. 

 

EPR spectroscopy and copper coordination modes. 

 

The UV-Vis spectra of peptide 1 bound to Cu(II) and Ni(II) correlated well to 

ATCUN-like complexes, but are not definitive.  Thus, we sought another means 

of verifying the coordination environment of the bound metal. Electron 

paramagnetic resonance (EPR) spectroscopy was used to further characterize the 

coordination environment of the Cu(II) center within the Cu(II)-peptide 
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complexes.  X-band EPR spectra of Cu(II)-peptide complexes in frozen aqueous 

solution are shown in Figure 7.  All copper-peptide complexes display EPR 

features typical for a Cu(II) ion in an axial environment (gƐ > 2.1 > g  ̂> 2.00 and 

AƐ  º 158-201³ 10
-4

 cm
-1

). These features are characteristic of the Cu(II) d
9
 

electron localized in the dx
2
-y

2
 orbital, which indicates a square planar Cu(II) 

geometry.
146

 A reverse axial spectrum  (g
 ̂
> g

ʞ º 2.00 and A  ̂º (60-100) ³ 10
-4
 

cm
-1

) is observed when the Cu(II) d
9
 electron is localized in dz

2
 when the 

coordination environment for Cu(II) is trigonal bipyramidal.
146,147

 Prior work 

suggests that the empirical ratio of g
ʞ
/A
ʞ
 allows estimation of coordination 

geometry, with the range of 105-120 cm for square planar, 130-150 cm for slight 

to moderate distortion from square planar and 180-250 for considerable 

distortion.
147

  For cyclic peptide 1 and linear analogs 4-6, this ratio is roughly 

108-109 cm, well within the square planar range.  All these EPR-derived data 

support a model in which cyclic peptide 1 and linear peptides 4-6 each bind Cu(II) 

in a square-planar, tetraaza-coordination sphere at pH 7.5 (Table 3).
148

  On the 

other hand, complexes of Cu(II) with cyclic peptides 2 and 3 produced relatively 

high g
ʞ and low A

ʞ values at pH 7.5, suggesting a tetrahedral geometry. However, 

if this were the case we would expect to see a higher UV-Vis extinction 

coefficient than that of a square planar tetraaza-complex, when in fact we see 

lower coefficient values. Instead, these complexes are likely using a ligand set of 

two nitrogens and two oxygens for Cu(II) coordination as earlier hypothesized 

from UV-Vis data. EPR spectroscopy of Cu(II)-2 and Cu(II)-3 at pH 11.5 
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produced gƐ and AƐ values close to the values obtained for Cu(II)-1 at pH=7.5, 

indicating the presence of a similar square planar, tetraaza-complex at elevated 

pH as presumed from UV-Vis data (Figure S 1, Figure S 2). This supports the 

conclusion that cyclic peptides 2 and 3 are capable of forming ATCUN-like metal 

complexes, but cannot do so below pH 11.5, where they exhibit a N2O2 

coordination set.  

 

 

Figure 7: X-band EPR spectra of aqueous Cu(II)-peptides complexes.  

 All spectra were recorded with 1 mM Cu(II)-peptide complex at 123 K in 100 

mM Tris-HCl buffer (pH 7.5) and 10 % glycerol.  The dotted lines highlight the 

hyperfine splitting due to the coupling of Cu(II) nucleus (I = 3/2) and Cu(II) 

unpaired electron (s = 1/2).  Arrows indicate the gƐ associated with the Cu-

peptide complexes.  
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Table 3: Spectroscopic compilation for peptides 1-6 

 UV-Vis absorptions for Cu(II)-peptide complexes were obtained in 50 mM N-

ethylmorpholine buffer at pH 7.5.  UV-Vis absorptions for Ni(II)-peptide 

complexes were obtained in 50 mM N-ethylmorpholine buffer at pH 9.5.  EPR 

was performed in 100 mM Tris-buffer with 10% glycerol at pH 7.5, or at pH 11.5 

where indicated (
*
). Cyclic voltammetry was performed using 1.0 mM peptide-

petal complex in 100 mM KCl, at pH 7.5 for Cu-peptide complexes and at pH 9.5 

for Ni-peptide complexes.  

 

NMR structural model supports spectroscopic data 

 

Using spectroscopy, we established that the cyclic ATCUN peptides complexed 

Cu(II) and Ni(II) in square planar geometries.  However, we needed higher-

resolution data in order to more directly verify the specific functional groups that 

coordinate the metal.  NMR data would not only provide this data, but also 

provide enough structural information to produce an overall structural model of 

the complex. This work was done by Masters student Matthew Eshelman by 

solving the NMR structural model of the peptide alone, and also of the peptide in 

complex with Ni(II) at pH 9.5 (Figure 8).
149

 Histidine proton shifts, found by 

NMR to be shielded upfield, were consistent with metal coordination to the amide 

and NŮ nitrogens.  Deshielding of the lysine protons signified close proximity to 

metal binding and correlated to a constrained structure. No shifts were observed 
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in association with the leucine residue assignments upon metal binding, therein 

confirming that leucine does not participate in the complexation of metal ions. 

Using this information and NOE derived distance constraints, Eshelman 

calculated a model of the apo-peptide. The metal bound structure exhibited fewer 

NOEs, and so for this model we incorporated spectroscopic data that suggested a 

square planar geometry as well as distance, dihedral, and torsional angle 

constraints from ATCUN crystal structures. These structural models, as shown in 

Figure 8, further support the four-coordinate nitrogen square planar geometry 

proposed from spectroscopic experiements.
149

  

 

(b)

(a)

 
 

Figure 8: NMR solution structural model of cyclic peptide 1.  

The apo peptide 1 (a) was found to have a significantly ordered structure due to 

the induced macrocyclic constraint. The image here is an ensemble of 30 lowest-

energy structures of unliganded 1, derived from simulated annealing using NOE-

derived distance constraints. (b) Ensemble of 30 lowest-energy structures of 

Ni(II) -bound 1, derived from simulated annealing using constraints derived from 

spectroscopic data and known ATCUN ligand crystal structures.
149
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Materials and Methods  

 

UV-Vis absorption measurements.  

All UV-Vis absorption measurements were carried out using a Cary 100 

spectrophotometer using a 1-cm quartz cuvette in 50 mM N-ethylmorpholine 

(NEM) buffer at pH 7.5 unless otherwise specified. The peptides were dissolved 

in ultrapure water and peptide concentrations were determined by amino acid 

analysis (Keck Foundation Biotechnology Resource Laboratory, Yale University 

and The Dana Farber Cancer Institute, Cambridge MA).  

 

pH dependence of metal binding. 

1.0 mM peptide was prepared in ultrapure water and baseline was taken to 

subtract out the absorbance of the peptide. 1.0 equivalent of metal ion (CuCl2 or 

NiCl2) was added to the solution and the pH of the resulting solution was lowered 

to 2.5, at which no metal binding was observed. Small aliquots (~0.5 mL) of dilute 

KOH were added to the solution, pH was measured using a microelectrode (3 

mm, Mettler Toledo), and absorption spectra were recorded. d-d transition bands 

centered at ~ 525 and ~ 425 nm were observed for Cu(II)-peptide and Ni(II)-

peptide complexes, respectively. KOH was added until a saturation point was 

observed. For plotting pH dependence curves, the absorption was normalized to 

unity as percent formation of metallopeptide complex and plotted against pH.  

The pKa values were estimated at the mid-point of curve inflection.  
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Titrations to determine peptide-metal binding stoichiometry.  

The pH for stoichiometric metal-binding studies was determined by measuring the 

pH dependence of metal binding as judged by UV-Vis absorbance. For both 

cyclic peptide 1 and linear peptide 4, titrations to determine Cu(II) binding 

stoichiometry were carried out at pH 7.5.  Titrations to determine Ni(II) binding 

stoichiometry for cyclic peptide 1 and linear peptide 4 were carried out at pH 9.5 

and 7.5, respectively.  1.0 mM peptide solution was prepared in 50 mM NEM 

buffer and baseline was taken to subtract the absorbance of the peptide.  0.1 

equivalent of metal ion (Cu(II) or Ni(II)) from a freshly prepared 200 mM stock 

solution was added and the solution was stirred with a magnetic stir bar.  UV-Vis 

spectra were recorded in the range of 200 nm to 900 nm. The solution was 

equilibrated until there was no change in absorption. This process was repeated 

until at least 2.0 equivalents of metal ion was added. The absorption versus 

metal:peptide ratio was plotted to determine binding stoichiometries.  

 

Peptide binding with other metal ions. 

Cyclic peptide 1 and linear peptide 4 were incubated with Au(III), Pt(II) or Pd(II) 

in ultrapure water and the pH was adjusted with dilute HCl to between 2 and 3. 

Due to the lack of characteristic bands at higher wavelengths for these metal ions, 

a decrease in UV-Vis band of characteristic aqua-metal complexes during the 

addition of peptide was monitored. Slow changes were observed over the course 
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of hours to days.  Following these experiments, the samples were analyzed by 

ESI-MS spectrometry.  

 

Isothermal calorimetry experiments  

All ITC experiments were performed at atmospheric pressure and 25 ɘC using a 

General Electric microcal iTC200. These ITC methods were developed following 

previous work by the Faller group on measuring the binding affinity between 

Cu(II) and peptides DAHK and GHK .
133

 Our ITC conditions varied from the 

referenced paper, which was used as a guideline and starting point for developing 

our methods for our peptide systems. We went through variations of the papers 

conditions until settling on those described here. Reference power was set to 25 

ɛcal/s with a constant 750-rpm stirring speed.   Pre-titration baseline was set with 

a 100-s pre-titration delay, followed by 19 injections of 2 ɛL  titrant performed 

with a spacing of 180 s.  Experiments took advantage of a competing ligand, 2.8 

mM glycine, with 0.7 mM  CuCl2 , in N-ethylmorpholine (NEM, 50 mM) buffer, 

pH 7.4. Peptides were dialyzed in the same NEM buffer used for copper and 

glycine solutions. Concentrations of peptides were confirmed to be 5 mM post-

dialysis by using a portion of the 5 mM solution to perform a metal-binding 

titration with CuCl2 on UV-Vis and calculating the previously established 1:1 

binding stoichiometry (due to the lack of absorbing species that would allow for 

direct UV-Vis quantification of concentration). Final concentration of peptide 

used in the experiment was adjusted based on stoichiometric titrations to give 

0.8mM GGHL (4) in the reaction well. Data were analyzed using the ITC 
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software, Origin, using a least-squares regression for a model with one-binding 

site to give the association constant, stoichiometry, and enthalpy change of the 

metal-peptide binding. 

 

EPR spectroscopy.  

Fresh Cu(II) -peptide complexes (0.9:1 mM ratio of Cu(II) to peptide in 100 mM 

Tris-HCl buffer with 10% glycerol) were prepared in capillary tubes and inserted 

into a quartz EPR tube, then slowly frozen in liquid nitrogen. X-band electron 

paramagnetic resonance (EPR) data were recorded using a Bruker EMX 

instrument at a microwave frequency of 9.32 GHz. All spectra were recorded at 

150̄  C (123 K) using microwave power of 0.64 mW, and modulation frequency 

of 100 KHz. Other instrumental parameters include a sweep width of 1500 G 

(2250 G to 3750 G) for a total of 1024 data points, time constant 655.36 ms, 

conversion time 163.84 ms, sweep time 167.77 s, receiver gain 1 ³ 10
4
 to 2³10

4
. 

All spectra were average of 5 scans. To convert the AƐvalues (Gauss) into cm
-1
 

the following relation was used: 

 

 

 

where A = splitting value in MHz, g = g-value associated with splitting, a = 

splitting value in Guass. Then AƐ values in MHz are converted into cm
-1
 using 1 

cm
-1
 = 3 ³ 10

4
 MHz. These experiments were primarily performed by Dr. Kosh 

Neupane.    
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NMR structural modeling 

All NMR structural experiments for ATCUN peptides were conducted solely by 

Masters student Matthew Eshelman. Please refer to his work published in 

Tetrahedron entitled ñSolution structure of a designed cyclic peptide ligand for 

nickel and copper ionsò for more specific details and discussion of these 

experiments.
149

 

 

1.4 Expanding the cyclic ATCUN library via histidine substitution  

 

As we have seen, nitrogen of the imidazole and the amine are the major 

contributors to the high thermodynamic stability of ATCUN-metal complexes. 
26

  

Variations at the first and second positions of the ATCUN motif can vary effects 

on DNA cleavage and other intermolecular processes, but have more modest 

effects on affinity, stoichiometry, and redox characteristics of the peptide-metal 

complex. Adding additional His residues at the first
150

  or second position
151

 

reduces the binding affinity and alters the coordination geometry of metal 

complexes, demonstrating the overriding role of the imidazole in dictating metal 

complexation in short peptides. 

Despite the contribution of the imidazole, the ATCUN histidine has been 

substituted with other amino acids in order to design altered metal-peptide 

complexes.  Many studies have demonstrated various complexes between 
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tripeptides and metal ions that are mediated through the N-terminal amine, amide 

nitrogens, backbone carbonyl oxygens, a carboxy terminal group, and various 

non-imidazole side chains.  For instance, Cu(II) and Ni(II) binding studies 

revealed that Arg-Lys-Asp binds Cu(II) and Ni(II), but only in more alkaline pH 

than that of Gly-Gly-His.
152,153

 Similar results were observed in the case of Gly-

Gly-Cys and Ala-Ala-Cys.
154,155

 Spectroscopic and potentiometric studies using 

Gly-Gly-Met
156

 suggested that the thioether of Met is not the primary binding site 

for 3d transition metal ions 
61

 due to the rapid oxygenation of sulfur. Ultimately, 

most of these tripeptide metal ligands do not form 1:1, square planar complexes 

with divalent metal ions indicative of the ATCUN motif.
80

 Instead, the intrinsic 

flexibility of the peptide backbone and the lack of the strongly chelating 

imidazole group allows other binding modes to compete with the square planar, 

1:1 complex characteristic of high-affinity ATCUN motifs.  

Considering the limitations of these previous linear tripeptides as metal ligands, 

we hypothesized that the cyclic scaffold could enforce the square planar, 1:1 

complex even in the absence of the imidazole group.  This would allow direct 

substitution of other metal-binding side chains in order to produce 

metallopeptides with more varied metal-binding selectivities and redox properties.  

We began expanding this class of macrocyclic metal ligands by synthesizing and 

characterizing analogs that substitute the D-His (the D-stereoisomer of histidine) 

of 1 with D-Cysteine (D-Cys), D-Homocysteine (D-
h
Cys), D-Methionine (D-

Met), D-Aspartate (D-Asp) and D-Pyridylalanine (D-Pal) (Scheme 3).  We 

synthesized linear and cyclic versions of each peptide in order to compare the 
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roles of His within linear and cyclic metallopeptides, to explore how other ligand 

sets bind Cu(II) and Ni(II), and to produce a diverse set of metal-peptide 

complexes for use in ongoing catalysis investigations.   

 

 
 

Scheme 3: Structure of histidine substituted linear and cyclic peptide 

Linear peptides used in this study include GGHL, GGDL, GGXL, GGCL, GG
h
CL, 

and GGML, where X represents 2-pyridylalanine and 
h
C represents 

homocysteine.  Cyclic peptides used in this study include peptide 1 containing D-

His, 1D with D-Asp, 1X with D-Pal, 1C with D-Cys, 1
h
C with D-

h
Cys, and 1M 

with D-Met.  Cyclic peptides used D-amino acids whereas linear analogs used L-

amino acids at the same position.  In our prior work, we showed that the glycinesô 

lack of chirality makes L- and D-amino acids interchangeable within these short, 

linear tetrapeptide.
157

  Structures shown as the predominant species at pH 7.0. 

 

UV-Vis characterization of Cu(II) with linear p eptides  

In preparation for characterizing the cyclic, non-histidine-containing ATCUN 

peptides, we first synthesized and characterized linear peptides with substitutions 

at the histidine position. Metal-binding of substituted peptides was evaluated by 
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UV-Vis spectroscopy as pH was gradually raised from 2.5 to a more basic value 

in the range of 10-14.  Figure 9 and Figure 11 show UV-Vis spectra and pH 

dependences of Cu(II) and Ni(II) binding, respectively, for linear peptides Gly-

Gly-His-Leu (GGHL), Gly-Gly-Asp-Leu (GGDL), Gly-Gly-Pal-Leu (GGXL),  

Gly-Gly-Cys-Leu (GGCL), Gly-Gly-
h
Cys-Leu (GG

h
CL), and Gly-Gly-Met-Leu 

(GGML). Substituted complexes presented more complicated behavior than the 

original linear and cyclic histidine containing peptides, as will be discussed (vide 

infra). As pH was raised, a clean transition between the aqua complex (lmax near 

800 nm, observed at low pH) and a discrete complex with lmax near 530 to 545 

nm was observed for GGHL, GGXL, and GGDL (Figure S 13).  The d-d 

transition band at 530-545 nm is consistent with the formation of a square-planar 

N4 or N3O donor atom set, and the wavelengths, intensities, and cooperative 

transitions are all identical to classical ATCUN motifs.  This led us to conclude 

that GGDL and GGXL form ATCUN-like complexes with Cu(II). 

For the sulfur-containing linear peptides GGCL, GG
h
CL, and GGML, more 

complicated behavior was observed above pH 5.0 consistent with the formation of 

multiple metal-peptide complexes.  Since d-d transition bands cannot reliably 

distinguish among N, O or S coordination to Cu(II), we also examined the charge 

transfer bands at lower wavelengths for sulfur-containing peptides.  N­Cu(II) 

and O­Cu(II) charge transfer produces a characteristic band at 260-270 nm, 

while S­Cu(II) charge transfers produce a characteristic band at 290-330 

nm.
154,155

  For GGCL, Cu(II) binding with the cysteine thiolate starts at a pH near 

4.6 as indicated by a shoulder near 350 nm (the S­Cu(II) transfer band). At pH 
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4.6 to 5.2, a d-d transition band at 570 nm (amine, thiolate, and two H2O ligands) 

appears and it gradually shifted to 540 nm (amine, thiolate, amide and H2O 

ligands) when pH is increased up to ~ 5.5. At pH 6.5, the band centered at 517 nm 

is observed due to the ligand set of amine, two amides and a thiolate. The d-d 

transition band centered at 517 nm appears at all pHs above 6.5. The band due to 

the S­Cu(II) charge transfer band at 350 nm is more pronounced at higher pH 

and shifted from 350 nm to 320 nm (2400 M
-1

cm
-1
)  (Figure S 14).  

Cu(II) binding to GG
h
CL also starts at pH > 4.5, but the S­Cu(II) charge transfer 

band near 325 nm only starts appearing at pH near 7.0 (Figure S 15). This shows 

that homocysteine is less able to coordinate Cu(II) in the context of the ATCUN-

like architecture compared to cysteine.  A band centered at 625 nm was observed 

at pH near 6.0, and this band persisted as the more characteristic 515 nm band 

appeared near pH 7.4.  The 625 nm band gradually diminished through pH 10.0.  

At this high pH, both the 515 nm band and the 325 nm band intensified, 

indicating the dominance of a discrete N3S-coordinated Cu(II) complex (likely the 

ATCUN-like, square-planar complex). For Cu(II) complexation with GGML, the 

d-d transition bands and S­Cu(II) charge transfer bands are somewhat similar to 

those observed for GG
h
CL (Figure S 16). One important difference is that the 

band at 625 nm is prominent only up to a pH of 6.0, and by 7.6 the visual range 

spectrum is dominated by a band at 545 nm.  In agreement with this lower pH 

transition for GGML, the S­Cu(II) charge transfer band at 295 is more 

prominent at pH 6.0 for GGML compared to GG
h
CL. In all three thiol- and 

thioether- containing linear peptides Cu(II) binds differently than GGHL with a 
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variety of intermediate complexes below neutral pH and oxidation products at 

basic pH.   

All three sulfur-containing linear peptides showed an absorption band at roughly 

625-650 nm, either as a very minor contributor (GGCL) or a significant 

contributor to the UV-Vis spectrum at mid-range pH values (GG
h
CL and GGML).  

Based on prior results and on additional EPR data (vide infra), the 625-650 nm 

band may be Cu(II) coordinated to the N-terminal amine, sulfur from thiol or 

thioether and one amide nitrogen, with oxygen from carbonyl group or water at 

the other coordination sites.
97

  The 545 nm band for GGML is most likely the 

ATCUN-like Cu(II) complex with the N-terminal amine, two amide nitrogens and 

the thioether as the ligand set, an  interpretation supported by the observed charge 

transition band, our own EPR data (vide infra), and by literature findings for other 

short, methionine-containing peptides.
156
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Figure 9: UV-Vis spectroscopy of Cu(II) binding to linear peptides 

 (A) Percentage formation of Cu(II)-peptide complexes versus pH. (B) UV-Vis 

spectra of Cu(II) complexes of linear peptides GGHL, GGDL and GGXL at pH 

6.5.  Inset shows a magnification of the dïd transition bands near 550 nm. (C) 

UV-Vis spectra at selected pHs for GGCL. (D) UV-Vis spectra at selected pHs for 

GG
h
CL. (E) UV-Vis spectra at selected pHs for GGML. For (C-E), the insets 

show a magnification of the dïd transition bands between 550 and 800 nm.  (F) 

pH dependences of the wavelength of maximal intensity (lmax) for sulfur-

containing peptides, demonstrating the presence of multiple metal-peptide 

complexes at intermediate pHs.  More information can be seen in Figure S 13, 

Figure S 14, Figure S 15, Figure S 16.  
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UV-Vis spectroscopy of complexes between Cu(II) and cyclic peptides 

 

Having established that GGDL, GGXL and GGHL all form ATCUN-like 

complexes, whereas the sulfur-containing linear peptides did not, we synthesized 

and characterized cyclic versions of each of these substituted ATCUN peptides. 

We previously reported that cyclic peptide 1 binds Cu(II) using the amine, 

imidazole, and two amide nitrogen in a square planar geometry at neutral pH.
157

 

Cyclic analogs of 1 that replace the imidazole with a carboxylic acid (1D), 

pyridylalanine group (1X), thiol (1C and 1
h
C) or methyl thioether group (1M) 

were each prepared with Cu(II) complexes characterized by UV-Vis 

spectroscopy.  All these cyclic peptides show d-d transition bands (and, for sulfur-

containing peptides, S­Cu(II) charge transfer bands) that indicate Cu(II) 

complexation between pH 4.0 and pH 11.5.  However, for all cyclic peptides 

except 1, several shifts among d-d transition bands between 800 nm (Cu(II)-aqua 

complex) and 500 nm are observed, indicating multiple competing complexes at 

mid-range pH values (Figure 10, Figure S 18, Figure S 19, Figure S 20, Figure S 

21, Figure S 23).  

First, we examined the effects of cyclization within ATCUN peptides without 

sulfur.  While GGDL and GGXL showed similar Cu(II) binding characteristics as 

GGHL, the cyclic analogs containing Asp and Pal (1D and 1X) differ greatly from 

the His-containing peptide 1.  1D and 1X have an initial pH transition from the 

aqua complex (d-d transition band at 800 nm) to another complex with a lmax near 

550 nm (570 nm for 1D and 555 nm  for 1X), Figure S 17, Figure S 18, Figure S 
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19).  This band matches the typical ATCUN-Cu(II) square planar complex, and 

EPR data (vide infra) supports the conclusion that this represents a square-planar 

complex with the Cu(II) coordinated by the N-terminal amine, two amide 

nitrogen, and the carboxylate (for 1D) or pyridyl group (for 1X).  For both cyclic 

peptides, this ATCUN-like complex is the predominant species at pH 8.6 to 8.8, 

but at higher pH values a blue-shift is observed to a band near 500 nm. This is not 

observed for peptide 1.   

Cyclic peptides with sulfur-containing coordination groups have similarly 

complicated Cu(II)-binding behavior, but for 1C, 1
h
C, and 1M the additional 

information from S­Cu(II) charge transfer bands allows further insight.  

Specifically, the thiol and thioether groups are not involved in Cu(II) coordination 

until pH approaches 6.0, implying that the Cu(II) complexes with d-d transition 

bands at 650-700 nm observed near pH 6.0 involve coordination to N-terminal 

amines and the side-chain sulfurs.  The transition from that complex to one with a 

d-d transition band near 550 nm is consistent with deprotonation of two amide 

nitrogen and formation of an ATCUN-like, square planar complex; EPR data 

supports this conclusion (vide infra).  At pH above 8.0, a blue-shift to a band near 

500 nm is observed for Cu(II) complexed to 1C, 1
h
C, and 1M (Figure 10, Figure 

S 20, Figure S 22, Figure S 21).  Sulfur oxidation is a possible explanation for this 

shift, but Cu(II)-1X and Cu(II)-1D show similar high-pH shifts, and these shifts 

are not observed for Cu(II)-1 or for any Cu(II) complexes of linear peptides that 

contain His at the third position.  This implies a structural or electronic 
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explanation for the alteration of these various ATCUN-like complexes at alkaline 

pH and excludes shifts resulting from sulfur oxidation.  

At higher pH, it may be possible for coordination to exchange between the non-

imidazole side chain and an amide from the macrocycle linker or the Leu outside 

of the macrocyclic ring.  A similar switch between Cu(II) coordination by side 

chains and backbone amides was observed at alkaline pH in a cyclic peptide with 

multiple imidazoles, cyclo-(Gly-His-Gly-His-Gly-His-Gly).
13

 More specifically, 

this switch was between a three histidyl binding geometry at neutral pH and a four 

deprotonated amide backbone binding geometry at higher pH. In a different 

example of the same phenomenon, a blue shift was observed in studies of the non-

ATCUN Cu(II)-GGGH complex at high pH due to a third amide nitrogen to 

Cu(II).
158

 However, there is no significant difference in Cu(II)-GGH and Cu(II)-

GGHG complexes at physiological and high pH, suggesting the coordination of 

imidazole at the third position strongly resists coordination by a third amide or 

any incoming ligands.
13,62,80,158ï160

 Taken together, these data suggest alternative 

ligand sets become available at higher pH, but that strong coordination by the 

amino terminus and the side chain at the third position can thermodynamically 

favor ATCUN complexes even at high pH.  The blue-shift is missing for 1, 

minimal for 1X, moderate for 1D, and pronounced for the sulfur-containing 

peptides. This suggests that both D-Pal and D-Asp behave as stronger anchoring 

groups within cyclic ATCUN peptides, but not as strong as D-His (1). 
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Figure 10: UV-Vis spectroscopy of Cu(II) binding to cyclic peptides. 

Plots show full spectra at selected pHs for 1 (A), 1D (B), 1X (C), 1C (D), 1
h
C (E), 

and 1M (F).  Insets show the pH dependences of the wavelength of maximal 

intensity (lmax) for Cu(II) complexes with each peptide, demonstrating the 

presence of multiple metal-peptide complexes at intermediate pHs. For additional 

spectra at a wide range of pH values, see Figure S 17, Figure S 18, Figure S 19, 

Figure S 20, Figure S 21, Figure S 22, Figure S 23, Figure S 24 in the supporting 

information.  
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EPR Spectroscopy of Cu(II)-peptide complexes 

 

EPR spectroscopy is a useful technique for studying Cu(II)-peptide complexes 

and deriving their likely donor sets and coordination geometries.  EPR spectra of 

Cu(II)-complexes of linear and cyclic peptides at different pH values are shown in 

Figure S 27 with measured EPR parameters summarized in Table 3 and Table 4.  

The EPR parameters obtained for all complexes follow the trend g
ʞ 
> g  ̂> ge 

suggesting that all Cu(II)-peptide complexes have a  ground state.  This is a 

characteristic feature of a square planar (D4h), square pyramidal (C4v), or axially 

elongated tetragonal octahedral geometry with D4h symmetry.
146,161,162

 This 

indicates that the d-d transitions observed for these complexes are due to the 

Cu(II)  ­  transition. The magnitude of g
ʞ 

in four-coordinate Cu(II) 

complexes is dependent on the nature of the ligand atoms and the coordination 

geometry.
147

  A detailed study by Peisach and Blumberg using a variety of ligand 

sets suggests that g
ʞ 

decreases in the series O4 > N2O2 > N3O > N4 > N2S2 > S4 .
163

 

This reflects that the higher the covalency in the Cu(II)-ligand bond, the more the 

electron from  delocalizes towards the ligand and thus the less it will 

interact with the  Cu(II) nucleus.  Also, for a given set of ligands, the g
ʞ 

will 

increase with the degree of distortion from square planar towards tetragonal or 

tetrahedral geometry. According to these trends, we would expect the g
ʞ 

value for 

the Asp-containing ligands to be highest, followed by His- and Pal-containing 

ligands, followed by Cys-, hCys- and Met-containing ligands.  The g
ʞ
 values 
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obtained for the Cu(II) complex of GGDL (g
ʞ
 = 2.20), GGXL (g

ʞ
 = 2.19) and 

GGHL (g
ʞ
  = 2.18) at pH 7.0 followed the Peisach and Blumberg trend (Figure S 

27,Table 4). In agreement with the electronic absorption spectra, the low-

temperature (123K) X-band EPR spectra of Cu(II)-peptide complexes of GGDL, 

GGXL, 1D, and 1X are all highly similar to their imidazole-containing analogs 

GGHL and 1. As expected, g
ʞ 

for
 
Cu(II)-1D (g

ʞ
  = 2.21) at pH 8.5 is slightly 

higher than Cu(II)-1 (g
ʞ
  = 2.18) and Cu(II)-1X (g

ʞ
  = 2.19).  The EPR data 

suggests that cyclization of His- and Pal- containing peptides (1 and 1X) retain 

the planar structure of their linear Cu(II)-peptide analogs. However, a slight 

distortion is observed in Cu(II)-1D (g
ʞ
 = 2.21) compared to the Cu(II)-GGDL   

(g
ʞ 

= 2.20).   Therefore the cyclic constraint slightly distorts the square planar 

complex for non-imidazole ligands, while still promoting ATCUN like structures 

of Cu(II) -peptide complexes.  

As noted above, the electronic absorption spectra indicated a shift to a different 

species at elevated pH for Cu(II) complexes with 1D and 1X but not with 1 or 

with linear analogs GGDL or GGXL.  To investigate the nature of this species, we 

obtained EPR spectra for these Cu(II) complexes at pH 11.0.  EPR spectra of 

Cu(II)-1X showed broadened peaks that were difficult to interpret, but EPR 

spectra of Cu(II)-1D showed two distinct signals in the g
ʞ
 region.  One signal had 

a g
ʞ
 = 2.21, and is the same as the ATCUN-like complex observed at lower pH.  

The second signal has a lower g
ʞ
 of 2.18, and could indicate a square planar, N4 
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donor set.  We did not observe any hydrolysis or oxidation of these non-thiol-

containing peptides at any pH (as monitored by HPLC), ruling out the 

involvement of peptide fragments or oxygen in the coordination sphere and 

further supporting an N4 environment. The fourth nitrogen could arise from 

deprotonation of the leucine amide, lysine linker amide, or possibly from an 

intermolecular interaction. Further examination by NMR or crystallography is 

required to verify the actual ligand set.  

Next, we examined EPR spectra of thiol-containing Cu(II)-peptide complexes, 

which showed multiple species during pH titrations.  Again, we would expect 

lower g
ʞ 

values for thiol and thioether containing linear and cyclic peptides than 

His, Asp and Pal containing peptides. However, the higher g
ʞ
 values at pH 7.0 to 

7.5 indicate either the complexes undergo some distortion from planarity, or that 

the thiol may be oxidized and the coordination site occupied by an oxygen from 

the oxidized thiol or from water. Low temperature (123K) X-band EPR spectra of 

Cu(II)-peptide complexes of GGCL, 1C, GG
h
CL, 1

h
C, GGML, and 1M are 

overlayed in Figure S 27, with those of Cu(II)-GGHL and Cu(II)-1 shown for 

comparison.   The EPR spectra of Cu(II) bound to each of these sulfur-containing 

linear and cyclic peptides are all similar except for Cu(II)-GGML, suggesting 

similar coordination environments.  From the electronic absorption spectra, it was 

evident that thiols in GGCL and GG
h
CL start to coordinate Cu(II) at pH 4.6, and 

are fully engaged in Cu(II) binding at pH 9.0.  For these complexes, the g
ʞ 

region 

of the EPR spectrum clearly shows a single species at pH 7.0 with g
ʞ 

= 2.22 and 
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A
ʞ 

between 179 and 182 ³ 10
-4

 cm
-1

.  The ratio of g
ʞ
/A
ʞ
, f, is a parameter that is 

empirically correlated with the coordination environment of Cu(II) complex, with 

the range of 105-120 cm for square planar, 130-150 cm for slight-to-moderate 

distortion from square planar, and 180-250 cm for a large distortion.
147

 The f 

values obtained for Cu(II)-GGCL and Cu(II)-GG
h
CL are 122-124 cm, which 

indicate that the geometry for these complexes is nearly square planar.  

 

When pH was raised to 8.5 or higher, an additional Cu(II) complex was also 

observed.  Cu(II) and Ni(II) typically catalyze sulfur oxidation in short peptides 

containing thiol or thioether groups.
164,165

 The two broad EPR signals observed at 

higher pH values suggest that these oxidation products still form complexes with 

Cu(II), which would be expected for sulfoxo species or for disulfide-bridged 

dimers.
165

 Analytical HPLC and ESI-Mass spec analysis of Cu(II)-GGCL and 

Cu(II)-GG
h
CL at pH 9.0 clearly showed species with oxygenated sulfurs (~ 40% 

sulfoxide and sulfone) and ~ 40% covalent dimers. Altogether, the spectroscopic 

and mass spectrometric data show that the thiol-containing linear and cyclic 

peptides form ATCUN-like complexes, but that Cu(II) can irreversibly oxidize 

the thiol, especially at pH values above 8.5.  These findings validate the ability to 

switch out the imidazole for other metal-binding groups within the cyclic scaffold, 

but will complicate future oxidative catalysis applications with thiol-containing 

cyclic peptides due to the ease at which thiols are oxidized under these 

conditions.
166,167
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Next, we examined the EPR spectra for Cu(II)-GGML to better understand the 

several species observed in the electronic absorption spectra.  At pH 6.0, there are 

at least two species of Cu(II)-GGML complex (Figure S 27, Figure S 16).  One 

species has EPR parameters that correlate well to values for Cu(II)-N2O2 

complexes  or a highly distorted Cu(II)-NSO2 complex (gƐ = 2.32, AƐ =146 ³ 10
-4
 

cm
-1 

and f = 159), and the other species has parameters more consistent with a 

Cu(II)-N3S coordination sphere (gƐ = 2.22, AƐ = 197 ³ 10
-4
 cm

-1
, f = 112).  These 

interconverting species have been observed for complexes of Cu(II) and 

methionine-containing peptides before.
168

 Notably, the species with higher gƐ and 

f values (gƐ = 2.32, f = 159) indicates substantial distortion away from a square 

planar complex.  This is not observed for any species with N3S coordination sets 

for all other sulfur-containing Cu(II)-peptide complexes tested, which is further 

evidence that all the other N3S complexes are assuming an ATCUN-like, square 

planar geometry.  When pH raised to 8.0, a species with gƐ= 2.17, AƐ = 201³ 10
-4
 

cm
-1 

dominates, which can be attributed to an ATCUN-like coordination of the 

amine, two amides, and the thioether in a square planar geometry (f = 108). 

Interestingly, the EPR spectra show that the Cu(II)-binding environment for 1M 

(at pH 7.5) is similar to the Cu(II)-binding environment of Cys- and 
h
Cys-

containing linear and cyclic peptides, but not that of GGML (Figure S 20, Figure 

S 21, Figure S 22).   This demonstrates that the macrocyclic constraint pre-

organizes the N3S ligand atoms within 1M into a square-planar geometry similar 

to those formed by thiol-containing peptides, a geometry which is not necessarily 

preferred by the linear analog.   
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We next compared EPR parameters for Cu(II) complexed to linear and cyclic 

thiol-containing peptides near neutral pH, where only one dominant species was 

observed for these complexes.  The gƐ = 2.21, AƐ = 186 ³ 10
-4

 cm
-1 

and f = 119 

cm values observed for Cu(II)-1C and Cu(II)-1
h
C at neutral pH are slightly 

different from the corresponding linear peptide complexes, suggesting the cyclic 

peptides enforce a more planar geometry for the N3S ligand set.  At pH 12.0, at 

least three different coordination environments are observed for Cu(II) complexed 

to 1C and 1
h
C (Figure S 21,Figure S 20). In addition to the peaks observed at 

lower pH, peaks with two additional gƐ values are observed at pH 12.0, one set 

with lower gƐ and another with higher gƐ. The corresponding value of f = 119 cm 

suggests that cyclization enforces a planar geometry for cysteine- and 

homocysteine containing, ATCUN-like peptides.   
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Table 4: EPR data of Cu(II) linear and cyclic His-substituted peptides 

Various ATCUN peptides, tested at different pH values to probe for changes in 

metal binding, were studied using Cu(II)-EPR. Shown here are the values and 

ratios obtained from EPR that imply whether complexes are square planar or 

distorted, and whether they represent typical Cu(II) spectra for those geometries.  
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UV-Vis spectroscopy of Ni(II) linear peptides  

 

In a sharp contrast to Cu(II) binding, Ni(II) binding by the linear peptides GGCL, 

GG
h
CL and GGML showed no evidence of multiple species at any pH.  Binding 

behavior for all the linear peptides was cooperative, transitioning from a Ni(II)-

aqua complex to a single species with d-d transition bands between 420 and 442 

nm. As shown in Figure 11 the pH profiles showed that Ni(II) binding is most 

favorable for the imidazole-containing ATCUN sequence GGHL (50% 

complexation at pH 6.0), but that binding to GGCL, GG
h
CL, and GGXL (X = 

Pal) are each observed at relatively low pH values (50% complexation at pH 6.4). 

Using pH50, the pH at which 50% of the ligands are deprotonated and complexed 

to the metal, as a relative measure of complex stability, we can conclude that 

substituition of Cys, homoCys, or Pal only mildly decreases Ni(II) complex 

stability. Ni(II) binding is complete by pH 7.2 for each of these peptides.  50% 

complexation is observed at pH 7.2 for Ni(II)-GGDL and pH 8.3 for GGML 

(Figure 11, Table 5) indicating less stable complexes. The electronic absorption 

bands observed for these peptide-Ni(II) complexes are very similar to values 

reported in the literature.
62,80,154,156

 Electronic transition bands at 255 nm  

(e = ~ 4300 M
-1

cm
-1

, N
-
,Ss ­Ni(II)),  and two d-d transition band at 420 to 440 

nm (dxy ­ ) and 500 to 550 nm (dzx,dyz ­ ) are observed for all 

sulfur-containing Ni(II)-peptide complexes (Table 5).
155

 A transition band 

characteristic for Sp ­ Ni(II) is not very distinct for linear peptides probably due 

to the overlap with the O/N
-
 ­ Ni(II)  transition in the higher energy region. In 



 

70 

 

contrast to Cu(II)-GGCL, Ni(II)-GGCL is quite stable for hours at neutral pH, 

with no sulfur oxidation products observed. 

 

The original, imidazole-containing cyclic peptide 1 formed an ATCUN-like Ni(II) 

complex, with 50% complexation at pH 8.8.  This represents a slightly 

destabilized form of the linear ATCUN complex, Ni(II)-GGHL, which is 

completely complexed at pH 6.5.  Interestingly, while linear peptides GGDL and 

GGXL show very similar Ni(II) binding properties to GGHL, cyclic peptides 1D 

and 1X do not bind Ni(II) up to pH 8.0, at which point Ni(OH)2 was observed to 

precipitate from solution.  This demonstrates that the shape enforced by the 

macrocyclic linker can support square planar complexation of Ni(II) in the 

context of the imidazole ligand, but not for pyridyl or carboxyl ligands at the 

same position.   

UV-Vis spectroscopy of Ni(II) cyclic peptides 

 

Ni(II) binding to peptides was investigated separately from Cu(II) using UV-Vis 

to analyze potential coordination geometries. We observed stable complexation of 

Ni(II) with thiol -containing cyclic peptides, with 100% complexation of Ni(II) by 

1C and 1
h
C at pH 8.0 (Figure 12). This is a lower pH value than the Ni(II)-1 

complex, implying greater complex stability.  In fact, complexation of Ni(II) to 

thiol-containing cyclic peptides is nearly as favorable as complexation to linear 

thiol-containing peptides (50% complexation at pH 6.4 for linear and 7.4 for 

cyclic, respectively).  Thus, we conclude that the cyclic architecture is compatible 
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with high-affinity Ni(II) binding, particularly when the imidazole is switched out 

for a thiol group. There are several additional interesting differences among the 

electronic absorption spectra of Ni(II) complexes with linear and cyclic thiol-

containing peptides.  Specifically, the spectra of Ni(II)-1C and Ni(II)-1
h
C have an 

extra band at 335 nm and higher overall extinction coefficients for all bands. 

Ni(II) complexes with RS
- 

ligands usually produce intense absorption band in the 

250-350 nm range. The band at 335 nm is thus attributed to a charge transfer 

transition from RSp
-
 ­ Ni(II) .

155,169
 The higher extinction coefficient at 335 nm in 

Ni(II) -1C and Ni(II)-1
h
C can originate from one of two effects. First, a better 

ligand orientation and energy match between the sulfur p-orbitals and metal ion d-

orbitals may result in a better orbital overlap and thus higher extinction 

coefficient.
170

  Alternatively, the higher extinction coefficient of the 420-440 nm 

d-d bands for Ni(II)-1C and Ni(II)-1
h
C suggest that the plane of the Ni(II) -N3S 

system is distorted from square planar allowing the d-d transition to be favored. 

The extinction coefficient for Ni(II)-GG
h
CL is lowest, followed by Ni(II)-GGCL, 

then Ni(II)-1
h
C, then Ni(II)-1C. This is probably due to the ring strain created by 

5,5,5-membered chelate rings in Ni(II) -GGCL and Ni(II)-1C,  which distort the 

planar geometry of Ni(II) center yielding the higher extinction values. 
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Figure 11: UV-Vis spectra of Ni(II) binding to His-substituted linear peptides 

and pH dependence of  binding 

UV-Vis spectra of Ni(II)-linear peptide complexes (A) and pH dependence of 

Ni(II) binding to linear peptides (B). Percentage formation was calculated using 

absorption at 530 nm for GGHL, 545 nm for GGDL,  535 nm for GGXL, 517 nm 

for GGCL, 515 nm for GG
h
CL, and 545 nm for GGML. Additional full spectra at 

different pHs are shown in Figure S 25.  

 

 
Figure 12: UV-Vis spectra of Ni(II) binding to sulfur containing  cyclic 

peptides 1C and 1
h
C compared to 1. 

 (A) pH dependence of Ni(II) binding to cyclic peptides 1, 1C and 1
h
C. (B) UV-Vis 

spectra of Ni(II) complexes with cyclic peptides 1 (black trace, pH 9.5), 1C (light 

gray trace, pH 9.0) and 1
h
C (gray trace, pH 8.4).  Percentage formation was 

calculated using absorption at 430 nm for Ni(II)-1, 420 nm for Ni(II)-1C and 435 

nm for Ni(II)-1
h
C. A distinct charge transfer band at 335 nm was seen for Ni(II) 

complexes of 1C and 1
h
C which was not observed for Ni(II)-GGCL or Ni(II)-

GG
h
CL. Additional full spectra at different pHs are shown in Figure S 26.  
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Name 

Sequence Cu(II) binding    Ni(II) binding 

(Linear peptides) pH50 l (e, M
-1
cm

-1
)   pH50   l (e, M

-1
cm

-1
) 

GGHL Gly-Gly-His-Leu 4.5 530 (095) 

 

6.0 

 

425 (122) 

GGDL Gly-Gly-Asp-Leu 5.5 545 (130) 

 
7.2 

 

442 (220) 

GGXL Gly-Gly-Pal-Leu 4.5 535 (100) 

 
6.4 

 

427 (150) 

GGCL Gly-Gly-Cys-Leu 6.5 517 (200) 

 
6.4 

 

427 (290) 

GG
h
CL Gly-Gly-

h
Cys-Leu 7.5 515 (150) 

 
6.4 

 

440 (115) 

GGML Gly-Gly-Met-Leu 6.2 545 (120)   8.3   420 (175) 

Name 
Sequence Cu(II) binding*   Ni(II) binding 

(Cyclic peptides) pH50 l(e, M
-1

cm
-1
)   pH50   l (e, M

-1
cm

-1
) 

1 Lys-Asp(Leu)-dHis 6.0 525(98) 

 
8.8 

 
430 (98) 

1D Lys-Asp(Leu)-dAsp 6.6 570 (84)* 

 
- 

 
- 

1X Lys-Asp(Leu)-dPal 6.4 555 (87)* 

 
- 

 
- 

1C Lys-Asp(Leu)-dCys 6.3 590 (47)* 

 
7.4 

 
420 (875) 

1
h
C Lys-Asp(Leu)-d

h
Cys 6.3 590 (47)* 

 
7.4 

 
435 (490) 

1M Lys-Asp(Leu)-dMet 6.5 570 (62)*   -   - 

* Indicates there are at least 2 metal-peptide complexes present at this pH.  

Table 5: UV-Vis data for Cu(II) and Ni(II) binding to His -substituted linear 

and cyclic peptides 

Data shown indicates the pH value at which 50% metal is bound, if it binds at all 

(such as the case with 1D, 1X, and 1M), as well as the absorbance value for the 

binding event with its respective molar absorbtivity coefficient.  

 

Materials and Methods  

 

Materials 

N-Ŭ-(9-Fluorenyl methyloxycarbonyl) (Fmoc) protected amino acids, MBHA 

Rink Amide resin, N-hydroxybenzotriazole (HOBt), and 2-(1H-benzotriazole-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were purchased 

from AnaSpec. Diisopropylethylamine (DIPEA) and acetic anhydride were 

purchased from Signma-Aldrich. N,N-dimethylformamide (DMF) and acetonitrile 

were purchased from VWR.  Fmoc amino acids used in this work included Fmoc-

Gly-OH, Fmoc-Cys(Trt)-OH, Fmoc-Hcy(Trt)-OH, Fmoc-Met-OH, Fmoc-
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Asp(OtBu)-OH, Fmoc-Pal-OH, Fmoc-His(Trt)-OH, Fmoc-Leu-OH, Fmoc-Asp-

OAll, Boc-Lys(Fmoc)-OH, Fmoc-DHis(Trt)-OH, Fmoc-DCys(Trt)-OH, Fmoc-

DHcy(Trt)-OH, Fmoc-DMet-OH, Fmoc-DAsp(OtBu)-OH, and Fmoc-DPal-OH. 

Dithiothreitol (DTT) was purchased from Ultra Pure. Pb(PPh3)4, CuCl2 and NiCl2 

are purchased from Sigma-Aldrich. All chemicals were used as received without 

any further purification. 

 

Peptide synthesis and purification 

Peptides were synthesized manually using 25 mL reaction vessels and wrist 

shakers using standard Fmoc/tBu-based protection strategies on Rink amide 

methylbenzhydrylamine (MBHA) resin (0.20 mmol scale) with 

HBTU/HOBt/DIPEA coupling conditons.
128

 Linear and cyclic peptides were 

synthesized as previously reported.
122

   For linear peptides, Fmoc was removed 

with 20% piperidine, but for cyclic peptides attached to the resin through Leu-Asp 

linkages, 20% piperidine was observed to promote aspartimide formation.  

Aspartimide formation was minimized through screening of deprotection 

conditions.  Briefly, a small aliquot of resin was cleaved (TFA/TIPS/H2O), ether 

precipitated, and analyzed by ESI-MS and HPLC to quantitate aspartimide 

formation was minimal.  For cyclic peptides, Fmoc removal with 5% piperazine 

and 0.1 M HOBt (5 min, twice at room temperature) was seen to minimize 

aspartimide formation to 10-15%. The allyl-protected C-terminus of Asp was 

deprotected using [Pd(PPh3)4/PhSiH3] (0.25: 10 equiv) in dry DCM for 2 hr. In 

order to remove Pd the resin was washed with sodium N,N-
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diethyldithiocarbamate (0.5% M in DMF, 5 × 5 min.
171

 The peptides were then 

cyclized using PyBOP/HOBt/DIEA (5:5:10 equivalents) for 2 hrs. All peptides 

were cleaved off the resin using TFA/TIPS/H2O (95:3:2) or TFA/TIPS/EDT/H2O 

(92:3:3:2) for thiol-containing peptides. The volume was reduced by rotary 

evaporation and peptides were ether-precipitated. The crude peptide was 

dissolved in 3-5 mL water/acetonitrile. Thiol-containing crude peptides were 

reduced by dithiothreitol (DTT) at this stage, prior to HPLC purification. Peptides 

were purified using reverse-phase HPLC on a preparative-scale C8 or C18 

column (solvent A: water/0.1% TFA, solvent B: acetonitrile/0.1% TFA, linear 

gradient of 5-40% solvent B over 20 min was used). The fraction containing 

desired product was collected and lyophilized. The purities and identities of the 

reduced peptides were assessed by analytical HPLC (linear gradient: 5-40% B 

over 30 min) and electrospray ionization (ESI)-mass spectrometry.  

 

pH dependence of metal binding 

The lyophilized peptide was freshly dissolved in deionized Milli-Q water (>18 

Mɋ cm), argon-purged prior to metal complexation.  Concentration of peptides 

with a thiol group were quantitatively measured by DTNB assay (5,5-dithio-bis-

(2-nitrobenzoic acid), Ellmanôs Reagent) as described in literature.
172,173

 

Concentrations of other peptides were determined by amino acid analysis.  1.0 

mM peptide solutions were prepared, and 1 equivalent of metal ion (CuCl2 or 

NiCl2) was added to the solution.  The pH of the resulting solution was lowered to 

roughly 2.5-3.0 using dilute HCl.  UV-Vis spectroscopy was used to verify that no 
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metal complexation occurred at this low starting pH.  Small aliquots of dilute 

KOH were slowly added to the solution, pH was measured using a microelectrode 

(3 mm, Mettler Toledo), and absorption spectra were recorded. dīd transition 

bands near 525 and 425 nm were observed for Cu(II)-peptide and Ni(II)- peptide 

complexes, respectively.  KOH was added until a saturation point was observed.  

For plotting pH dependence curves, the absorption was normalized to unity at the 

upper bound, and percent formation of each metallopeptide complex was plotted 

against pH.  

 

EPR spectroscopy 

Fresh Cu-peptide complexes (0.9 mM CuCl2 and 1.0 mM peptide in water with 

10% glycerol) were prepared with specified pH by adding small aliquots of dil. 

KOH/HCl, transferred into capillary tubes and inserted into a quartz EPR tube, 

then slowly frozen in liquid nitrogen. X-band electron paramagnetic resonance 

(EPR) data were recorded using a Bruker EMX instrument at a microwave 

frequency of 9.32 GHz. All spectra were recorded at ī150 °C (123 K) using 

microwave power of 0.64 mW and modulation frequency of 100 kHz. Other 

instrumental parameters include a sweep width of 1500 G (2250 to 3750 G) for a 

total of 1024 data points, time constant 655.36 ms, conversion time 163.84 ms, 

sweep time 167.77 s, and receiver gain 1 × 10
4
 to 2 × 10

4
. All spectra were 

average of 5 scans. These experiments were primarily performed by Dr. Kosh 

Neupane.    
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Chapter 2: Investigating catalytic activity of constrained ATCUN sequences  

 

 

 

 

 

 

 

 

 

 

 

A significant portion of this chapter has been published in the following 

references:  

× Neupane, K. P.; Aldous, A. R.; Kritzer, J. A. Macrocyclization of the 

ATCUN Motif Controls Metal Binding and Catalysis. Journal of 

Inorganic Chemistry  2013, 52, 2729ï2735. 

× Neupane, K. P.; Aldous, A. R.; Kritzer, J. A. Metal-Binding and Redox 

Properties of Substituted Linear and Cyclic ATCUN Motifs. Journal of 

Inorganic Biochemistry 2014, 139, 65-76 

Data collected for CV experiments were solely Dr. Kosh Neupaneôs work, and 

can be observed in ( Figure 13, Figure 14, Figure S 7, and Figure S 28) 

 

http://pubs.acs.org/doi/abs/10.1021/ic302820z
http://pubs.acs.org/doi/abs/10.1021/ic302820z
http://dx.doi.org/10.1016/j.jinorgbio.2014.06.004
http://dx.doi.org/10.1016/j.jinorgbio.2014.06.004
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2.2 Evaluating the redox potential of ATCUN sequences using cyclic 

voltammetry 

 

In general, copper ions are usually more redox active than complexed copper.
108

  

This presents a challenge for harnessing this catalytic activity, since ligand-bound 

copper reduces activity but allows control of that activity through binding to 

target molecules. Based on the altered properties we discussed in Chapter 1, we 

hypothesized that the constraint within the cyclic ATCUN complexes may 

promote redox activity of the copper center, but also increase control over the 

specificity or extent of reactivity. To begin investigating the redox activities of the 

new complexes, we asked whether the macrocyclic constraint would alter the 

redox potential of the metal-peptide complex. The cyclic voltammograms for 

copper complexes of 1 and 4-6 are shown in Figure 13. 

 

All four metallopeptides have a quasi-reversible one-electron redox couple for 

Cu(III)/Cu(II). The Cu(III)/Cu(II)-reduction potential (E1/2) for linear analogs 4, 5 

and 6 are 802, 809 and 740 mV, respectively.  The 69 mV difference observed 

between the E1/2 of Cu-5 and Cu-6 is attributed to effects of side chain 

substitutions. This agrees with previous work showing that side chain alterations 

to non-histidine residues can similarly affect the redox properties of linear 

ATCUN peptides.
109,174

 Cu-1 has a reduction potential of 739 mV, essentially 

identical to the Cu-6 complex.
109

  Thus, for cyclic peptide 1, macrocyclization is 

compatible with Cu(III) formation under oxidizing conditions, as has been 
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observed for other cyclic peptides
46

 and other macrocycles.
175

 The fact that cyclic 

peptide 1 is able to access a Cu(III) oxidation state supports its promise for  

applications to oxidation reactions catalyzed by Cu(III) complexes. Also, the 

reduction current for the Cu-1 complex is lower than that of Cu-4 or Cu-6 (Figure 

13). While still consistent with a quasi-reversible redox process, this finding may 

indicate an altered Cu(III)-1 conformation that allows some dissociation of 

Cu(III) before it can be reduced.  

 

Cyclic voltammetry was also performed on nickel complexes of 1 and 4 (Table 3, 

Figure S 7). The Ni-4 complex displayed a quasi-reversible one-electron redox 

couple for Ni(III)/Ni(II), with E1/2 = 730 mV and DE = 100 mV at pH 7.5. These 

are consistent with previously reported values for ATCUN motifs.
176

 However, 

irreversible oxidation at 880 mV is observed for the Ni(II)-1 complex. We 

speculate that the short-lived Ni(III) -1 complex rapidly dissociates before it can 

get reduced to Ni(II), as has been observed for other peptidic Ni(II) ligands.
174,177

  

 

We next tested how substitution of the imidazole group affects the redox 

properties of linear and cyclic ATCUN peptides. Unsurprisingly, CV of thiol- and 

thioether- containing peptides was obscured due to the irreversible oxidation of 

sulfur atoms. Cyclic voltammograms for Cu(II)/(III)  and Ni(II)/(III) couples for 

complexes of GGHL, GGDL, and GGXL are shown in Figure 14. All three 

metallopeptides display quasi-reversible, one-electron redox processes and the 

Cu(II)/Cu(III) couples for the Cu(II) GGHL and Cu(II) GGDL are nearly 
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reversible (ȹE= 0.070 V and Ip
ox

/Ip
red

 = 1.07 for Cu(II)-GGHL,  ȹE= 0.064 V and 

Ip
ox

/Ip
red

 = 0.954 for Cu(II)-GGDL). Substitution of His to Asp reduces the redox 

potential of Cu(II)-GGDL (E1/2= 0.758 V). This is consistent with the more 

electron-rich carboxylate coordinated to the metal center.  This implies that these 

complexes are more easily oxidized to corresponding M(III) species, and thus 

may make more potent catalysts for M(III)-mediated oxidative transformations 

(Figure S 28).  By contrast, substitution of the imidazole with pyridine increases 

the redox potential of Cu(II)- GGXL (E1/2= 0.853 V) and Ni(II)-GGXL (E1/2= 

0.748 V) relative to the corresponding GGHL complexes. A similar increase in 

redox potential was observed when the same His to Pal substitution was made in 

heme-binding protein.
25,178

  

Next, we compared the redox potentials of the linear peptides with their cyclic 

counterparts. CV of Cu(II)-1D and Cu(II)-1X complexes showed similar trends as 

Cu(II) complexes with linear peptides. The substitution of D-His to D-Asp 

lowered the redox potential from 0.739 V for Cu(II)-1 to 0.677 V for Cu(II)-D, 

and the substitution of D-His to D-Pal raised the redox potential from 0.739 V for 

Cu(II)-1 to 0.812 V for Cu(II)-1X (Figure 13). These data indicate that the Asp- 

containing linear and cyclic peptides may have the best potential as catalysts out 

of this substitution series for processes that involve a Cu(II)/Cu(III) or 

Ni(II)/Ni(III ) redox cycle. Since the UV-Vis spectra of Cu(II)-cyclic peptide 

complexes indicated the formation of alternate species at high pH, we measured 

the redox potential of Cu(II)-1D at pH 11.4. The lower redox potential of Cu(II)-

1D at pH 11.4 (E1/2 =0.426 V) indicates stronger donor ligands involved in Cu(II) 
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coordination at this pH (Figure S 28).
179

 A similar phenomenon is also observed 

for Cu(II)-1X. This less positive reduction potential indicates that at higher pH, 

these complexes are better at giving up electrons, making them better reducing 

agents. This also indicates that they would be poorer oxidizing agents, and would 

not be as efficient at performing oxidation reactions.  However, at lower pH the 

more positive potential of Cu(II)-1X (E1/2 =0.812 V) could signify that Cu(II)-1X  

could be a more powerful oxidative catalysts than Cu(II)-1.  

Also, Cu(II)-1X was observed to have a particular high ȹEp value, with anodic 

current (oxidation) higher than cathodic current (reduction). This can be attributed 

to one of two factors. Either the presence of a non-ATCUN, more poorly defined 

complex at this pH is causing slower electron transfer and a broadening of 

oxidation and reduction peaks, or the Cu(II)-1X complex must undergo a 

pronounced structural rearrangement between the two redox states.  
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(a) (b)

 

Figure 13: Cyclic voltammetry of Cu(II) linear and cyclic complexes 

(A) Cu(II) complexes with cyclic 1 compared to linear 4, 5, and 6 with  trace for 

cyclic peptide 1 shown in black, and linear controls 4 in blue, 5 in cyan and 6 in 

magenta.  The voltammograms were recorded using 1.0 mM peptide-metal 

complex in 100 mM KCl, pH 7.5, with a scan rate of 100 mV/s.  (B) Cu(II) cyclic 

peptide 1, 1D, and 1X complexes, with 1 shown in black, 1D in light grey, and 1X 

in dark grey. The voltammograms were recorded using 1.0 mM peptide-metal 

complex in 200 mM KCl with a scan rate of 100 mV/s at  pH 8.5 for Cu(II)-cyclic 

peptide complexes. Each trace is average of 3 scans and is background-

subtracted.  

 

 
 

Figure 14: Cyclic voltammetry of Cu(II) and Ni(II) complexes of GGHL, 

GGDL, GGXL  

 (A) Cu(II)-linear peptide complexes, (B) Ni(II)-linear peptide complexes. The 

voltammograms were recorded using 1.0 mM peptide-metal complex in 200 mM 

KCl with a scan rate of 100 mV/s at pH 7.5 for Cu(II)-linear peptide complexes, 

pH 8.0 for Ni(II)-linear peptide complexes, and pH 8.5 for Cu(II)-cyclic peptide 

complexes. Each trace is average of 3 scans and is background-subtracted.  
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2.1 Background of native catalytic activity  

 

ATCUN peptides are catalytically active due to the generation of hydroxyl 

radicals.  OH radicals are formed via redox interactions at the metal center under 

oxidative conditions.
104,107,108,121,133,180ï182

 These radicals can then locally damage 

nearby biomolecules, depending on the biomolecule and proximity.
104,180,183ï185

 

Due to complementary shape and electrostatics, the ATCUN peptide interacts 

with the minor groove of the DNA backbone.
108,129,180,186,187

  Cu(II)-ATCUN 

complexes were found to generate hydroxyl radicals that can cleave the DNA 

phosphate backbone.
108,112,180,188,189

 If this process is robust enough, or if the 

ATCUN complex has a high enough local concentration, it can induce double-

stranded breaks, which are highly damaging to cells. For example, Pauling and 

co-workers incubated Cu(II)-GGH in vivo in mice, coupled with ascorbate to 

recycle the oxidation states of the metal and promote oxidative activity. In the 

presence of the ATCUN peptide they observed death of Ehrlich ascites tumor 

cells in vivo and a contribution to longer life spans in these mice.
190

  

 

Alternatively, the ATCUN peptide can generate hydroxyl radicals that can 

inactivate enzymes, either by modifying important side chain residues or by 

cleaving the protein.
183,191ï193

  Cowan investigated this in the context of carbonic 

anhydrase, covalently attaching the ATCUN motif to a well-known sulfonamide 

inhibitor of the enzyme, sulfanilamide (SLN).
183

 By monitoring percent inhibition 

of activity under oxidative conditions, measured by the absence of CO2 hydration 
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to bicarbonate, they observed increased inhibitory activity of this Cu-GGH-SLN 

conjugate. They found no evidence of protein cleavage by mass spectral analysis, 

but rather saw oxidative modification of various residues near the active site of 

the protein. Modeling indicated that the observed oxidations occurred in an area 

where the ATCUN motif would be, if the sulfonamide bound the active site 

pocket as expected. This was presented as a new way of inhibiting enzymatic 

activity via covalent modification of the targetôs surface. 
194

  

 

Mechanistically, ATCUN-metal complexes  generate hydroxyl radicals via redox 

cycling of Cu(III)/Cu(II) and Ni(III)/Ni(II), producing hydroxyl radicals that can 

be harnessed to cleave and modify various biomolecules, as 

discussed.
63,80,107,108,111ï113,115,117,174,188,195ï197

  For a time, there was some 

contention about this mechanism, with some sources arguing a Cu(II)/Cu(I) cycle 

as an alternate path. Currently, however, requirement of the Cu(III) state is now 

generally accepted.
64,80

  Specifically, in the presence of an ascorbic acid and 

hydrogen peroxide solution, the Cu(II)-GGH is oxidized to a Cu(III) species. It is 

at this step that OH radicals are generated, possibly as associated with a Cu
2+

 or as 

a Cu
3+

=O  species with the trivalent copper. 
64,80,194

 In cases like that described by 

Paulingôs experiments above, the OH radicals formed will interact with the DNA 

backbone to induce ROS (reactive oxygen species) damage.
190

 The presence of 

the ascorbate also serves to reduce the trivalent copper species back to divalent, 

where it can be again oxidized to regenerate radical oxygen species for the 
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reaction.  This redox cycle is similar to that believed to occur in the presence of 

nickel-bound peptides as well.  

 

In some cases of close localization, high concentration, or great mobility, the 

Cu(III)-peptides can interact and catalyze the oxidation of each otherôs histidine 

side chain to the Ŭ-hyroxy variant. If then dehydrated, this forms an Ŭ,ɓ-dehydro 

peptide.
64,198

 These intermediates can be observed for some sequences by X-ray 

crystallography or in NMR experiments.
64

 Ni(III) has been observed to catalyze 

cleavage of the peptide ligand via C-terminal decarboxylation at the histidine 

residue under these conditions.
177,198

 Therefore, when performing catalysis using 

ATCUN peptides, it is important to assess the stability of the peptide complex and 

any extent of self-cleavage to truly interpret results..  

 

Materials and Methods 

 

Materials 

Peptide complexes are those synthesized and characterized in Chapter 1. Refer to 

Chapter 1 (starting on page 19) for more details.  

 

Cyclic voltammetry 

A standard three-electrode cell (glassy carbon electrode as working electrode, 

platinum wire as auxiliary electrode, and saturated calomel electrode (SCE) as a 
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reference electrode) was utilized to perform the electrochemical measurements on 

a CHI830 Electrochemical Workstation (CH Instruments Inc., USA).  All 

metallopeptide samples were prepared freshly in degassed water and 100 mM 

KCl was added as supporting electrolyte.  The pH was adjusted as required with 

KOH and HCl. The sample was purged with nitrogen gas for 5 min before data 

collection. Scan velocity was 100 mV/s for each scan.  Cyclic voltammograms 

presented are the average of three scans that were then background-subtracted. 

The half wave potential (E1/2) was determined from the expression E1/2 = (Eap + 

Ecp)/2. These experiments were primarily performed by Dr. Kosh Neupane, with 

thanks to Dr. Glen OôNeil, Andrew Weber, and Dr. Taryn Pallucio for assistance.    

 

2.2 Evaluating OH radical production by constrained ATCUN using DNA 

cleavage assays  

The CV data indicated that several of the new, cyclic ATCUN complexes were at 

least as redox-active as linear ATCUN complexes.  Thus, we next sought to 

evaluate their activities in a functional assay for hydroxyl radical generation. Prior 

work has provided evidence that the ATCUN motif binds DNA in the minor 

groove, and that side chain substitution can affect DNA binding, rates of Cu(III) 

formation, and rates of oxidative DNA cleavage.
107,174,199

 The OH radicals that are 

produced can cleave the phosphate backbone, if in close enough proximity. In this 

way, plasmid DNA can be nicked (one strand cleaved) or broken (two strands 

cleaved, producing a double-stranded break). Each of these species can be 

separated by gel electrophoresis. Monitoring the appearance and disappearance of 
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these bands at different incubation times can correlate to the activity of the 

ATCUN complex for cleaving DNA.   

We had difficulty purifying the GGH peptide (peptide 7) most often used as a 

control for this assay, due to its small molecular weight and lack of retention on 

HPLC column. Instead, we initially tested the activity of GGHL (4), which 

separated easily via HPLC purification from the addition of the greasy leucine 

residue. The copper complex of linear peptide 4 showed relatively sluggish DNA 

cleavage (Figure 15), consistent with previous reports that hydrophobic residues 

placed C-terminally to the ATCUN motif can impede DNA binding.
186

  We tested 

GGHL at 36 ɛM over 20 mins and saw no significant generation of linear 

plasmid. By increasing the concentration of peptide complex from 18, 36, 90 and 

finally to 180 ɛM, cleavage was observed after 15 min. This was also observed at 

36 ɛM over a time course of 2-3 hours (Figure S 29).  Linear peptide 7, which 

lacks the C-terminal leucine, was eventually purchased, and was used as an 

additional control to better compare our results to prior work. Cu(II) -7 cleaves 

supercoiled plasmid DNA rapidly, with roughly 75% cleavage after 15 mins and 

complete cleavage after 1 hour (Figure 15).  These are consistent with reaction 

rates previously reported for diverse linear ATCUN peptides.
107,108,174

   

Having benchmarked our assay to prior work, we were ready to test our cyclic 

ATCUN-metal complexes. We found that Cu(II) -1 complexes are able to catalyze 

oxidative cleavage of DNA even more rapidly than the prototypical ATCUN 

motif GGH, with nearly all the supercoiled DNA cleaved to nicked and linear 

forms after only 5 mins.  These assays were the first demonstration that 
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constraining the ATCUN peptide via macrocyclization boosts its activity as an 

oxidation catalyst. We hypothesized that by generating a slightly distorted copper 

coordination geometry, we are simultaneously achieving complexation and 

increased activity.  
Jin, Y.; Cowan, J. A. J. Am. Chem. Soc. 2005, 127, 8408-8415

DNA Cleavage 

Studies: 

Cowan/Cu(II) 

-Nicked DNA
-Linear DNA
-Supercoiled DNA 

 
 

Figure 15: Agarose gels showing cleavage of supercoiled DNA by 36 ɛM 

CuCl2 or Cu(II) -peptide complexes.  

36 mM peptide-metal complexes incubated with 25 mM base-pair concentration of 

pUC19 plasmid DNA in the presence of ascorbate at 37 °C. Results were 

evaluated at 0.5, 5, 15, 60, and 120 min time points. CuCl2, unsurprisingly, 

cleaves the DNA almost instantaneously. Linear 4 and 6 show practically no 

cleavage, whereas 7 shows cleavage after 15 minutes, with 1 even more efficient, 

cleaving largely in the first 5 minutes of incubation.  

 

Materials and Methods  

 

DNA cleavage.  

36 mM peptide-metal complexes were prepared using 40 mM peptide and 0.9 

equivalents CuCl2, in order to ensure copper ion was completely complexed.  

Final concentrations of 36 mM Cu(II)-peptide complex, 400 mM ascorbate, 25 mM 

base-pair concentration of pUC19 plasmid DNA, and 20 mM Tris-HCl Buffer, pH 
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7.4 were reacted in PCR tubes at 37 °C. At 0.5, 5, 15, 60, and 120 mins time 

points, 25 mL of each reaction was removed and quenched using 5 mL of 0.5 M 

EDTA solution. 5x formamide-based loading dye was added to each quenched 

reaction prior to loading in wells of 0.8% agarose gels with ethidium bromide. 

Gels were run at 100 V for 30 mins and UV-imaged using a Bio-Rad Gel-Doc 

system.   

2.3 Evaluating OH radical production by constrained ATCUN using 

fluorescence detection assay  

 

As witnessed by the effects of the terminal leucine residue in Figure 15, DNA 

cleavage assays are limited to compounds that specifically interact with double-

stranded DNA. To measure catalytic activity more directly, we incubated copper 

complexes of 1, 4, 6 and 7 with 2ô,7ô-dichlorofluorescein diacetate, a 

profluorescent dye which reacts with hydroxyl radicals (but not peroxides) to 

form 2ô,7ô-dichlorofluorescein in solution.
200ï202

  Measuring the fluorescence 

intensity of this dye provides a direct correlation with the complexôs ability to 

produce diffusible hydroxyl radicals, independent of any requirement for binding 

to DNA or any other biomolecule.  Cowanôs group investigated this property for a 

large set of metal-ligand combinations, including Fe(II), Co(II), Ni(II), and Cu(II) 

complexes.
108

 They found that unliganded copper (as well as Fe(II)- EDTA, -

NTA, and -TACN complexes) were extremely active in the presence of ascorbate 

and peroxide as compared to the rest of the complexes tested. Cu(II)-GGH and 

Ni(II) -GGH were found to have slight activity over background signal.
108
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Using this robust fluorescence based assay to evaluate diffusible radical 

production, we were unable to detect hydroxyl radical formation by all apo and 

linear ATCUN motifs tested (Figure 16, Figure 17), in accord with previous 

characterization.
108

 This is due to the short-lived nature of oxygen radicals, so 

when they are produced at low levels they cannot diffuse from the metal center to 

the fluorescent dye without reacting with something else.  In contrast to apo and 

linear sequences, Cu(II) -1 complexes produced large amounts of diffusible 

hydroxyl radicals.  The amount of radical formation was nearly equal to that of 

unliganded Cu(II) ions (Figure 16), demonstrating the high catalytic activity of 

this constrained Cu(II) complex.  Because linear analogs showed no measurable 

formation of diffusible radicals, we conclude that the conformational constraint 

produced by macrocyclization promotes Cu(II)/Cu(III) cycling relative to linear 

analogs, in correlation with CV data from Figure 13.  Minimal degradation of the 

peptide ligand was observed under these conditions as judged by LC/MS analysis 

before and after the assay. In parallel, we repeated the assay with 1 mM ascorbate, 

since it is commonly used to promote hydroxyl radical formation and catalytic 

turnover in copper-redox reactions.
80,107,108,121,174,203,204

 Despite observing some 

peptide degradation by LC-MS in the presence of peroxide and 1 mM ascorbate, 

we observed similar relative hydroxyl radical generation by Cu(II) -1 compared to 

linear analogs under these conditions (Figure 16).  
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M-chelate/O2 (front-blue) 
M-chelate/H2O2 (rear-red)

H2DCFDA becomes 

2Ź,7Ź-Dichlorofluorescin diacetate
Joyner, J. C.; Reichfield, J.; Cowan, J. A. Journal of the American Chemical Society2011, 133, 15613ς15626.

http://www.sigmaaldrich.com/catalog/product/sigma/d6883?lang=en&region=US

Florescence Studies to Probe 

Generation of OH Radicals 

Neupane, KP, Aldous, AR, Kritzer, JA. Inorg. Chem., 2013, 52 (5), pp 2729ς2735
 

 

Figure 16: Catalytic activity of Cu(II) -peptide complexes 

(Left) Fluorescence from reaction of diffusible hydroxyl radicals at 25C̄ with 10 

ɛM 2,7-dichlorofluorescein diacetate in 20 mM HEPES, pH 7.4, 100 mM NaCl, 

and 1 mM H2O2.  ñProbe onlyò trials lacked peroxide. CuCl2 and copper-peptide 

complexes were tested at 0.9 ɛM. (Right) Experiments identical to those on the 

left were performed in the presence of 1 mM ascorbate.  Error bars show 

standard deviations from 3 independent trials. 

 

We found that increasing the pH of the assay buffer solution minimized 

background in this assay (Figure S 30). To minimize background in later assays, 

we tested all copper complexes at pH 8.5 (Figure 4, Figure 9, Figure 10). Nickel 

complexes were tested at pH 9.2 for similar reasons (Figure 11, Figure S 25). At 

this pH, peptides with sulfur- containing side chains are easily oxidized and were 

thus omitted. 

We were interested in whether substitution of the histidine at the third position to 

aspartate or pyridylalanine would provide increased catalytic activity, and 

whether cyclization would also promote activity over linear sequences for these 

substituted ATCUN peptides. These two substitutions had displayed redox 
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cycling comparable to that of Cu(II)-1 by cyclic voltammetry (Figure 13), 

suggesting they would have activity comparable to Cu(II)-1.  Therefore we 

assayed our histidine-substituted library, excluding sulfur-containing peptides, in 

order to determine the abilities of these complexes to generate OH radicals.  

Cu(II) -1D and Cu(II) -1X produced hydroxyl radicals to a greater extent than 

Cu(II) -1, with average intensities similar to that of CuCl2 (Figure 17). Cu(II)-1D 

had broader error bars as compared to Cu(II)-1 and Cu(II) 1X, showing greater 

variation in the activity of this complex from day to day. However the substantial 

increase in fluorescence intensity remains significant above baseline and above 

Cu(II)-1 activity. Coupled with the spectroscopic data previously discussed 

(Figure S 18, Figure S 19), we can conclude that the activity results from 

complexation of the metal with the cyclic peptides, and is not simply an effect of 

free copper ions.  Linear copper analogues showed no measurable formation of 

diffusible radicals, reinforcing the idea that macrocyclization promotes 

Cu(II)/Cu(III) cycling and with accordance to our previous study (Figure 16). 

For complete Ni(II) binding, many of the peptides require a pH in the range 

between 8.5 and 9.2. To examine nickel- complexes and evaluate their potential 

as catalysts, the nickel- bound peptides were tested at pH 9.2 (Figure S 31). 

Ni(II) -1D and Ni(II)-1X were not tested due to precipitation of the nickel in 

solution at this higher pH, indicating a lack of complexation. We observed that 

Ni(II) -1 has no activity above baseline at pH 9.2, and that the copper variant will 

therefore be a more effective catalyst.  However the four linear complexes (GGH, 

GGHL, GGDL, and GGXL) all show greater production of hydroxyl radicals as 
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compared to unliganded nickel and their copper analogs. Typically, linear Ni(II)-

ATCUN complexes are not as active as their Cu(II)-complexed counterparts at 

neutral pH
108,181,205

, however in this case we are observing a significant amount of 

activity at pH 8.5 and 9.2. These data support further study of linear complexes 

with nickel and cyclic complexes with copper as potential oxidation catalysts. 

 In a recent characterization of diverse Cu(II), Co(II), Ni(II) and Fe(II) complexes, 

Cowan and coworkers tested nine different copper complexes, and found that all 

had little or zero radical formation under similar oxidative conditions.
103,108

  Thus, 

cyclic peptides 1, X, and D appear to be unique among a variety of copper ligands 

in their ability to bind copper without impeding redox cycling between Cu(II) and 

Cu(III).  These three peptides specifically show significant potential for oxidative 

catalysis. Ni(II) -GGH, -GGHL, -GGDL, and -GGXL could also be utilized for 

oxidative transformations, though may be less effective due to the high pH 

required for optimal complexation.  
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Figure 17: Fluorescence detection of radical production in His-substituted 

series of peptides 

Production of diffusible hydroxyl radicals by unliganded metal ions, apo-

peptides, Cu(II)-peptide complexes, and Ni(II)-peptide complexes at pH 8.5.  

Fluorescence arises from the reaction of diffusible hydroxyl radicals at 25 °C 

with 10 ɛM 2ǋ,7ǋ-dichlorofluorescein diacetate in 20 mM HEPES, 100 mM NaCl, 

and 0.9 mM H2O2.  Error bars show standard deviations from 3 independent 

trials. Metal salts, apo-peptides, and metal-peptide complexes were each tested at 

0.9 ɛM.  **At pH 8.5, the Ni(II)-1 complex accounts for only ~10% of the Ni(II) 

ions present (Figure 11, Figure S 25) and so was retested at pH 9.2 (Figure S 31).  

 

Materials and Methods  

 

Fluorescence assay for detection of hydroxyl radicals.  

0.9 mM peptide-metal complexes were prepared using 1 mM peptide and 0.9 

equivalents CuCl2, or NiCl2, in order to ensure copper ion was completely 

complexed.  Solutions were prepared using final concentrations of 0.9 mM metal-

peptide complex or metal salt, 1 mM H2O2, 1 mM ascorbate (when applied), in 20 

mM HEPES and 100 mM NaCl. HEPES buffer was pH 7.4 for original assays, 
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and ph 8.5 or 9.2 where indicated due to the effect of pH on background signal to 

noise (Figure S 30). Solutions were incubated at room temperature for 60 minutes, 

after which 10 ɛM 2ô,7ô-dichlorofluorescein diacetate was added. After an 

additional 15 minute incubation, total fluorescence intensity was read in 96-well 

plates using a TECAN infiniTE 200 plate reader with excitation at 485 nm and 

emission at 535 with a manual gain of 75 and set temperature of 25ęC. Controls 

were performed in the absence of 2ô,7ô-dichlorofluorescein diacetate and peptide 

integrity was quantified by LC/MS following 60 mins incubation.  No degradation 

of the peptide was observed for the sample treated with peroxide, while some 

unassigned peptide degradation was observed for the sample treated with peroxide 

and ascorbate.  These data indicate that extent of peptide degradation under harsh 

redox conditions will need to be closely monitored as it is developed as a copper-

based oxidation catalyst. 

 

2.3 Future catalytic applications  

Our scaffoldôs ability to generate hydroxyl radicals gives it potential for a variety 

of practical applications. We could evaluate the degree of sequence selectivity 

towards DNA in oxidative cleavage reactions and compare our cyclic peptides to 

previously reported complexes selective towards A/T rich regions or a 5ô-CCT.
206

 

We could attach our molecule to known enzyme inhibitors, such as sulfonamides 

that target carbonic anhydrase.
120

 Similarly, we could append our sequence to 

antimicrobial peptides, many of which already possess linear forms of the 

ATCUN at their N-terminus.
101,104,105,207ï211

 Efforts towards this latter 
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investigation is currently underway with our cyclic 1 at the University of 

Connecticut under Professor Alfredo Angeles-Boza based on their existing work 

with antimicrobial peptides.
104,208

  

 

Protein-protein crosslinking reactions have been an ongoing challenge for 

chemists and ATCUN motifs have previously been used to accomplish cross-

linking of amino acids such as histidine and tyrosine.
119,212ï214

 Artificial crosslinks 

have been used to synthetically dimerize proteins whose transient interactions 

would otherwise be difficult to study.
215

 Combined with mass spectrometry, 

crosslinking provides spatial and topological information regarding which 

residues are in close proximity within a larger, transient protein complex.
196,216

 

Crosslinking/ mass-spectrometry data can then be applied to algorithms for 

complex modeling programs, improving the efficacy of modeling large proteins. 

215
 

In literature, two tyrosine molecules have been shown to be crosslinked via C-C 

bond coupling using 10 mM catalyst and 10 mM MMPP (magnesium 

monoperoxyphtalate) in aqueous conditions in order to generate di-tyrosine 

dimers.
119,213,217

 We replicated these conditions, incubating complexes with 8.8 

mM hydrogen peroxide instead of MMPP due to the overlapping absorbance 

bands of MMPP and di-tyrosine monomers around 400 nm. Data from these 

studies can be seen in  Scheme S 1, Figure S 32, and Figure S 33) Based on some 

evidence found for tyrosine crosslinking by Ni(II)-GGH, we investigated whether 

we would see similar activity with a longer tetrameric, histidine-containing 
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peptide, AYAR. However we did not observe dimerization of this complex by 

Ni(II) metal salts or Ni(II)-GGH. We also did not observe any evidence for Ni(I I)-

1 crosslinking of individual tyrosine residues or of the tyrosine-containing sample 

peptide AYAR. Cyclic peptides D and X did not coordinate Ni(II), and sulfur-

containing peptides would be easily oxidized under these conditions, and so these 

complexes were not tested. Some linear peptides coordinated Ni(II) (Figure S 31) 

and showed some OH radical production, however at reaction conditions of pH 

9.2. We could further test these complexes at a higher pH to investigate their 

activity, however would have to be conscientious that the pH transition may affect 

the readout of the reaction. We might employ smaller peptide fragments, such as 

Alanine-Tyrosine, and systematically test different tyrosine-containing species for 

Ni(II) -GGH crosslinking activity. Alternatively, we could utilize a different 

screening system that avoids species moving freely in solution. For example, 

active ATCUN complexes have been shown to covalently attach a sample protein, 

green fluroscent protein (GFP), to a bead via dityrosine crosslinking.  This 

crosslinking reaction could be quenched using free, monomeric tyrosine and 

monitored to measure the utility of cyclic ATCUN peptides as cross-linking 

catalyts.
193

 

Further efforts with these peptide sequences could be made in the field of ionic 

sensors, and in fact, many peptides have been explored for this type of 

application.
33,218ï223

 We hypothesized that the peptides could be incorporated into 

an electrode membrane and used to detect the presence of Ni(II) and Cu(II) 

cations. Andrew Weber of the Kounaves lab at Tufts has made strides towards 
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this end, but found the ATCUN peptide 1 was not hydrophobic enough to be 

incorporated efficiently into the electrode membranes. To improve the 

incorporation, the leucine tail of this peptide could be further modified to 

accommodate a chain of hydrophobic residues, such as a series of napthylalanine 

residues. Another potential future application is the design of related sequences 

that have high affinity for anionic species, like phosphates. These types of 

electrodes are currently in high demand, and so cyclic peptides could be excellent 

ionophores for anion sensors. 
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Chapter 3: Designing new classes of metal-binding peptides using bipyridine 

as a chelating macrocyclization linker.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Work from this chapter is comprised entirely of unpublished work.  
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3.3 Using a bipyridine crosslinking ligand to constrain peptides.  

 

In the previous chapters, we showed that constraining the linear ATCUN motif 

using head-to-tail macrocyclization maintains a square planar, 4N coordination 

site with preferential Cu(II) versus Ni(II) binding at pH 7.5, as well as enhanced 

oxidative activity of the complex.
149,224,225

 This raises the question of how various 

other macrocyclic constraints may effectively induce metal binding and activity in 

de novo and naturally inspired peptide sequences.  Other than head-to-tail 

cyclization, the most prominent constraints are disulfide bridges, lactam 

crosslinks, and hydrocarbon staples.
74,75

 However, none of these have any 

inherent metal-binding capabilities. We were interested in finding cyclization 

strategies that would also introduce functional groups that coordinate metal ions.  

Thus we looked toward prior instances where non-natural functional groups were 

incorporated into metallopeptides for inspiration.   

 

Incorporation of non-natural, metal-binding functional groups has a long 

precedent in the design of metallopeptides.
33,226ï230

 Bipyridine is a commonly 

used functional group that has a high affinity for several metal ions (Figure 18). 

Metal-bpy complexes commonly exhibit robust catalytic activity, as described in 

Chapter 4.  Attachment of 2,2ô-bipyridine (bpy) at the terminal end of a peptide 

sequence or small molecule is used to produce luminescent probes or in order to 

study electron transfer.
231ï233

 For example, ruthenium tris-bpy complexes have 

been attached to the terminus of an RGD peptide to investigate peptide binding to 
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integrins.
231

 A similar ruthenium tris-bpy complex has also been incorporated into 

peptide nucleic acids, replacing a heterocyclic base, in order to study both 

electron transport in DNA and the effect of metal binding on the overall structure 

of the double helix.
232
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Figure 18: Bipyridine incorporation  for  added structure and activity 

Examples of how bipyridine has been used in DNA and proteins to, upon metal binding, 

induce structure or activity. Images were reproduced from the original papers. A-bpy 

bound to RGD peptide as a luminescent probe,
231

 B-bpy used as heterocyclic nucleic acid 

base replacement in DNA,
232

 C-use of bpy in peptide backbone to induce artificial protein 

upon metal binding,
234

 D-cisplatnin conjugated bpy interacting with DNA and catalyzing 

Diels Alder reactions,
235

 E- bpy incorporated into termini of Ŭ-helical peptides to 

promote self-assembly,
236

 F- psuedo macrocyclization of a sequence via tris-bpy 

ruthenium complex,
237

 G- psuedo macrocylication by constrains a GGGG loop motif,
238

 

and H- Ŭ-helical crosslinking to induce helicity and promote cellular penetration.
239,240
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There is precedence for the incorporation of bipyridine and its derivatives into 

peptide structures as amino acid side chains and as intramolecular cross-links or 

ñstaplesò (Figure 18). Initially, the amino acid derivatives of bipyridine were 

designed from modification of the histidine side chain to find moieties that 

provide a greater number of nitrogen donors than the natural imidazole.
10,238

  The 

idea behind this work was to use the added metal-binding functionality to induce 

Ŭ-helical or ɓ-sheet secondary structure upon metal complexation. Other 

researchers have used this unnatural amino acid to graft into regions of artificial 

enzymes and DNA to perform catalytic reactions, such as the Diels-Alder 

reaction.
235,241

 On a similar note, bipyridine has been included within the native 

backbone of peptide chains in order to direct the folding of artificial 

proteins.
234,242

 Upon metal binding to the strategically placed bpy, the surrounding 

residues fold in way similar to the native protein of interest, artificially inducing 

the same structure. This can allow for further structural study of the system that 

might not otherwise be possible if the natural protein is unstable in vitro. Bpy has 

also been placed at the C-terminus of Ŭ-helical peptides in order to promote self-

assembly between three helices via the formation of a tris-bpy complex. This 

stabilization prevents aggregation of these peptidic structures and allows them to 

form an artificial protein structure. 
236

 

 

In some cases bpy has been used to assist in the formation of a macrocycle, 

however one that is bridged by a metal ion between two chelation sites rather than 

via a covalent bond (Figure 18). One group of researchers used bipyridine 
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molecules in the backbone of peptidic structures to generate a caged peptide 

linked with a redox-active fragment. This was possible with the addition of 

ruthenium, which, upon binding two bpy segments, induced a macrocyclic 

structure to the peptide.
237

 Similarly, Imperiali used two backbone bpy that, upon 

coordination with cobalt, would constrain a Gly-Gly-Gly-Gly loop motif and be 

effective for photo-induced electron transfer (PET) fluorescence quenching.
238

  

 

Another application of bipyridine-containing peptides is to function as an Ŭ-helix 

staple (Figure 18). Lin and coworkers have conjugated a bis-bromomethyl version 

of bipyridine to a cysteine-containing peptide in order to fix the i, i+7  Ŭ-helical 

turn.
239

 This crosslinking strategy greatly improved cellular permeability of their 

peptide sequence. Similarly, the Madder group used this method to enhance the 

helicity and cellular penetration of a DNA interacting zipper protein by cross-

linking the i, i+4,and i+7 positions.
240

  These strategies use a chemical cross-

linking strategy that alkylates two cysteine residues. Intramolecular cross-linking 

of unprotected peptides using thiol bis-alkylation was originally described by 

Peter Timmerman.
243

  This approach, depicted in Figure 19, uses bis-

bromomethyl aryl linkers to link two individual cysteine thiols on a linear peptide 

through two nucleophilic substitution reactions, resulting in the formation of a 

constrained macrocycle. 

In unrelated projects pursuing protein inhibitors, our lab has verified that this 

chemistry works very robustly in aqueous buffer within two hours, without the 

need for on-resin manipulation. Purification of the crude peptide is not required 



 

105 

 

prior to cyclization, allowing the direct and rapid transformation of the crude 

synthesized peptide to a cyclized product.  For this project, bis-alkylation was 

used to generate a constrained macrocycle that incorporates the functionality of 

bipyridine within the linker, which will control metal binding and, ideally, poise 

the metal for catalytic activity (Figure 19). While a pyridine-based linker has been 

applied by our group and others,
244

 there are no prior uses of pyridine or 2,2ô-

bipyridine based linkers for the generation of metal ligands using this robust 

cyclization chemistry. Thus, we hypothesized that implementing cysteine bis-

alkylation with bis(bromomethyl) bipyridine linkers would produce constrained 

peptides capable of binding transition metals and acting as useful catalysts.   
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Figure 19: General bisalkylation strategy 

This figure demonstrates the general bisalkylation strategy described by Timmermann
243

 

as applied to our lab. A peptide sequence is designed, incorporating particular residues 

or motifs depending on the intended application. In this work, histidine residues are 

incorporated, as inspired by natural motifs, to aid the metal-binding constraint in 

fulfilingl the coordination sphere of a metal. Two cysteine residues are incorporated into 

the structure (this can be at the terminus or at positions within the sequence). Upon 

incubation in buffered solution with any number of bisalkylation linkers, a nucleophilic 

substitution reaction links the cysteine thiols to the alkyl linkers, generating a 

macrocycle. Linkers shown here, from top to bottom, are the meta-bis(bromomethyl)-

pyridine, 6,6ô-bis(bromomethyl)-2,2ô-bipyridine, 5,5ô-bis(bromomethyl)-2,2ô-bipyridine, 

and 4,4ô-bis(bromomethyl)-2,2ô-bipyridine.  

 

3.2 Exploring histidine-containing motifs in naturally occurring proteins  

Based on literature precedence and evidence from our own lab experiments, 

incorporating a bipyridine crosslinking ligand will not only constrain imagined 

peptide sequences, but also greatly promote metal binding. However, additional 

points of contact must be incorporated in order to satisfy the coordination 

geometry of the metal cation. Considering the success achieved with constraining 

the ATCUN peptides and based on the robust metal binding of the imidazole side 

chain, we were interested in modeling and designing bipyridine-constrained 



 

107 

 

sequences using histidine for these additional contacts. The ATCUN motif utilizes 

a single histidine residue, but there are a plethora of other single and multi- 

histidine patterns in natural proteins that we can look to for inspiration.
67,153,245,246

 

 

In nature, proteins contain 1N, 2N, 3N, and 4N metal binding sites which often 

correlate to the number of histidine residues at the site. In terms of single histidine 

sequences, the ATCUN motif Xaa-Xaa-His of the copper transport protein serum 

albumin is one of the most prevalent. However, the Xaa-His-Yaa motif (where 

Yaa is any amino acid, often distinct from Xaa) is also found, such as with the 

Gly-His-Lys growth factor modulating peptide.
247

 Gly-His-Lys has similar ionic 

copper binding affinity as serum albumin, exhibits protective activity against 

superoxide molecules, and is frequently used to complex copper in cell culture 

media.
248

 Coordination of metal ions with these 1N sequences involve several 

nitrogens from the amide backbone in order to fulfill the coordination sphere, 

whereas 2-, 3- or 4- N sequences may not require this interaction. Methane 

monooxygenase and metal catalyzed oxidation systems have active sites with two 

histidine residues about the copper ion within the conserved His-Xaan-His 

sequence.
249

 The His-Xaan-His with n=2 can induce folding or a turn around a 

metal ion by involving the histidine imidazoles and either the backbone amides or 

side chains from neighboring metal-binding residues like cysteine. This motif is 

commonly observed in carboxypeptidases that use zinc to cleave peptide bonds 

and in zinc fingers which primarily act as transcription factors.
250

 ɓ-amyloid, 

which coordinates copper and zinc, is also 2N, but with participating histidine 
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residues adjacent to one another in the sequence, as observed in the  Xaa-Xaa-

His-His-Xaa-Xaa motif.
251,252

  

 

Oxidases and histidine/proline rich peptides, with the motif His-His-Xaa-His, 

exhibit a 3N coordination that is comprised of contacts with the three imidazole 

nitrogens and two backbone amide nitrogens.
253,254

 This 3N coordination can also 

been seen in amyloid precursor protein (APP) with copper bound to three non-

sequential histidines of the His-Xaa-His-Yaa-His motif. As shown in Scheme 4, 

the metal coordination sphere can be further satisfied via either coordination to 

two amide backbone nitrogen or alternatively to another species introduced at the 

vacant site. The APP 3N coordination was found to be most effective for divalent 

copper binding compared to proteins like monooxygenases and ɓ-Amyloid 

proteins that only have two histidyl residues involved in coordination. 
106,251

  The 

3N motif appears optimal, even compared to the 4N His-Gly-His-Xaa-His-Gly-

His-Xaa. This repeating pattern can introduce a metal to a poly-histidine 

coordination site or to a four-coordinate nitrogen-binding site involving histidines 

and backbone amides, as in the hexa-repeat region in chicken prion protein where 

copper binding alters the structure of the protein.
255,256

 Work was done 

constraining this 4-His sequence via head to tail cyclization and showed the cyclic 

form coordinating metals at a lower pH than the linear, indicating a favorable 

arrangement for coordination.
257

 Although they exist, 4N histidine motifs often 

have complicated species of formation as compared to the prior sequences 

described due to the presence of so many nitrogen donor positions.  
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These peptide motifs are prime inspirations for the design of novel metal-binding 

cyclic peptides. We will refer to the number, placement, and stereochemistry of 

these histidine residues in a natural setting as we begin designing new peptide 

scaffolds. We hypothesize that employing a bipyridine macrocyclic constraint in 

conjunction with histidine residues to fill the empty coordination sites will result 

in not only interesting metal-binding properties, but enhanced catalytic activity as 

well.  

3.3 Design and synthesis of bipyridine -constrained peptides   

 

Our design strategy involved modeling potential peptide sequences in Molecular 

Operating Environment (MOE) software using a bipyridine-containing linker to 

constrain histidine-containing sequences. We added cysteines to the termini of the 

sequence, often separated from the adjacent motif by a one-residue alanine linker. 

The cysteines were then connected to the bipyridine linker to form a macrocycle, 

which would be achieved experimentally via bisalkylation chemistry. We pursued 

macrocyclic sequences that, upon energy minimization and conformational 

searching in the software, were found to maintain contacts between the divalent 

copper ion, the bipyridine, and at least one histidine in the sequence. In order to 

achieve this, the metal ion and the nitrogen atoms of the bipyridine component 

were selected and ñfixedò into position. The Amber99 forcefield is most 

appropriate for energy minimization of peptides, but we found that metal ion 

coordination skewed the results despite fixing the metal ion to the bipyridine 
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chelator. The forcefield either generated longer-than-acceptable bond lengths to 

the metal ion or shifted the coordination pattern to put the metal in contact with 

the more electron-rich carbonyls in the peptide backbone. The MMFF94x 

forcefield  more often retained acceptable metal-ligand bond lengths in 

coordination with nearby histidine imidazole and bipyridine, and was therefore 

judged to be more useful for energy minimization of these sequences (refer to 

Figure S 34). The use of the MMFF94x forcefield compares with other works 

studying metal-ligand interactions. For example, Peter Combaôs group does 

extensive study of metal-ligand systems by utilizing DFT (density functional 

theory) and MM (empirical, molecular mechanics forcefield calculations).
258ï260

 

Specifically, his group utilizes a strain energy minimization program entitled 

MOMEC, which uses a forcefield  of the same name that was designed and tested 

against existing X-ray crystallographic data for the complexes studied.
261,262

 

MOMEC and its variations were not available for testing via Molecular Operating 

Environment (MOE) software, so we choose the MM method that seemed to most 

appropriately model our complexes compared to existing crystallographic data 

and studies of metal-ligand calculations.
3,260,263,264

 However, MOMEC may be of 

interest for further study if it becomes more widely available.  

 

We began by modeling peptides containing a single histidine, with a goal of 

designing  peptides that would form a 1:1 complex with metal ion. Upon 

cyclization with bipyridine, these peptides would offer up at least three potential 

points of coordination for a metal ion.. In the case of cyclization using the 
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pyridine linker, with one nitrogen instead of two compared to bipyridine, there 

would be at least two coordination contacts (Figure 20).  Acetyl-CɔHɔC-Amide (ɔ 

being gamma-aminobutyric acid), Acetyl-CɓHɓC-Amide (ɓ being ɓ-alanine), and 

their D-His variants were synthesized and found to be fairly insoluble. The 

synthesis was repeated without the acetyl cap, leaving the N-terminus free. This 

was expanded to include H2N-GCɔHɔC-Am and H2N-WCɔHɔC-Am (see Table 6) 

to modulate solubility and include absorbing groups for concentration 

determination by UV-Vis. It is possible the N-terminal amine may coordinate 

with the metal ion, which is something we hoped to exclude from our designs. 

However, due to poor solubility of the acetylated peptides, we re-introduced the 

free N-terminal amine into the structure. Currently this series has been cyclized 

with meta-dimethylpyridine (2,6-lutidine) by using the linker bis(bromomethyl)-

pyridine. We are preparing to synthesize these peptide with bipyridine-containing 

linkers as described below.  
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C-betala-h-betala-C- 55 bpy
mmff49x

                        

C-betala-h-betala-C- pyr
mmff49x

 

 

Figure 20: 1N Histidine model: H2N-CɓHɓH-am 

As an example of 1N histidine sites, the peptide H2N-CɓHɓH-am has the potential 

to coordinate copper with both bipyridine (left) and pyridine (right) linkers. In 

both cases the linker and the imidazole, as well as at least one backbone 

carbonyl, are predicted to be involved. For the pyridine peptide (right) there were 

minimizations that included and excluded contacts with the thiol of cysteine as 

well. (5,5ô-bis(bromomethyl)-2,2ô-bipyrdine was used in modeling the peptide on 

the left).  

 

Next we looked at the two-histidine motif His-Xaan-His, seen in 

carboxypeptidases. We decided to use ɓ-Alanine as the Xaa amino acid in NH2-

CAHXHAC-Am, cyclized with pyridine, due to the flexibility and the slightly 

longer chain length of the residue with the ɓ carbon backbone. Modeling 

displayed a metal-binding preference for this median length as opposed to models 

using one or two alanine residues at this position. We also designed the sequence, 

H2N-HAACHAAC-Am, with four iterations where we substituted D-His for each 

of the two histidines, in order to test several different diastereomers for favorable 

coordination geometries (Figure 21, Table 6). These peptides have an internal 

macrocycle with an adjacent flexible tail or arm that can swing around and fulfill 
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the metal coordination sphere, which is another potential mode of binding 

accessible using this cyclization strategy. These were cyclized with pyridine, 5,5ô-

bpy linker, and 6,6ô-bpy linker.  

 

HAACHAAC 55bpy   MMFF94x

         

HAACHAAC 66bpy    MMFF94x

 

Figure 21: A 2N Histidine model: H2N-HAACHAAC -am 

As an example of 2N histidine sites, the peptide H2N-HAACHAAC-am has the 

potential to coordinate copper with 5,5ô-bis(bromomethyl)-2,2ô-bipyridine (left) 

and 6,6ô-bis(bromomethyl)-2,2ô-bipyridine (right) linkers. In both cases the linker 

and the two imidazoles are predicted to be involved in the metal coordination. 

Models are used as a rough idea of appropriate macrocycle size, therefore 

precise geometry is uncertain. By systematically altering the stereochemistry of 

the two histidines, experimental data will indicate the optimal stereochemical 

structures for metal-binding and activity.   

 

The 3N histidine sequence from amyloid precursor protein is an interesting 

metallopeptide due to the capacity to coordinate a metal ion with greater 

specificity than 2N sequences.
254

 As shown in Scheme 4, it is believed that all 

three histidines coordinate divalent copper, with either additional participation 

from two amide backbone nitrogens or from an external molecule, such as water, 

at the generated vacant site.
254,265,266

  We were interested to see if incorporating a 

bipyridine into the sequence could further improve copper complexation by 

replacing backbone nitrogens or by filling the vacant site. Since bipyridine has a 

stronger affinity for metal ions than the imidazole, we wanted to evaluate whether 
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bpy coordination could replace one or more histidine contacts in the coordination 

sphere. The sequence H2N-CAHLHLHAC-Am  (Figure S 34) was synthesized, 

along with the variant sequence H2N-CAHLHWHAC-Am, found in 

literature.
246,265,266

 The addition of the tryptophan allows for spectrophotometric 

concentration determination, and may introduce steric or electronic effects on the 

binding geometry compared to leucine. Sequence H2N-CAHRHWHAC-Am 

(modeled in Figure 22), substituting an arginine for a leucine and retaining the 

tryptophan, was also synthesized.  The additional charge was expected to improve 

solubility, increase signal detection on MALDI-TOF-MS, and further investigate 

steric and electronic effects on the coordination geometry. Several other variants 

of this three-histidine sequence were also synthesized (see Table 6). Each peptide 

was cyclized with pyridine (with the exception of the phenylalanine variant), 5,5ô-

bpy linker, and 6,6ô-bpy linker.     
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Scheme 4: Hypothesized binding modes for HXHXH pentapeptides 

Scheme of proposed binding between Ac-HXHYHG peptides and Cu
2+ 

(left, 

adapted from Matera et. al.
254

) where copper coordinates the three imidazole as 

well as two backbone amides of the peptide. This is in comparison to the 

hypothesized specific structure of Ac-HLHWH-Am (right, adapted from 

Luczkowski et. al.
246

) that only coordinate using the imidazole groups and leave 

an open coordination site on the copper (shown with the dotted line in the right 

image). These schematics support the idea of the three imidazole coordinating 

copper in conjunction with the chelating bipyridine linker (based on the two extra 

nitrogen bonds on the left image satisfying the coordination as well as the space 

available to accommodate the linker in the right image).   
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CAHLHLHAC 55 bpy- MMFF94x CAHRHWHAC 6-
6 BPY   MMFF94x

 

Figure 22: A 3N histidine model: the H2N-CAHRHWHAC -Am peptide 

The structure of peptide H2N-CAHRHWHAC-am modeled in MOE with 5,5ô-

bis(bromomethyl)-2,2ô-bipyridine (left) and 6,6ô-bis(bromomethyl)-2,2ô-

bipyridine (right) linkers.  Based on the MOE model, the copper ion has the 

potential to be chelated by the bipyridine, and in this image make contacts with 

two other histidines and carbonyl oxygen (left) or with two histidines (right). It 

seems unlikely from modeling that the metal will coordinate all three histidine 

residues and the bipyridine simultaneously, and the bipyridine will have a higher 

affinity for the metal in general. Also refer to Figure S 34 for another view of 3N 

histidine modeling.   

 

To investigate a full spectrum of histidine-containing peptides, we also considered 

4N motifs, like the His-Gly-His-Xaa-His-Gly-His-Xaa of chicken prion protein, 

where the structure of the protein is altered upon metal binding.
14

 These have 

previously been investigated as head-to-tail octa-cyclopeptides of sequence cyclo-

(HGHKHGHK) by Brasun and coworkers.
14

 Given the prior work on constraining 

this sequence, we chose to use the bisalkylation strategy to constrain this four-

histidine pattern as well. With the multitude of nitrogen coordination sites in this 

peptide, we expect results to be complicated by the many available coordination 

modes. We synthesized H2N-CHGHKHGHKC-am with pyridine and 5,5ô-

bipyridine bisbromomethyl linkers.  
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Peptides were synthesized using standard Fmoc solid-phase peptide synthesis, 

both manually and via automated peptide synthesis. Linear peptides typically had 

>85% purity in either case. Cyclization was performed directly on ether 

precipitated crude peptides using 2,6-bis(bromomethyl)-pyridine, 5,5ô-

bis(bromomethyl)-2,2ô-bipyridine, and 6,6ô-bis(bromomethyl)-2,2ô-bipyridine. 

The latter two molecules were synthesized, as is described in section 3.4.  The 

cyclization was monitored by MALDI mass spectrometry and the reaction was 

complete in less than 30 minutes. Reactions were left for upwards of 2 hours to 

cyclize, but leaving for longer resulted in unidentified side products.  It was also 

discovered that remaining TFA in the ether precipitated peptides could decrease 

the pH below the optimal range, preventing cyclization. It was necessary to check 

the pH of the reaction solution and to adjust accordingly using concentrated 

ammonium bicarbonate buffer to bring the solution to pH 8. Originally, 

cyclizations were performed with addition of TCEP (tris(2-

carboxyethyl)phosphine) in order to keep the cysteine thiols reduced and prevent 

disulfide formation. However, we discovered this could lead to the formation of 

TCEP adducts, ascertained by MALDI mass spectrometry, which decreased our 

overall yield of cyclization. We avoided TCEP addition, and instead bubbled 

argon through the reaction for 10 minutes prior to capping and shaking for 2 

hours. This was done in order to purge the reaction of any oxygen present that 

could oxidize the peptide sequences or prevent cyclization as a result of disulfide 

formation. Overall concentration of purified materials was determined using UV-
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Vis at 280 nm. The molar absorptivity constant, Ů, was determined for the linkers 

using the non-brominated species (2,6-dimethylpyridine, 5,5ô-dimethyl-

2,2ôbipyridine, and 6,6ôdimethyl-2,2ô-bipyridine). In acetonitrile with 0.1% TFA 

we found the values of Ů=467 M
-1 

cm
-1

 for the pyridine and Ů=450 M
-1 

cm
-1

  for 

both of the bipyridine linkers.   

Peptide Sequences

H2N-hKD(L)  (1)

Ac-CɓHɓC-am

Ac-CɓhɓC-am

H2N-CɓHɓC-am

H2N-CɓhɓC-am

H2N-CɔHɔC-am

H2N-CɔhɔC-am

H2N-WCɔHɔC-am

H2N-WCɔhɔC-am

H2N-CAHɓHAC-am

H2N-HAACHAAC-am

H2N-HAAChAAC-am

H2N-hAACHAAC-am

H2N-hAAChAAC-am

H2N-CAHLHLHAC-am

H2N-CAHLHWHAC-a

H2N-CAHRHWHAC-am

H2N-CAFLHLHAC-am

H2N-CAHLFLHAC-am

H2N-CAHLHLFAC-am

H2N-CHGHKHGHKC-am  

Table 6: Series of peptide designs 

This table of peptides shows imagined sequences utilizing 1, 2, 3, and 4 histidine 

residues, with varying placement of the cysteine residues for bisalkylation. 

Linkers to be used to induce cyclization will be  meta-bis(bromomethyl)-pyridine, 

6,6ô-bis(bromomethyl)-2,2ô-bipyridine, 5,5ô-bis(bromomethyl)-2,2ô-bipyridine, and 4,4ô-

bis(bromomethyl)-2,2ô-bipyridine. 
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Materials and Methods  

 

Molecular Operating Environment Modeling 

Molecular Operating Environment (ChemComp) software was used to build 

models of macrocyclic histidine peptide variants based on known sequences and 

motifs. Models were built in the software using the builder functions and were 

energy-minimized using the MMFF94x and Amber99 forcefields. Metal ion used 

for study was divalent copper, and it was ñfixed: in position with the two 

chelating nitrogen atoms of the bipyridine linker using constraints in the software. 

Protonation states of all potentially coordinating nitrogen atoms were adjusted to 

reflect binding with copper.  Following subsequent energy minimization, a 

conformational search was conducted to find low energy structures that 

maintained coordination between the metal center, the bipyridine, and histidine 

contacts. Dihedral angles were also inspected in these models to ascertain 

plausible structures.  

 

Materials 

Fmoc (N-a-(9-Fluorenyl methyloxycarbonyl)) protected amino acids, Rink 

Amide resin, N-hydroxybenzotriazole (HOBt) and benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (Pybop) were purchased 

either from NovaBiochem or AnaSpec, diisopropylethylamine (DIPEA), acetic 

anhydride, pyridine, trifluoroacetic acid (TFA), triisopropyl silane (TIPS), ethane 
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dithiol (EDT), dimethyl formamide (DMF) were purchased from Sigma-Aldrich. 

Component amino acids included the following: Fmoc-ɓAla-OH, (written short 

hand as ɓ), Fmoc-GABA-OH (written short hand as ɔ), Fmoc-Arg(Pbf)-OH, 

Fmoc-Trp(Boc)-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, Fmoc-Gly-OH, Fmoc-

Cys(Trt)-OH, Fmoc-His(Trt)-OH, Fmoc-DHis(Trt)-OH, and Fmoc-Leu-OH. All 

other chemicals were used as received without modification. All ultrapure water 

was deionized water that was further filtered using a Barnstead Ultrapure UF 

system to ensure resistivity was greater than 17.8 megaohms. 

Peptide Synthesis and Purification 

Peptides were synthesized both manually and via automated peptide synthesizer 

(AAPTEC Apex 396) using standard Fmoc solid-phase synthesis protocols.  Rink 

Amide resin (0.20 mmole/g) was used and couplings were achieved with 

HBTU/HOBt/DIPEA (5:5:10) or Pybop/ HOBt/DIPEA (5:5:10). Fmoc 

deprotection was performed using 20% piperidine in DMF 2x10 mins. All 

peptides were cleaved off the resin using TFA/TIPS/H2O/EDT (90:5:3:2) for 3 

hours and filtered.  Peptides were then cold ether-precipitated, including two ether 

rinses and centrifugation. Dried pellets were dissolved in 50:50 acetonitrile:buffer 

solution (20 mM ammonium bicarbonate, pH 8.0) at approximately 1 mM 

concentrations. 1.5 equivalents of linker were dissolved in neat acetronitrile and 

added to the buffered solution. Cyclization reactions were bubbled through with 

inert argon gas for 10 mins and then sealed and agitated for 0.5-2 hours before 

being flash frozen and lyophilized. Resultant peptides were purified using HPLC 

on a preparative-scale C8 column (solvent A was water/0.1% TFA, solvent B was 
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acetonitrile/0.1% TFA, and a linear gradient of 5-40 % solvent B over 15 min, 

with a ramp up to 100% over the following 3 mins)). The fraction containing 

desired product was collected and lyophilized. The purity and identity of the 

peptides were determined by analytical HPLC and MALDI-TOF-MS or ESI-MS 

(Finnigan LTQ), respectively.  

 

3.4 Synthesis and purification of bis(bromomethyl)bipyridine crosslinks  

 

The bis(bromomethyl) bipyridine linkers (B2, Scheme 5) were synthesized from 

the dimethylbipyridine starting material (B0). This synthesis route was adapted 

from several different papers describing a one-pot radical mechanism Scheme 5 

239,267ï269
 Initial attempts at this route proved difficult , so we devised an alternate 

strategy. This involved KMnO4 oxidation of the dimethylbipyridine (B0) to 

dicarboxylbipyridine (B6)
270ï272

 and subsequent esterification to generate the 

methyl esters (B7), which was achieved in 42% yield over two steps  (Scheme 6). 

The esterification was followed by a reduction to the diol (B8) using either 

NaBH4
273

 or LAH (lithium aluminum hydride) and then bromine substitution to 

generate the bis(bromomethyl)bipyridine (B2) (Scheme 6). This strategy is similar 

to previously reported work.
274,275

 The first two steps were completed with ease, 

yielding pure methyl ester (B7) as compared to NMR analysis in literature.
270ï272

 

The latter two reactions were not as robust, and required extensive purification. 

Therefore we reattempted the originally proposed radical reaction shown in 

Scheme 5. 
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Scheme 5: Pathway 1 towards synthesis of bis(bromomethyl)bipyridine 

linkers  

Pathway described for 5,5ô-bis(bromomethyl)-2,2ô-bipyridine. The 6,6ô-

bis(bromomethyl)-2,2ô-bipyridine and 4,4ô-bis(bromomethyl)-2,2ô-bipyridine 

pathways are identical, with the exception of the placement of the benzylic carbon 

around the pyridine rings. Desired product isolated in upwards of 31% yield, with 

~40% of un-reacted starting material overall. The other ~29% of products were 

byproducts discarded during the workup purification.  

 

 

 

Scheme 6: Pathway 2 towards synthesis of bis(bromomethyl)bpy compounds 

Pathway described for 5,5ô-bis(bromomethyl)-2,2ô-bipyridine. The 6,6ô-

bis(bromomethyl)-2,2ô-bipyridine and 4,4ô-bis(bromomethyl)-2,2ô-bipyridine 

pathways are identical, with the exception of the placement of the benzylic carbon 

around the pyridine rings.  
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Our improved technique executing the one-step, radical reaction in Scheme 5 

resulted in successful generation of the 5,5ô- and 6,6ô- bis(bromomethyl) 

products. Dimethyl bipyridine (B0) was subjected to a radical reaction initiated by 

azobisisobutyronitrile (AIBN) in the presence of the bromine source N-

bromosuccinimide (NBS). The reaction was refluxed in anhydrous carbon 

tetrachloride for 2-4.5 hours and progress was followed by thin layer 

chromatography (TLC). Over several syntheses, it was determined via TLC and 

NMR that the production of B2 maximizes after 2 hours of reflux. Running the 

reaction longer simply propagates side product formation (such as triply 

brominated B3 and other species seen in Scheme 5).  

 

Attempts at column purification under different conditions, including basic 

conditions, proved unsuccessful due to an inability to separate out the multiple 

reaction products. It also appeared the material was decomposing on silica. 

Alternatively, we could have tried Al2O3 with base in the eluent, which we did not 

attempt due to the previous negative results with addition of base. Another 

alternative would be to add metal to the mixture to induce separation via 

complexation, but it is likely that all side products would bind the metal similarly, 

and therefore this would not be likely to lead to successful purification of B2.  

 

Instead of column purification, we pursued a series of filtrations and 

recrystallizations. After allowing the completed reaction to cool briefly, the 

solution was vacuum-filtered to separate the precipitated succinimide byproduct 
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from the desired product B2. The filtrate was concentrated in vacuo and re-

constituted in dichloromethane (DCM) (approximately 100 mL or until fully 

dissolved). Following washes with aqueous sodium thiosulfate (1 M), the DCM 

layers were combined and evaporated. In the final step of purification, the solid 

was dissolved in acetonitrile and vacuum-filtered. The solid was washed several 

times with acetonitrile, and acetonitrile fractions were combined and freeze-dried 

via lyophilization.   

 

By NMR, two species were found in the lyophilized powder. The evolution of a 

singlet around 4.5 ppm (Figure 23,Figure S 35, and Figure S 38), representative of 

methylene protons, was a clear indication of product formation. Bromine 

substitution (B2) will  significantly deshield the methyl protons of the benzylic 

position on starting material (B0) which tend to be around 2.6 ppm. Based on 

NMR, the resultant bis(bromomethyl) products (B2, and the corresponding 6,6ô-

substituted product) were produced in 27-29% yields. The other component peaks 

of the spectrum represented protons on the remaining unreacted starting material 

B0.
267,271

 This minor species lacks bromine substitution and should not interfere 

with the cyclization reaction. Thus, we decided it was not necessary to purify the 

desired product further.  
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Figure 23: Annotated 
1
H NMR for 5,5' -bis(bromomethyl)-2,2'-bipyridine 

(B2) 

This proton NMR shows the expected proton shifts of the B2 product, labeled via 

corresponding color on the spectra. Starting material B0 has no bromine 

substitution, therefore possessing methyl protons at the benzylic position that 

would have a signal at 2.6. Bromine substitution, resulting in methylene protons 

and formation of product B2, clearly shifts the signal downfield to 4.54 (black 

protons). Integrations show the desired product in roughly 90% purity (by 

visualization) with residual unreacted starting material B0 and no other visible 

side products. Actual calculated purity was used to determine actual overall 

yields.  

 

1
H-

13
C HSQC was also performed to exclude the possibilit y of multiple 

substitutions at a single benzylic position (B1). If this occurred, it would lead to a 

dibromo compound with one benzylic carbon bearing both bromides, and the 

other remaining a methyl group. This variant could mislead assignments of the 
1
H 
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peaks due to chemical shifts that overlap with shifts from the starting material 

(B0) or the desired product (B2).  In addition, further purification would be 

required in order to prevent multiple products in the peptide cyclization reaction. 

This and other bromine by-products could also cause undesired bridging between 

the two available cysteine thiols, adding future difficulties in isolation of the 

desired macrocyclic peptide. The 
1
H-

13
C HSQC spectra reflects that the two 

protons found at 4.5 ppm belong to the carbon at 29.5 ppm (5,5ô-product, Figure S 

37) and 34.1 ppm (6,6ô-product, Figure S 40), and no other benzylic carbons.  

Based on this NMR analysis, this species was assigned as the desired dibromide, 

without any significant trace of the mono-brominated byproduct (B1). Based on 

the overall mass spectrometric and NMR data, we concluded that our B2 

preparations were ready for use in cyclization reactions without further 

purification.  

 

While this reaction worked well for synthesizing the 5,5ô-bis(bromomethyl)-2,2ô-

bipyridine and the 6,6ô-bis(bromomethyl)-2,2ô-bipyridine, the 4,4ô-

bis(bromomethyl)-2,2ô-bipyridine reaction did not appear to generate product 

according to TLC monitoring throughout 4 hours of reaction. The reaction was 

fully worked up and evaluated by NMR. The spectrum was difficult to interpret 

(Figure S 41) but it did indicate small amounts of product formation. Because the 

synthesis proved more difficult, this reaction would require further column 

purification to remove un-reacted starting material and byproducts. Also, our 

modeling indicated that the 4,4ô-bis(bromomethyl)-2,2ô-bipyridine would be least 
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likely to be incorporated into a peptide macrocycle with favorable metal-binding 

geometry. Therefore, the synthesis and purification of this isomer was not pursued 

further.  

 

Prior to optimizing the purification protocol above, we attempted to purify the 

crude 5,5ô-bis(bromomethyl)-2,2ô-bipyridine reaction via HPLC based on 

precedence of its reverse-phase separation found in literature.
276

 The crude 5,5ô-

bis(bromomethyl)-2,2ô-bipyridine (B2) reaction was evaporated to remove the 

carbon tetrachloride and dissolved in 50:50 water:acetonitrile, followed by 

centrifugation to pellet any precipitated material. The supernatant was injected 

and run on a 5-40% 0.1%TFA/acetonitrile (95-60% 0.1%TFA/water) gradient 

over 30 mins, with peak fractions collected and examined by NMR and ESI-MS 

(Figure S 42). The peak at 14-15.5 mins was found to contain starting material 

(B0) and doubly substituted product (B2) based on NMR chemical shifts. The 

ESI-MS showed di- (MW: 343.00 m/z, B2) and mono- (265.09 m/z, B1) 

brominated species, the chemical shifts of which could overlap with starting 

material on NMR. Fraction 16-16.5 contained di- and tri- (MS: 421.00 m/z, B3) 

bromo species. Based on NMR, the di-bromo species in these two fractions 

displayed shifts corresponding to the proper brominated state, rather than the 

asymmetrical variant B4 with a methylene group on one side and double 

bromination at the opposite benzene carbon. There was also no evidence of the 

asymmetrical variant B1, as denoted by the HSQC data. Note that the expected 
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doublet, triplet, and quartet peak patterns were observed for mono-, di-, and tri-

bromo species, respectively (due to the natural isotopes of bromine, Figure S 42) . 

 

From the attempt at HPLC purification, the peak eluting at 18 mins did not show 

chemical shifts consistent with the formation of desired product B2. Similarly, the 

ESI-MS profile of the 18 minute peak found ions 371.09 and 387.91, +28 and +44 

in mass, respectively, compared to the desired 343.00 of the dibromo species B2. 

These masses did not correlate to any desired product and were not collected in 

future runs. The problems with HPLC purification of these samples were the large 

volume of solvents and time required, and the fact that the dibromo species could 

not be separated from the mono- or tribromo versions, which would substitute at 

the cysteine thiols of the peptides during cyclization reactions. As described 

above, optimization of the reaction and workup conditions, simple filtration and 

lyophilization gave better isolation of product than HPLC purification, and so that 

method was no longer utilized.  

 

Materials and Methods  

 

Materials 

5,5ô-dimethyl-2,2ô-bipyridine, 6,6ô-dimethyl-2,2ô-bipyridine, and 4,4ô-dimethyl-

2,2ô-bipyridine, as well as N-bromosuccinimide (NBS), 2,2ǋ-Azobis(2-

methylpropionitrile) (AIBN), and carbon tetrachloride were purchased from 

Sigma-Aldrich.  NMR solvents were purchased from Cambridge Isotope 
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Laboratories. All ultrapure water was deionized water that was further filtered 

using a Barnstead Ultrapure UF system to ensure resistivity was greater than 17.8 

megaohms. 

 

Synthesis and purification of 5,5ô-bis(bromomethyl)-2,2ô-bipyridine  

6,6ô-bis(bromomethyl)-2,2ô-bipyridine, and 4,4ô-bis(bromomethyl)-

2,2ô-bipyridine   

Products were visualized on thin layer chromatography (TLC) using UV. NMR 

spectra were acquired on a Bruker Advance III spectrometer at 500 MHz for 
1
H 

NMR and 125 MHz for 
13

C NMR. Chemical shifts are reported in ppm relative to 

TMS (for 
1
H NMR in CDCl3) or CDCl3 (for 

13
C NMR in CDCl3). For 

1
H NMR 

spectra, data are reported as follows: ŭ shift and multiplicity (s= singlet, d= 

doublet, dd=doublet of doublets). Proton assignments were made using 
1
H-

13
C 

HSQC at 500 Mhz. Low resolution mass spectra (LRMS) were recorded using a 

Finnigan LTQ ESI-MS with an additional APCI source.  

 

Synthesis and purification of the bis(bromomethyl)-bipyridine linkers was 

adapted from several sources. 
239,267ï269

 Using dimethyl bipyridine starting 

material (10.8 mmol, 2 g), NBS (22.4 mmol, 4 g), and AIBN (1.8 mmol, 0.3g), 

the reaction was refluxed to 80  ɘC in 100 mL dry CCl4  for 2-4 hours. Immediately 

following the reaction, the solution was filtered and the filtrate evaporated. The 

resultant solid was reconstituted in approximately 100 mL DCM (or until solvated 
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completely) and washed (2x 25 mL) with 1 M saturated sodium thiosulfate 

(aqueous). The DCM layers were collected and evaporated. Upon reconstitution 

in acetonitrile, the solution was again vacuum filtered, with the solid washed 

several times with acetonitrile, and the filtrate was flash frozen and lyophilized. 

This produced >80% pure material without column purification, with  31% 

overall yield.  Refer to Figure S 35, Figure S 36, , Figure S 38, Figure S 39, and 

Figure S 40 for NMR spectral data.  

 

5,5ô-bis(bromomethyl)-2,2ô-bipyridine (B2):  

LRMS (ESI, pos. ion) m/z: calculated  for C12N2H10Br2 342.00 ,  found 343.00 

1
H-NMR (CDCl3, 500 MHz), ŭ/ppm :  8.70 (d, 2H), 8.42 (d, 2H), 7.87 (dd, 2H), 

4.56 (s, 4H)  

13
C-NMR (CDCl3, 500 MHz), ŭ/ppm :  149.38 (CH, C(6)H bpy), 137.61  (CH, 

C(4) bpy), 133.89  (C, C(5) bpy), 121.16  (CH, C(3) bpy), 29.54 (CH2, CH2Br) in 

accordance with literature.
267,276

 

  

6,6ô-bis(bromomethyl)-2,2ô-bipyridine:  

LRMS (ESI, pos. ion) m/z: calculated  for C12N2H10Br2 342.00, found m/z 343.09 

1
H-NMR (CDCl3, 500 MHz), ŭ/ppm :  8.40 (d, 2H), 7.85 (dd, 2H), 7.49(d, 2H),  

4.65(s, 4H)  

13
C-NMR (CDCl3, 500 MHz), ŭ/ppm :  155.49  (C, C(6) bpy), 137.91 (CH, C(4) 

bpy), 123.54 (CH, C(5) bpy),120.51 (CH, C(3) bpy), 34.10 (CH2, CH2Br) in 

accordance with Zhao et. al. 
277
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4,4ô-bis(bromomethyl)-2,2ô-bipyridine:  

LRMS (ESI, pos. ion) m/z: calculated  for C12N2H10Br2 342.00 

predicted 
1
H-NMR (CDCl3, 300 MHz), ŭ/ppm :  8.68 (d, 2H), 8.45(d, 2H), 

7.38(dd, 2H), 4.50(s, 4H)  (values from Gillaizeau-Gauthier et. al.
278

)  

 

3.5 Synthesis and characterization of designed sequences  

 

Table 7: List of purified peptide sequences available for testing 

This list of peptides have been cyclized using the associated linker and have been 

purified using RP-HPLC. These can now be further characterized for metal 

binding as well as probed as enantioselective catalysts. Note the placement of 

histidine in blue (H=l-his, h=d-his) to assist in fulfilling the coordination 

geometry of a bound metal ion.  

 

Table 7 lists the designed macrocyclic peptides that have been synthesized to 

date.  Based on modeling described in section 3.3, these were judged to be among 

the better designs for 1:1 metal binding.  For Cu(II), Ni(II), and other species that 
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absorb in the UV-vis range, we can conduct studies similar to those in Chapter 1 

to identify metal-binding sequences, and the stoichiometric ratios and binding 

geometries of these complexes.  We chose to screen peptide-metal complexes for 

catalytic activity first (see Chapter 4), and then characterize metal binding for any 

promising catalysts.  Peptide H2N-CAHLHLHAC-am_5bpy exhibited some 

catalytic activity, and so was the first of the peptide sequences that we chose to 

investigate. By titrating Cu(II) metal into a solution of peptide at pH 7.0, we 

observed only a slight shift in absorbance from 320 nm to approximately 324 nm, 

with some metal-aqua complex in solution at 800 nm. According to literature, if 

the metal bound to the three histidine residues only and not to bpy, we could 

observe three d-d transitions at 665, 571, and 494 nm with two histidines having a 

single absorbance band at 575nm.
251

 The metal may not be coordinating under 

these conditions or may be interacting specifically with the bpy linker, which 

tends to show absorbance bands in the UV region. To better understand how this 

peptide interacts with Cu(II), we could start with a solution of the metal ion and 

slowly titrate in peptide at 0.5, 1.0, 1.5, and 2.0 equivalents, at pH 8.0. This would 

allow us to directly observe a shift in UV-Vis bands, and this would also begin to 

address the possibility of mixed metal-peptide complexes or discrete higher-order 

complexes, such as a 2:1 ligand:metal ratio. In terms of investigating the series of 

peptides imagined in Table 6 and Table 7, a great deal of work remains to be 

done.  

In the future, we expect to observe metal coordination by the bipyridine moiety to 

most metals tested, so efforts will need to focus on deconvoluting the remaining 
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coordination sphere. While many peptides will form a mixture of different metal-

peptide complexes, some may form clear, discrete metal complexes.  These could 

be 1:1, as with ATCUN sequences, or they could have 2:1 or 3:1 ligand:metal 

ratios. Small molecules containing bpy often form such complexes, so these could 

form in the absence of suitable coordination ligands in the peptide structure, if 

sterics allow. It is also possible, though less likely, that a peptide sequence will 

have greater affinity for the metal ion than the bipyridine, and we would not 

observe absorbance values indicative of bipyridine coordination. Experiments 

should focus on detecting those peptides that coordinate metals using the 

bipyridine and up to two other contact points in a tetrahedral geometry. Square 

planar and octahedral geometries were not considered in the design of these 

sequences, but could also occur, so care should be taken when interpreting UV-

Vis spectra and other data in order to clearly determine the coordination geometry 

for any metal-peptide complexes discovered. 

 

Materials and Methods  

Materials 

Copper(II) chloride dihydrate, copper(I) chloride, nickel(II) chloride hexahydrate, 

iron(II) chloride tetrahyrdate, iron(III) chloride, rhodium(II) acetate dimer, 

ruthenium(III) chloride hydrate, zinc(II) acetate, cobalt(II) chloride hexahydrate,  

gold(III) chloride (all from Sigma-Aldrich), sodium tetrachloroplatinate(II) 

hydrate (Acros Organics), sodium tetrachloropalladate(II) trihydrate (Strem 

Chemicals), palladium(II) chloride (American Platinum Works), and all other 
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chemicals were used as received without modification. All ultrapure water was 

deionized water that was further filtered using a Barnstead Ultrapure UF system 

to ensure resistivity was greater than 17.8 megaohms. 

 

UV-Vis Experiments  

All UV-Vis absorption measurements were carried out using a Cary 100 

spectrophotometer using a 1-cm quartz cuvette in 50 mM N-ethylmorpholine 

(NEM) buffer at pH 7.5 unless otherwise specified. The peptides were dissolved 

in ultrapure water and peptide concentrations were determined using UV-Vis at 

280 nm. The molar absorptivity constant, Ů, was determined for the linkers using 

the non-brominated species (2,6-dimethylpyridine, 5,5ô-dimethyl-2,2ôbipyridine, 

and 6,6ôdimethyl-2,2ô-bipyridine). In acetonitrile with 0.1% TFA we found the 

values of Ů=467 M
-1 

cm
-1

 for the pyridine and Ů=450 M
-1 

cm
-1

  for both of the 

bipyridine linkers.   
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Chapter 4: Screening bipyridine -constrained peptides for catalytic activity in 

epoxidation and cyclopropanation reactions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Work from this chapter is comprised entirely of unpublished work. 
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4.1 Background on bipyridine reactions and enantioselective catalysis  

 

With a library of chiral peptide sequences in hand that have metal binding 

potential, we hypothesized that they may offer interesting enantioselective 

catalytic activity. In 2001, Knowles, Noyori, and Sharpless won the Nobel Prize 

in chemistry for their work with chiral catalysts, highlighting the need and 

significance of such molecules
38

. Their accomplishments are proof that these 

reactions are difficult, but that clever scientists can design chiral catalysts despite 

that difficultly and lead to big breakthroughs in science in areas previously 

believed unattainable.  

 

We hypothesized that the library of chiral metal-binding peptides may have useful 

enantioselective catalytic activity. During the last decade, there have been great 

strides in expanding the field of chiral transformations, which must be performed 

by chiral catalysts. A great deal of literature focuses on the advancement of 

ligands with axial chirality, also termed atropisomerism.
279ï282

 This is the idea that 

the ligand possesses an axis of chirality that restricts rotation about a particular 

portion of the ligand, most commonly within bi-aryl compounds. Work in this 

area has led to the design of new synthetic paths towards generation of catalysts 

themselves, and has broadened the substrate scope of asymmetric reactions.
279,280

 

Additional work has centered on the secondary coordination sphere about the 

metal catalyst, tailoring the secondary coordination sphere using chiral groups to 

allow for enantioselective catalysis. A key example is the use of artificial 



 

137 

 

metalloenzymes, which have an extensive and readily tunable secondary 

coordination sphere as well as various methods for incorporating a metal.  Several 

artificial enzymes have been developed for the transformation of various prochiral 

substrates. 
235,241

 The field of artificial metalloenzymes has had significant success 

in directing the selectivity of enzymatic reactions while maintaining the versatility 

inherent to organometallic transformations.
8,33,235,283,284

 Natural enzymes have 

evolved over time to efficiently convert a very specific product, and artificial 

versions, even smaller, more synthetically accessible peptidic forms, are 

beginning to show great promise.
33,235,282,285ï288

  

 

Peptides, being chiral, offer great potential for asymmetric catalysis. Scott 

Millerôs work with turn-based peptides and Helma Wennemersô Pro-Pro-Glu and 

Pro-Pro-Asp sequences are prime examples of short peptides acting as acid-base 

catalysts. 
289ï292

 More recent advances in the field of metallopeptide catalysts 

include the Ball group whose larger, Ŭ-helical peptides coordinate Rh(II) using 

carboxylate-containing side-chains and catalyze a variety of reactions, including 

alkene cyclopropanation.
50,54,55,293ï295

 Similarly, metallopeptide catalysts 

developed by Gilbertson were arrayed in a library screen in the presence of 

palladium and tested for their efficacy as allylation catalysts.
43

 Another very 

recent study identified potent asymmetric catalysts by screening only a handful of 

cyclic peptides of arbitrary sequence, supporting the idea that even the simplest 

design strategies can achieve unexpected catalytic reactivity.
296

  These studies 
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highlight the fact that covalently constrained peptides are an underexplored source 

of metal ligands, with direct applicability to asymmetric catalysis.  

 

Further inspiration for this project comes from a vast amount of literature centered 

around robust catalytic transformations using chiral bipyridine or Schiff base 

ligands in complex with Cu(I/II), Fe(II/ III), Ni(II), Zn(II), Mn(III) , Pd(II), Ru(III) 

or Rh(II). Our approach will be to take our purified macrocyclic peptides and 

incubate them with various metal salts under a variety of reaction conditions, as 

detailed in Figure 24. We chose cyclopropanation and epoxidation of alkenes as 

model reactions due to extensive prior work using chiral bipyridine-based 

catalysts to enhance yield and stereoselectivity. These reactions have been shown 

to convert in >50-80% yields by chiral metal-ligand catalysts.
297ï310

 In addition, 

the chirality of these ligands often direct significant enantioselective product 

generation, with enantiomeric excess often reported in the 80-99% 

range.
60,298,300,302ï305,307,311

 With all this evidence in hand, we hypothesize our 

chiral, constrained bipyridine-containing peptides will complex various metals 

and perform these organic transformations with robust enantioselectivity.   
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Figure 24: General strategy for implementing peptides as catalysts 

Using a library of synthesized and purified bipyridine containing macrocyclic 

peptides, we will individually array these sequences with a variety of metal salts. 

Then, upon incubation under different reaction conditions, the solutions will be 

probed using gas chromatographic methods to evaluate catalytic activity, and 

more specifically, enantioselective turnover.  

 

4.2 Epoxidation Reactions with bipyridine-peptide catalysts   

 

Epoxides are used widely as chemical intermediates in the synthesis of 

surfactants, glues, natural products, and pharmacophores. The generation of chiral 

epoxides is of interest in order to selectively form intermediates and products for 

these important materials. Epoxidation of alkenes has been catalyzed with several 

types of metal complexes over the decades, with studies experimenting with 

additives, solvents, and oxidants of the reaction solution.
283

 One example of a 

successful epoxidation catalyst is a chiral Mn(III)-bipyridine complex that 

achieved 70% conversion of styrene in MeCN solvent, generating >99.9%  

enantioselectivity in the presence of the oxidant peracetic acid.
312

 In contrast, 
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Fe(II)-peptide ligands discovered by Francis et. al., though able to catalyze alkene 

epoxidation, did so at low yields with enantioselectivity in the 15-22% range.
60

 

Natural proteins can also be modified to catalyze reactions that are beyond their 

natural capabilities. For example, carbonic anhydrase II, when complexed with 5 

mol%  Mn(III)  as opposed to the naturally bound zinc, and in the presence of 

peroxide, can perform epoxidation of styrene at 12% yields with 57.5% ee.
33

 We 

believe the extensive study of the styrene epoxidation reaction enables it to be a 

robust tool for the investigation of metallopeptide asymmetric catalysts. Our 

strategy is a combined effort derived from the prior work mentioned above, and 

attempts to improve enantioselectivity while maintaining high yields. In addition, 

we hypothesize that, by incorporating efficient and active metal-binding ligands 

like bipyridine within constrained peptide sequences, we can improve upon 

previous peptide-based catalysts.  
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Figure 25: Examples of metal-bipyridine and metal-peptide complexes 

catalyzing epoxide formation 

(a) the active site of carbonic anhydrase II and how, when substituted with 

Mn(III), can catalyze epoxidation of styrene at 12% yield and 57.5% ee
313

 (b) 

chiral bipyridine complexes tend to have higher than 70% conversions with 

>99% enantioselectivity
312

 (c) shows the Fe(II)-binding peptide that converted 

epoxides in low yields, with 15-22% selectivity.
60

 Our approach is a combination 

of these three strategies, aimed at gaining high yields and high selectivity with 

levels of turnover similar to natural enzymes.  

 

 

 

Scheme 7: Conversion of styrene into chiral styrene epoxides, shown with 

optimized reaction conditions 

1 equivalent of styrene was reacted with 5 mole% metal-ligand complex, with 

excess ligand, at room temperature for 3 hours in acetonitrile. Identity of the 

ligands are those purified peptide sequences shown in Table 7. 2 equivalents of 

peroxyacetic acid was included as the oxidant. As indicated by the asterisk, two 

possible enantiomers could be produced.  
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The epoxidation mechanism involves formation of a metal-oxo species that can 

present a source of oxygen to the alkene of interest. The metal-ligand complex 

interacts with the oxidant to form this metal-oxo species in solution. Upon 

interaction with the alkene, the sterics and chirality of the ligand have the 

potential to direct the addition of the oxygen enantioselectively. It is important to 

note that a good epoxidation catalyst provides direct transfer of the oxygen, which 

minimizes byproduct formation, as compared to 2-step transfer mechanisms or a 

radical Fenton mechanism.
283

 Our work stems from literature using peracetic acid 

as the oxidant in the epoxidation reaction (Scheme 7).  

 

We decided to quantitate extent of epoxidation using gas chromatography (GC).  

This analysis underwent a great deal of optimization in order to enable rapid 

screening of dozens of peptide/metal combinations we anticipated being able to 

synthesize using our straightforward macrocyclization chemistry. Initially, 

screens were developed at a 3 mL volume in acetonitrile in order to allow for 

direct injection onto GC for sampling (injection of water, though possibly desired 

based on peptide solubility, is not compatible with GC-MS instruments). Using 

acetonitrile as solvent avoided the need to lyophilize samples, which was found to 

volatilize starting material, preventing its analysis. Evaluation of the percent 

remaining starting material can be a valuable analysis, especially when a single 

product species is formed, so we avoided lyophilization. Peracetic acid was used 

as the oxidant in agreement with prior work on metal-catalyzed epoxidation 

reactions. Though peracetic acid alone can catalyze alkene epoxidation, this was 
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controlled for by minimizing the amount of peracetic acid. Using GC-MS 

analysis, we varied the concentration of peracetic acid and found that lower 

concentrations (0.2 equivalents) did not form styrene epoxides, even in the 

presence of metal-bipyridine complexes that are normally robust catalysts.  On the 

other hand, more than 2 equivalents of peracetic acid generated epoxides in all 

samples, regardless of the presence of catalyst. We concluded that 2 equivalents 

of peracetic acid was enough to promote the reaction to proceed over the 3 hour 

reaction period, but only for those samples with an active catalyst. In retrospect, 

more concentrations should be tested and lower concentrations of oxidant could 

be used.  Ideally, the concentration of peracetic acid should be far from the 

concentration that initiates turnover on its own, closer to 20 equivalents compared 

to 2 equivalents, as opposed to 3 vs. 2. The narrow window used in studies to date 

made it less clear whether differences in product formation could be attributed to 

metal-bpy or metal-peptide interactions, and it was difficult to rule out whether 

artifacts are due to oxidation by peracetic acid without any involvement from the 

catalyst.  

 

Solvent conditions played a significant role in styrene epoxidation. For control 

reactions in acetonitrile with 2,2ô-bipyridine stocks in dichloromethane, the ligand 

alone was able to catalyze formation of the epoxide, and in similar amounts as the 

fully complexed Cu(I)bpy samples. Copper alone generated the aldehyde species 

in addition to the epoxide. For Cu(I)bpy complexes, we did not observe any 

generation of aldehyde, implicating the metal complex in selective product 
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formation of the epoxide over the aldehyde. When substituting acetonitrile for 

dichloromethane in the 2,2ô-bipyridine stock solution, in which bpy is also 

soluble, we observed product formation by only the Cu(I)bpy complex and not by 

ligand or metal alone, highlighting the solvent dependence of the reaction. Cu(I) 

is very insoluble even in aqueous solution, and so Cu(I) had to be weighed and 

added to each reaction individually, as opposed to making a concentrated solution 

and sequentially adding to the reactions. Upon complexation to bpy in solution, 

however, the Cu(I) does solubilize. Due to the selective formation of epoxide over 

aldehyde under these conditions, we continued using acetonitrile to make 

bipyridine stocks instead of dichloromethane.   

 

We screened several metals in these reactions, with several showing consistently 

higher activity than others. Fe(III) and Mn(III) specifically displayed notable 

epoxide production with little to no styrene remaining after 3 hours (results not 

shown, similar to those at 30 ɛL volume in Figure 26). However, up to this point 

of optimization, inconsistent peak areas were observed from day to day. The 

introduction of two equivalents or greater of triethylamine in acetonitrile was used 

to quench oxidation by peracetic acid, and to neutralize the acidity of the metal-

bpy complex, stopping any further reaction. Reactions at the 3 mL volume were 

shown to produce epoxide using 5 mol% as well as 1 mol% catalyst. Since we 

anticipated that peptide concentration could be the limiting factor in these screens, 

this was a promising observation.  
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To allow the use of even less peptide per reaction, and to make the process more 

high-throughput, we investigated performing the reaction at smaller volumes. 

Maintaining final concentrations and ratios of all reactants, we tested the reactions 

at 1 mL and ultimately at 30 ɛL volumes. Rather than using glass vials, we 

implemented the use of PCR tube strips, where individual components were 

sequentially added to each well while on ice and then agitated via rotisserie at 

ambient temperature for 3 hours. Initial modifications to the screen showed that 

Mn(III), Fe(II), and Fe(III) easily converted styrene to the epoxide, with Pd(II) 

and Ru(III) also showing good catalytic activity (Figure 26).  

 

In the future, this analysis could readily be extended to other substrates to fully 

investigate the activities of the catalysts. Trans-ɓ-methylstyrene was briefly 

explored as an additional substrate. The GC-MS method had to be elongated by 

several minutes in order to observe this molecule due to the shift in elution time. 

Epoxidation of trans-ɓ-methylstyrene by achiral metal-bipyridine complexes was 

complicated by the observation of the epoxide forming in high amounts in the 

control reactions. We concluded that this would not be a good substrate for further 

investigation. In the future, other styrene derivatives are readily available, 

including methoxystryene, and could be tested in parallel with styrene, or could 

be used to determine substrate scope once potential catalysts are discovered from 

screens with styrene.   
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Figure 26: Styrene epoxidation by achiral bipyridine complexes at 30 ɛL  

reaction volumes. 

Small scale styrene epoxidation (30 ɛL  volume) showing turnover by Mn(III), 

Fe(II), Fe(III), Pd(II), and Ru(III) 2,2ô-bipyridine complexes, with possible 

activity from Ni(II)bpy. Styrene 0.0087 mmol, 7.5x10^-5 mmol metal salts, 1x10^-

4 mmol bipyridine, 0.01473 mmol peraceteic acid on a 30 ɛL  scale in MeCN for 

3 hours at RT. Quenched with 0.0287 mmol trimethylamine. . Sample diluted to 

7.25 mM in acetonitrile, with 0.5 ɛL   injected onto Rxi-XLB column for GC-MS 

analysis, where automated peak area integrations were used in generating this 

plot. Error bars were generated from injection of the same sample three times 

over two days.  

 

For more sensitive detection of product formation, we transitioned to use of GC-

FID. This instrument and its brand-new column provided lower limits of 

detection, allowing us to see smaller amounts of product generation than is 

detectable by the GC-MS. Additionally, sampling was made more high-

throughput due to the expanded vial capacity of the autosampler (16 positions, 

compared to 9 for the GC-MS). Standards were tested on the new system and 

calibration curves generated for both starting material and racemic product in 

order to evaluate approximate turnover for the reactions (Figure S 43). Similarly 



 

147 

 

to samples run on the GC-MS, we found Mn(III), Fe(II), and Fe(III) bipyridine 

complexes to generate styrene epoxides. We also tested various other metals and 

found some catalytic activity for Pd(II), Rh(II), and Ru(III) complexes. We 

moved forward testing peptide macrocycles in these screens using these metals. 

However we also considered other metal cations typically found coordinated to 

peptide ligands in nature, such as Cu(II), Cu(I), Zn(II), and Ni(II), to search 

broadly for metallopeptide catalysts.  

 

The first peptide tested within the epoxidation screen was cyclic peptide 1 

discussed in Chapters 1 and 2. This ATCUN macrocycle seemed to initially have 

barely produced any epoxidation, but when looking at the data in the absence of 

styrene areas and zooming in along the axis, Cu(II)-1 clearly displays activity in 

the presence of Cu(II) ions (Figure 31). 1 was simultaneously tested in 

cyclopropanation reactions (see below). Due to initially promising results in 

cyclopropanation reactions, and lack of properly evaluating results from the 

epoxidation screens, 1 was not further investigated for asymmetric epoxidation. 

However, after more thorough consideration, this peptide should be retested in 

epoxidation screens, particularly on chiral GC. Another modification would be to 

test the peptide after having the Cu(II)-1 complex preformed in solution at a more 

appropriate pH, rather than attempting to form in situ in a slightly more acidic 

solution. This could give rise to increased epoxide formation from the activity of 

the complex if the reaction solution can be maintained at a pH of 7. However, 

epoxidation using peracetic acid is necessarily performed under acidic conditions. 
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This highlights one flaw within these screens, which is that the low pH of the 

reaction solution may not always be amenable to the formation of metal-peptide 

complexes. In addition, under higher pH conditions commonly permitting the 

formation of metal-peptide complexes, the epoxide reaction may not occur readily 

due a lack in acidity. As we have previously shown (Figure S 1, Figure S 2), the 

pH significantly affects metal binding abilities, particularly of cyclic peptides. pH 

of the reaction solution should be varied in later screens to fully investigate the 

potential of this library of macrocyclic peptides to perform enantioselective 

catalysis.  

 

 

 

Figure 27: Styrene Epoxidation by Cu(II) -1 

Using GC-FID to probe epoxide formation, we observed significant turnover for 

Cu(II)-1. Ni(II) -1 showed similar activity as peptide alone. Further investigation 

is needed for the Cu(II)-1 reaction and whether product formation is 

enantioselective.  
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With the synthesis of the bis(bromomethyl) bipyridine linkers, and their 

incorporation into peptide sequences, we began screening pyridine- and 

bipyridine-containing peptides  (Table 8) in asymmetric reactions. One sequence 

in particular, H2N-CAHLHLHAC-am_5bpy, generated observable levels of 

epoxide when in complex with Cu(II), Rh(II), Mn(III), and later Pd(II) (Figure 

28). When these reactions were analyzed using a chiral GC column, however, 

equal amounts of stereoisomers were observed. To date, epoxide products were 

shown to be racemic for all achiral controls and chiral peptide complexes. One 

variation of this pentapeptide motif, H2N-CAHLFLHAC-Am (phenylalanine 

substitution at the central histidine residue, cyclized with 5-bpy and 6-bpy 

linkers), also showed some activity in complex with Cu(II) and Pd(II). However, 

analysis using the chiral column showed that the species generated was not the 

expected epoxide. This unknown product has a retention time that is slightly 

shifted from the (R) and (S) styrene epoxides, and could perhaps be the aldehyde 

product observed in initial screens evaluated by GC-MS. Pd(II) has been used 

widely to perform epoxide ring-opening transformations, and may be forming and 

then re-opening the epoxide under these conditions.
314

 However, due to the low 

concentrations of turnover, this cannot be verified by GC-MS unless we scale up 

the reactions. At this time, we are mainly concerned with finding catalysts that 

generate the desired product, and are not currently investigating reactions that 

form other products. 
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Figure 28: Styrene Epoxidation using H2N-CAHLHLHAC -am peptides 

Using GC-FID to probe epoxide formation, we observed significant turnover for 

(a) Cu(II), (b) Rh(II),  (c) Mn(III), and (d) Pd(II) CAHLHLHAC peptides (cyclized 

using 5,5ô-bis(bromomethyl)-2,2ô-bipyridine). From the automated peak areas 

from GC-FID, we did not see any promise for reactions including Fe(II), Fe(III), 

Ru(III), Ni(II), Zn(II),or Cu(I).  Note, bars leveling off at the upper limit of the 

charts have been cut off to better visualize product formation of less robust 

catalysts, and are labled with their actual value. Though not generated in as 

appreciable amounts as Mn(III)bpy, for example, peptides showing epoxide 

formation above baseline are worth pursuing for enantioselectivity. From left to 

right: Metal alone, metal-BPY, CAHRHWHAC-5BPY alone, metal coordinated 

CAHRHWHAC-5BPY, CAHLHWHAC-5BPY alone, metal coordinated 

CAHLHWHAC-5BPY, CAHLHLHAC-5BPY alone, and metal coordinated 

CAHLHLHAC-5BPY. The peptide in part (a) is the CAHLHLHAC-5BPY peptide.  
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Figure 29: Evaluating potential enantioselectivity using chiral column 

Using CɓHɓC-am cyclized with 5-bpy linker, we saw some activity in the 

presence of Cu(I) (weighted solid addition, due to insolubility of Cu(I) salts). 

Using the same samples, they were injected onto a chiralsil chiral GC column in 

order to separate out the R and S enantiomeric products. As can be seen, each 

sample showed racemic production. This happened to be the case for all peptides 

tested thus far. In addition, yields were low, <1 mM, as derived by calibration 

curves in Figure S 43. From left to right: Cu(I) only, Cu(I)BPY, CɓHɓC-

am_5BPY only, Cu(I) CɓHɓC-am_5BPY, CɓhɓC-am_5BPY only, and Cu(I) 

CɓhɓC-am_5BPY.  

 

We also observed poor reproducibility in catalytic turnover for these peptides. 

Day-to-day, the extent of epoxide formation was highly variable.  This could be 

due to a number of factors. Firstly, the source of metal, particularly in the case of 
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Pd(II), is old and may be oxidized to different forms (though unlikely), causing 

the stock solution to contain multiple species. Additionally the counter ligand 

(which in the case of Pd(II) was unknown) may not be fully displaced by the 

peptide in all cases. Softer counter ions, such as perchlorate or triflate, would be 

more appropriate than the harder chlorides of many of our metal stocks. The small 

reaction volume could play a role, due to the viscosity of starting material and 

small pipetting volumes. However, the most likely source for the day-to-day 

variability is the coordination sphere of the pentapeptide motifs. These peptides 

have three possible coordinating contacts from the three histidine residues, and 

could also coordinate metal using amide backbone nitrogens.
106,251,315

 In addition, 

we have now incorporated a bipyridine moiety with two nitrogen chelation points. 

Due to the high number of potential coordination sites, there is a high probability 

that these peptides do not have any one dominant species formed in solution, and 

there may be a stochastic element involved in which overall species are formed in 

any given experiment. One way to counteract this effect would be to pre-form 

complexes in solution under highly defined conditions, and identify a major 

species prior to inclusion in the screens. As long as it is under thermodynamic 

control, speciation can be made consistent. Alternatively, simpler designs like 

those containing one or two histidine coordination sites (Table 6,Table 8) may be 

more promising since they are more likely to form a single, discrete species in 

solution. As we move forward with screening this library of peptides, we 

anticipate that simpler designs will provide more reproducible results.  
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Finally, we note that the bisalkylation chemistry produces thioethers within the 

linkers. These sites are highly susceptible to oxidation, and should be tested under 

reaction conditions to determine the stability of the peptide complex. This can be 

done via HPLC analysis before and after the reaction. Comparing the area under 

the peak via HPLC, coupled with mass spectrometry data, will inform whether the 

peptides are being oxidized or degraded, or if they are intact. This analysis was 

not performed thus far for these peptides, but in the future this should be 

rigorously done to be confident in the results.  

Materials and Methods  

 

Materials 

Copper(II) chloride dihydrate, copper(I) chloride, nickel(II) chloride hexahydrate, 

iron(II) chloride tetrahyrdate, iron(III) chloride, rhodium(II) acetate dimer, 

ruthenium(III) chloride hydrate, zinc(II) acetate, cobalt(II) chloride hexahydrate,  

gold(III) chloride (all from Sigma-Aldrich), sodium tetrachloroplatinate(II) 

hydrate (Acros Organics), sodium tetrachloropalladate(II) trihydrate (Strem 

Chemicals), palladium(II) (American Platinum Works), and all other chemicals 

were used as received without modification. The palladium source counter ion 

was unknown, but something like acetate, triflate, or perchlorate would be ideal 

compared to chloride. Peptides were synthesized according to Chapter 3. All 

ultrapure water was deionized water that was further filtered using a Barnstead 

Ultrapure UF system to ensure resistivity was greater than 17.8 megaohms. Metal 

salts were dissolved in water, with ligands of interest (bpy or peptides) dissolved 
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in a mixture of acetonitrile and water. Stock solutions of metal salts, bpy, and 

peptides were diluted to 10 mM in trifluoroethanol (TFE) fresh for use in each 

new reaction. DMSO is also good at solvating metals, however tends to elute on 

GC at the same time point as the desired product, and so was excluded in order to 

deconvolute the evaluation of product formation. 

Larger scale (3 ml) epoxidation reactions 

3 mL volume reactions were performed in 5 mL screw top glass vials using 

acetonitrile solvent, which allows for dilution and direct injection on the GC-MS.  

This process avoids lyophilization, which volatilizes the starting material, 

preventing its analysis. Initial results catalyzed the epoxidation of the reactant 

styrene, with the epoxide formed under conditions of 5 mol% Cu(I)bipyridine 

(using 2,2ô-bipryidine and 5,5ô-dimethyl-2,2ô-bipyrdine). For these reactions, 5 

mol% CuCl (or other metal salts, when noted) was mixed with bpy in excess of 5 

mol% ligand  under inert gas for several minutes over a stir plate via ñfleaò stir 

bars. Note that CuCl is insoluble and is more appropriately introduced as a 

weighted solid or by pre-forming the complex with bpy, upon which it becomes 

more soluble.  This was followed by addition of styrene substrate  (0.25 mmol)  

and filling the vial headspace with inert gas before loosely sealing caps to avoid 

over pressurization. Introduction of styrene was followed by incubation on ice for 

5 mins, with continual stirring. At this point, 0.5 mmole (2 equivalents) cold 

peracetic acid was added to the solutions and vials replenished with inert gas. 

Reactions were allowed to stir for 3 hours at room temperature. Samples were 
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then directly diluted in MeCN to 20 mM based on original starting material 

concentration and investigated via GC-MS.  

 

Small scale (30 ɛL  ) epoxidation reactions  

30 ɛL   volume reactions utilized 100 mM stocks of 5,5ô-dimethyl-2,2ô-bipyridine 

made in acetonitrile and 100 mM metal salts in water. Peptide ligands were 

dissolved in acetonitrile:water mixtures according to solubility, commonly in 

50:50 ratios. Bipyridine or peptides (to 1.8 mM final concentration in 

acetonitrile), metal salts (to 1.2 mM final concentration in acetonitrile), and 

solvent (acetonitrile) were added to 100 ɛL  PCR strips and spun down using a 

table top centrifuge. While on ice, 290 mM stock of styrene in acetonitrile was 

added to a final concentration of 24 mM, and again spun down and left on ice for 

5 mins in order to slow the reaction rate and properly orient the metal-complexes 

around the alkene of the starting material. We then added 2 equivalents cold 

peracetic acid from a 1.475 M stock in acetonitrile, spun the samples down, and 

set them on a rotisserie at room temperature for 3 hours. It is important to note 

that peracetic acid synthesis is inconsistent, and so different stock bottles from the 

manufacturer will be at different concentrations. For this reason, it is important to 

perform a titration on the stock when it arrives in order to know the actual 

concentration. This can be done using redox titrations where peracetic acid 

oxidizes iodine to iodide, but then needs a second titration with thiosulfate. 
316,317

  

We chose to instead follow an acid-base titration protocol using NaOH titrant 

against a dilution of our peracetic acid in acetic acid to determine actual 
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concentration.
316

 Due to the activity influenced by both the acid additive and the 

local acidity of the metal-ligand complexes, reactions were quenched via 

neutralization with a basic solution after reacting for 3 hours. 170 ɛL  of a 120 

mM trimethylamine in acetronitrile stock was added to each 30 ɛL  reaction.  1 

ɛL  of this diluted and quenched solution was then injected on GC-FID for 

analysis using both an HP5 column for product evolution and Chiralsil column to 

evaluate enantioselectivity.  GC sample vials were reused and cleaned thoroughly 

between sample sets via rinsing with acetone, deionized water, and again acetone. 

After evaporation in the hood overnight, vials were rinsed a second time with 

deionized water and placed in the drying oven for several hours to remove any 

remaining water condensation.  

 

GC-MS screening conditions 

 

GC-MS screens were evaluated using an Rxi-XLB nonpolar column (serial # 

904566, L-30m, thickness-0.25 um, D-0.25 mm with a max use of 340 C) on 

Shimadzu GC-17A equipped with GC-MS-QP505A mass spectrometer. The 

overall carrier flow was 53.8 kPa, with a column follow of 1 ml/min, linear 

velocity of 35.6 cm/sec and total flow of 102.3 ml/min. Injection temperate was 

set to 230 ⱤC and the interface temperature to 250 ⱤC. The Epoxidation Method 

ran for 7.75 min with a solvent cutoff of 2.5 min and a m/z range of 50-250. 

Method ramp: 60C hold 1 min, 10C/min ramp to 120C, 40C/min ramp to 150C 

with no hold, unless otherwise noted). Samples were run split 100:1 with a 0.5 uL 
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injection. Peak area integration was automated and further analysis was done 

using the GC-MS LabSolutions SoftwareV.1.20. 

 

 

GC-FID screening conditions  

GC-FID  screens were evaluated using an HP-5 column (serial # USF124435H, 

L-30m, thickness-0.32 um, D-0.25 mm with a max use of 325 C) on Agilent 

Technologies 7890B GC system, equipped with uECD and FID detectors. The 

overall column follow was 6.45 ml/min, linear velocity of 77 cm/sec and total 

flow of 138.66 ml/min. Injection temperate wa set to 250 C and the heater to 300 

C. The Epoxidation Samples were run split 20:1 with a 1 ɛL  injection for 13 min 

using 60C hold 1 min, 10C/min ramp to 120C, 40C/min ramp to 200C with 4 min 

hold to reduce bleedover, unless otherwise noted. ).  Evaluation of chiral product 

formation was done on a Chiralsil column (serial # USF166336H, L-30m, 

thickness-0.25 um, D-0.25 mm with a max use of 250 C). The ramp for the 

epoxidation had to be extended on chiral column to improve separation of the two 

R and S enantiomer epoxides, giving 60C hold 1 min, 10C/min ramp to 120C, 

20C/min ramp to 200C with 4 min hold to reduce bleedover, with an overall run 

time of 15 minutes. Peak area integration was automated and further analysis was 

done using the OpenLab CDS Chemstation software.  
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Peptide Cyclopropanation Screens Epoxidation Screens 

Peptide Sequence

Cu

 I

Cu 

II

Fe 

II

Fe 

III

Mn 

II

Mn 

III

Zn 

II

Ni

 II

Ru 

III

Pd 

II

Rh 

II

Cu

 I

Cu 

II

Fe 

II

Fe 

III

Mn 

II

Mn 

III

Zn 

II

Ni

 II

Ru 

III

Pd 

II

Rh

 II

H2N-hKD(L)  (CP 1) X X X X X X X X X X X X X

H2N-CɓhɓC-am_pyr

H2N-CɓhɓC-am_5bpyX X X X X X

H2N-CɓHɓC-am_pyr

H2N-CɓHɓC-am_5bpyX X X X

Ac-CɓHɓC-am_pyr

H2N-CɔhɔC-am_pyr

H2N-CɔhɔC-am_5bpy

H2N-CɔHɔC-am_pyr

H2N-WCɔhɔC-am_pyr

H2N-WCɔhɔC-am_5bpy

H2N-WCɔHɔC-am_pyr

H2N-CAHɓHAC-am_pyr

H2N-HAACHAAC-am_pyr

H2N-HAACHAAC-am_5bpy X X X X

H2N-HAACHAAC-am_6bpy X X X X

H2N-HAAChAAC-am_pyr X X X X X X

H2N-HAAChAAC-am_5bpy X X X X

H2N-HAAChAAC-am_6bpy X X X X

H2N-hAACHAAC-am_pyr

H2N-hAACHAAC-am_5bpy X X X X

H2N-hAACHAAC-am_6bpy X X X X

H2N-hAAChAAC-am_pyr X X X X X X

H2N-hAAChAAC-am_5bpy X X X X

H2N-hAAChAAC-am_6bpy X X X X

H2N-CAHLHLHAC-am_linear

H2N-CAHLHLHAC-am_5bpy X X X X X X X X X X X X X X X X X X X X

H2N-CAHLHLHAC-am_6bpy X X X X X X X X X X

H2N-CAHLHWHAC-am_linear

H2N-CAHLHWHAC-am_5bpy X X X X X X X X X X X X X X X X X X X X

H2N-CAHLHWHAC-am_6bpy

H2N-CAHRHWHAC-am_linear

H2N-CAHRHWHAC-am_5bpy X X X X X X X X X X X X X X X X X X X X

H2N-CAHRHWHAC-am_6bpy

H2N-CAHLFLHAC-am_5bpy X X X X X X X X X X

H2N-CAHLFLHAC-am_6bpy X X X X X X X X X X

H2N-CHGHKHGHKC-am_5bpy X X X X X X X X X X X X X X X X X X X X  

Table 8: Synthesized and purified macrocyclic peptides from Table 6 

showing their current progress in asymmetric screens 

Table of peptides synthesized, purified, and screened against the various metal 

ions indication, in either cyclopropanation  or epoxidation reactions, or both. 

5bpy indicate 5,5ô-bis(bromomethyl)-2,2ô-bipyridine was used in the cyclization. 

6bpy=6,6ô-bis(bromomethyl)-2,2ô-bipyridine,pyr=meta-bis(bromomethyl) 

pyridine. Note this does not indicate levels of success, but rather only that those 

conditions with X were tested. In fact, none of those tested thus far have shown 

any asymmetry of product formation even when they did show product turnover. 
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4.3 Cyclopropanation Reactions with bipyridine-peptide catalysts   

 

Cyclopropane functionalities are present in a variety of natural products and 

synthetic antibiotics, however are often difficult to generate due to ring strain. In 

order to overcome this barrier to production, highly active catalysts are required. 

318
 With careful design, cyclopropanes can be generated in high yields with good 

enantioselectivity through various mechanisms. One mechanism is transition-

metal-catalyzed decomposition of diazoalkenes. In this mechanism, a transition 

metal complex interacts with a diazoalkene and displaces the N2, which is a good 

leaving group. This metal-coordinated carbene can then interact with an olefin of 

interest and generate the cyclopropane via either concerted or stepwise alkene 

instertion.
318,319

  While there exist other mechanisms, new chiral metal catalysts 

are being continuously sought for diazoalkene-mediated synthesis of 

cyclopropane derivatives.  

 

Various examples of novel metal catalysts can be found in the literature 

displaying efficient and enantioselective conversion of alkenes to cyclopropyl 

derivatives.  These typically use an ethyldiazoacetate compound to form the 

carbene.
281,301,303,307,319

 A large body of work has been dedicated to Cu(I) bis-

oxazoline complexes, which utilize phenylhydrazine additive to maintain the 

reduced copper species. These reactions typically observe conversion to the 

cyclopropane in 74-90% yield with 88-95% ee. 
281,318,320ï322

 Other metal 

complexes, like Pd(II)-carboxylates, 
323,324

 Rh(I)-NHC type
319

, and 
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Fe(II)TPPCl
311

, have also been shown to effectively generate cyclopropanes with 

notable enantioselectivity. In addition, the natural iron coordinated enzyme, P450, 

catalyzes the general reaction in Scheme 8 with %ee of the Z conformer in ranges 

of 31-81%.
284

 As a complement to our epoxidation screens, we chose to use 

cyclopropanation reactions as a robust reaction for discovering novel 

metallopeptide asymmetric catalysts. We hypothesize that the inclusion of the 

bipyridine within constrained peptide sequences will allow us to improve and 

enhance enantioselectivity of these reactions and discover new catalytic 

complexes.  

 

 

 

Scheme 8: Conversation of styrene into chiral cyclopropane variants, shown 

with optimized reaction conditions  

Ethyl diazoacetate is commonly used as a bench-mark diazo compound for 

investigation of cyclopropane generation. This reaction is catalyzed by metal-

complexes and their decomposition of the diazo compound into a carbine moiety 

then used for alkene insertion. We optimized our screens using strategies in 

accordance with various literature protocols. 
281,318ï322,324
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We have optimized the reaction and screening conditions for cyclopropanation 

reactions, in order to have higher throughput character, simultaneously with our 

modifications to the epoxide screens.. Initial cyclopropanation studies followed 

methods used to investigate a chiral Fe(III)-bpy catalyst by Morandi et. al.
301

 This 

involved the use of water as solvent and the compound glycine ethyl ester HCl (as 

opposed to the preformed diazoester shown in Scheme 8). The glycine salt has 

high aqueous solubility, allowing the formation of the ethyldiazoacetate upon 

heating to 40 ⱤC and addition of acetic acid and NaNO2. These reactions were 

performed in 3 mL volumes in capped glass vials in a 40 ⱤC water bath, stirred for 

6-20 hours, and probed by polar stabiliwax (a crossbonded carbowax PEG) GC-

MS column. We attempted to lyophilize off the water, reconstitute the reaction in 

dichloromethane, and inject onto the nonpolar RBi-XLB fused silica column for 

GC-MS analysis. However the remaining styrene starting material could not be 

evaluated via this method due to its volatilization in the freeze-drying process, as 

mentioned earlier.  Despite the likely solubility of our peptides under aqueous 

conditions, our control results were unreliable.  

 

In order to improve reproducibility, we decided to pursue protocols utilizing the 

preformed ethyldiazoacetate for the conversion of styrene to the 

cyclopropylethylester. Since we would no longer be relying on forming the 

ethyldiazoacetate in solution, we reasoned the reaction conditions would be more 

consistent. Many sources use dichloromethane as solvent, but always in 

evaluating small molecule catalysts, such as the chiral bipyridine analogs.
281,303
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In work by Zach Ball with rhodium-peptide catalysts, successful transformation 

of alkenes to cyclopropane species was observed while using trifluoroethanol 

(TFE) as solvent. We choose this solvent in hopes of maximizing the solubility of 

our peptides in the reaction solution for future screens.
325,326

 TFE is known to 

promote secondary structure formation, and may lend a similar advantage for our 

cyclic peptides. In addition, TFE is amenable to direct injection on GC, avoiding 

any need for lyophilization. We progressively altered the volume of the reactions, 

first down to 400 ɛL and then to 30 ɛL, maintaining consistent concentrations of 

all reactants. Similar to epoxidation screens, this was done to minimize 

consumption of peptides. Small volumes of 30 ɛL could still be heated to 40 ⱤC 

using a thermocycler, and without heating the lid would produce refluxing 

conditions at those volumes. Preliminary controls with achiral 5,5ô-dimethyl-2,2ô-

bipyridine demonstrated that bpy complexes of Cu(I), Cu(II), Fe (II), Fe(III) and 

Rh(II) could catalyze the reaction.  
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Figure 30: Results from styrene cyclopropanation reactions at 30 ɛL volume, 

revealing catalytic activity of various metal-bipyridine complexes. 

Cu(I), Cu(II), and Rh(II) appear promising as catalysts based on the appearance 

of cyclopropyl product formation. However the decrease in styrene peak area 

would also point to activity by Fe(II), just perhaps not in the generation of the 

desired product. 0.5 ɛL of 12.5 mM dilution (based on styrene, in MeCN) was 

injected on GC-MS (Rxi-XLB column). Standard deviation is from the average of 

3 injections of the same sample. 

 

 

The limit of detection of the GC-MS was low enough to see some product 

generation (Figure 30), however would not be able to distinguish very low yields. 

Switching to the newer and more sensitive GC-FID allowed us to find peptides 

that produce styrene cyclopropyl ethyl ester even at very low concentrations. We 

have since progressed to testing our peptides in these cyclopropanation reactions 

and evaluating via GC-FID. The first peptide tested in the cyclopropanation 

screen using the GC-FID analysis was cyclic peptide 1 from chapters 1 and 2. 

This ATCUN macrocycle displayed some activity in the presence of Pd(II) ions 
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(Figure 31). However, controls indicated this was likely due to the presence of 

uncomplexed Pd(II). In particular, it had been previously found that 1 complexes 

Pd(II) at low pH only after several hours (approximately 2-4 hours, Figure S 10). 

Therefore, the complex would only have fully formed towards the end of the 

reaction time (at four hours).  This may explain the evolution of styrene 

cyclopropyl ethyl ester in similar amounts as compared to unliganded metal.  

 

 

 

Figure 31: Styrene cyclopropanation using CP-1 and Pd(II) 

Results show product evolution in presence of Pd(II), as well as Pd(II)-1.. Bpy is 

5,5ô-dimethyl-2,2ô-bipyridine, with the reaction run on 30 ɛL  volume at 40 C for 

4 hours in TFE. Data represents a single trial. Peak area of Pd(II) alone 

compared to Pd(II)-1 indicated either activity, or that the peptide macrocyle is 

not coordinating Pd(II) and metal is free in solution, whereas Bpy is strongly 

chelating the metal and preventing its activity.  
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Figure 32: Styrene cyclopropanation with CAHLHLHAC base peptide 

sequences and Pd(II) 

Pd(II)CAHLHLHAC_5bpy activity (a), where only one prominent peak from the 

cyclopropylethylester standard is seen evolved by the peptide (green bar seen, but 

the red bar is not). However, another product eluting at 5.4 mins does get 

generated by the complex (shown in purple). On the other hand, 

Pd(II)CAHLFLHAC_5bpy and pd(II)CAHLFLHAC_6bpy (b) show evolution of 

the first major cyclopropylethyl ester product(red bar), and not the second peak 

(green bar). There is also evolution of other products (shown in purple and grey). 

These results could be indicative of enantioselectivty and need further 

investigation. Reactions run at 30 ɛL  volume in TFE for 4 hours at 40 ּףC.  
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Next we tested an array of the designed peptide sequences from Table 8 with a 

variety of different metals in the cyclopropanation screen. The same peptide that 

showed some activity in epoxidation screens, H2N-CAHLHLHAC-am_5bpy, 

displayed turnover in the presence of Pd(II) and to some extent Cu(I) ((Figure 32). 

Similarly to epoxidation screens, this catalysis was inconsistent from reaction to 

reaction.  In many of the screens, particularly with H2N-CAHLFLHAC-am_5bpy 

and _6bpy, we found that active complexes often produced species other than the 

desired cyclopropylethyl ester (Figure 32). H2N-CAHLFLHAC-am_5bpy and 

H2N-CAHLFLHAC-am__6bpy showed slightly more reliable results compared to 

the three-histidine variant, possibly due to formation of a more dominant species 

in solution without the third nitrogen contact. This further implicates the 

numerous binding geometries available of these 3N and 4N sequences in the 

irreproducibility of results. However, it could also be due simply to the age and 

identity of the Pd(II) stock. Metal binding studies would be required to verify 

whether the H2N-CAHLFLHAC-am peptides coordinate to Pd(II), and if so 

whether a dominant species is formed.  

 

To evaluate the enantioselectivity of these reactions, we reinjected samples onto a 

chiral column. We did not have stocks of the appropriate enantiomeric products, 

and even with control solutions, it was challenging to observe proper baseline 

separation and identification of the desired products. This method needs to be 

further modified to enhance separation of the two enantiomeric species of the 

product. Efforts are in progress to observe baseline separation of the 
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cyclopropylethyl ester product and to further screen the library of peptides in 

Table 8.  

Materials and Methods  

Materials 

Copper(II) chloride dihydrate, copper(I) chloride, nickel(II) chloride hexahydrate, 

iron(II) chloride tetrahyrdate, iron(III) chloride, rhodium(II) acetate dimer, 

ruthenium(III) chloride hydrate, zinc(II) acetate, cobalt(II) chloride hexahydrate,  

gold(III) chloride (all from Sigma-Aldrich), sodium tetrachloroplatinate(II) 

hydrate (Acros Organics), sodium tetrachloropalladate(II) trihydrate (Strem 

Chemicals), palladium(II) (American Platinum Works), and all other chemicals 

were used as received without modification. Peptides were synthesized according 

to Chapter 3. All ultrapure water was deionized water that was further filtered 

using a Barnstead Ultrapure UF system to ensure resistivity was greater than 17.8 

megaohms. Metal salts were dissolved in water, with ligands of interest (bpy or 

peptides) dissolved in a mixture of acetonitrile and water. Stock solutions were 

diluted to 10 mM in trifluoroethanol (TFE) fresh for use in each new reaction. 

DMSO is also good at solvating metals, however tends to elute on GC at the same 

time point as the desired product, and so was excluded in order to deconvolute the 

evaluation of product formation.  

Large scale (3 mL) cyclopropanation reactions 

3 mL volume reactions were performed in 5 mL screw top glass vials using 

trifluoroethanol solvent, which allows for dilution and direct injection on the GC-

MS. This process avoids lyophilization, which volatilizes the starting material, 
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preventing its analysis. Initial results catalyzed the cyclopropane using 5 mol%  

metal salts which were mixed with bpy in excess of 5 mol% ligand  under inert 

gas for several minutes over a stir plate via ñfleaò stir bars. Phenylhydrazine was 

then added to those metals at risk of oxidizing to higher oxidation state in soltion. 

This was followed by addition of styrene substrate  (0.25 mmol)  and filling the 

vial headspace with inert gas before loosely sealing caps to avoid over 

pressurization. Introduction of styrene was followed by heating in water bath until 

reaching 40 ⱤC, with continual stirring. At this point, 0.5 mmole (2 equivalents) 

ethyldiazoacetate was added to the solutions and vials replenished with inert gas. 

Formation of gases is expected immediately upon addition of the diazoacetate, so 

the reactant was added to vials behind a blast shield in the hood for safety.  

Reactions were allowed to stir for 4 hours at 40 ⱤC with caps slightly lose, and 

behind this blast shield, as further safety precautions. Reactions initially using 

water solvent and forming the diazoacetate in solution were perfomed similarly, 

according to literature.
311,322

 Samples were then directly diluted in MeCN to 20 

mM based on original starting material concentration and investigated via GC-

MS.  

 

Small scale (30 ɛL ) cyclopropanation reactions 

30 ɛL  volume reactions utilized 100 mM stocks of 5,5ô-dimethyl-2,2ô-bipyridine 

made in acetonitrile and 100 mM metal salts in water. Peptide ligands were 

dissolved in acetonitrile:water mixtures according to solubility, commonly in 

50:50 ratios. Bipyridine or peptides (to 1.8 mM final concentration in TFE), metal 
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salts (to 1.2 mM final concentration in TFE), and solvent (acetonitrile) were 

added to 100 ɛL  PCR strips and spun down using a table top centrifuge. 100 mM 

phenylhydrazine was added (to 6 mM concentration in TFE) to those metals 

maintaining a reduced oxidation state, like Cu(I) for example. 290 mM stock of 

styrene in TFE was added to a final concentration of 24 mM, and again spun 

down. Samples were incubated 5 mins on thermocycler in order to reach 40 ⱤC. 

We then added 2 equivalents ethyldiazoacetate from a 190 mM stock in TFE, 

spun the samples down, and left to incubate at 40 ⱤC on thermocycler for 4 hours. 

Due to the activity influenced by the local acidity of the metal-ligand complexes, 

and in order to dilute to appropriate concentrations for injection on GC, reactions 

were quenched via neutralization with a basic solution after reacting for 3 hours. 

170 ɛL  of a 120 mM trimethylamine in acetronitrile stock was added to each 30 

ɛL  reaction.  1 ɛL  of this diluted and quenched solution was then injected on 

GC-FID for analysis using both an HP5 column for product evolution and 

Chiralsil column to evaluate enantioselectivity.  GC sample vials were reused and 

cleaned thoroughly between sample sets via rinsing with acetone, deionized 

water, and again acetone. After evaporation in the hood overnight, vials were 

rinsed a second time with deionized water and placed in the drying oven for 

several hours to remove any remaining water condensation.  

 

GC-MS screening conditions  

GC-MS screens were evaluated using an Rxi-XLB nonpolar colum (serial # 

904566, L-30m, thickness-0.25 um, D-0.25 mm with a max use of 340 ⱤC) on 
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Shimadzu GC-17A equipped with GC-MS-QP505A mass spectrometer. The 

overall carrier flow was 53.8 kPa, with a column follow of 1 ml/min, linear 

velocity of 35.6 cm/sec and total flow of 102.3 ml/min. Injection temperate was 

set to 230 ⱤC and the interface temperature to 250 ⱤC. The cyclopropanation 

method ran for 12.5 min with a solvent cutoff of 3 min and a m/z range of 50-220. 

Method ramp: 60 ⱤC hold 1 min, 10 ⱤC/min ramp to 80 ⱤC, 40 ⱤC/min ramp to 

220 ⱤC, and 10 ⱤC/min ramp to 270 ⱤC with 1 min hold, unless otherwise noted. ). 

Samples were run split 100:1 with a 0.5 ɛL  injection. Peak area integration was 

automated and further analysis was done using the GC-MS LabSolutions 

Software V1.20.   

 

GC-FID screening conditions  

GC-FID screens were evaluated using an HP-5 column (serial # USF124435H, L-

30m, thickness-0.32 um, D-0.25 mm with a max use of 325 ⱤC) on Agilent 

Tecnologies 7890B GC system, equipped with uECD and FID detectors. The 

overall column follow was 6.45 ml/min, linear velocity of 77 cm/sec and total 

flow of 138.66 ml/min. Injection temperate wa set to 250 ⱤC and the heater to 300 

ⱤC. Samples from the epoxidation reactions were run split 20:1 with a 1 ɛL  

injection for 11.5 min using 60 ⱤC hold 1 min, 10 ⱤC/min ramp to 80 ⱤC, 40 

ⱤC/min ramp to 220 ⱤC, and 10 ⱤC/min ramp to 240 ⱤC with 3 min hold to reduce 

bleedover, unless otherwise noted).  Evaluation of chiral product formation was 

done on a Chiralsil column (serial # USF166336H, L-30m, thickness-0.25 um, D-

0.25 mm with a max use of 250 ⱤC). The ramp for the cyclopropanation had to be 
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extended on chiral column to improve separation, giving 60 ⱤC hold 1 min and 20 

ⱤC/min ramp to 240 ⱤC with 2 min hold to reduce bleedover, with an overall run 

time of 12 minutes. Peak area integration was automated and further analysis was 

done using the OpenLab CDS Chemstation software.  

 

4.5 Future directions for screening asymmetric reactivity  

 

This method of design and screening has clear advantages for quickly designing, 

synthesizing and testing potential metallopeptide catalysts. However, yields of the 

epoxidation and cyclopropanation reactions continue to be low. Compared to the 

calibration curves generated in Figure S 43, we are generating less than 1 mM 

product out of a roughly potential 24 mM, which is less than 4% overall yield. It 

is possible that better yields will be produced by increasing the volumes of the 

reactions. Reactions could be done in a 100 ɛL final volume and still be 

performed in PCR strips, while minimizing pipetting and small volume errors. 

However, if 100 ɛL reactions are still low-yielding, even for controls, then larger 

volumes may need to be considered.  

 

This library of peptides (Table 8, Table 7) will continue to be tested for activity 

towards both the cyclopropanation and epoxidation reactions. pH of the reaction 

solution can be varied for each screen to probe for optimal metal binding 

conditions, especially since we have observed full complexation of cyclic 

peptides at higher pH values.
157,225

 Some inconsistencies due to volume of the 
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small scale reactions could  be improved by scaling up the reaction and 

characterizing products by NMR.
281

 We could also use alternate substrates for 

either reaction, for instance using cyclooctene as a starting material to more 

robustly determine epoxide formation. Though no chiral products are generated 

with this substrate, it converts quickly to the epoxide in high yields and may 

facilitate screening for active peptide catalysts. These potential hits could then be 

further tested with an array of alkene derivatives, like styrene and 

methoxystyrene, with the expectation that they would be enantioselective based 

on their chiral structure.  Regardless, a broader screen of substrates should be 

tested in these reactions in order to fully probe the activity of the complexes. 

 

 In the future, other transformations could also be adapted to this method just as 

easily as the ones mentioned here, allowing for the specificity and versatility of 

hit sequences to be evaluated. It would be interesting to probe for aldol 

transformations, which have been performed by chiral bpy catalysts and small 

peptides.
291,327

 Equally interesting would be to investigate application to Diels-

Alder reactions, which have been selectively catalyzed by bpy molecules in 

concert with artificial proteins and DNA fragments. 
241
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Conclusion 

 

This work demonstrates how, through careful design and strategy, we can use 

macrocyclic constraints to enhance the metal binding and reactivity of simple 

peptide sequences. We showed that constraining the ATCUN motif using head-to-

tail cyclization maintained a 4N coordinate, square planar geometry that imparted 

metal binding selectivity of Cu(II) over Ni(II); a property not observed by linear 

ATCUN peptides. We showed the constraint enhanced redox cycling and catalytic 

activity of these sequences. Furthermore, we demonstrated that with this 

constraint, the histidine at the third position could be substituted while 

maintaining significant activity in diffuse hydroxyl radical production. 

Interestingly, we found that there was a general destabilization of the metal-cyclic 

peptide complex compared to metal-bound linear analogs. This was surprising, as 

we had anticipated from thermodynamic considerations that the metal binding of 

the cyclic complex would be more stable. However, it seems that more loose 

coordination of the metal ion actually incurs greater reactivity at the metal center, 

allowing for species with greater catalytic abilities. Therefore, macrocyclic 

constraints should be utilized not only to increase metal-binding affinities, but 

also to potentially destabilize otherwise tight interactions in order to maximize 

reactivity.  

 



 

175 

 

Then, we investigated how applying macrocyclic constraints that contain a metal-

binding functional group could be used to simultaneously enforce structure and 

promote metal binding. Inspired by the bisalkylation strategy described by 

Timmerman,
243

 we synthesized bipyridine variants that readily and robustly 

formed macrocycles with our designed peptides. These peptides were then 

incorporated in high-throughput screens in order to evaluate their catalytic 

activity. Specifically, they were evaluated for enantioselective epoxidation and 

cyclopropanation, as the chirality of these complexes makes them well-suited for 

asymmetric catalysis. In our work, we did not observe increased yields or 

enantioselectivity for any of the complexes tested for either reaction. Our 

sequences were modeled with a bias for 1:1 binding geometries in a tetrahedral 

coordination geometry.  However, with more diversified modeling and design, 

and with screening a wider range of metal ions, reactions and substrates, it is 

likely that this strategy will produce a cyclic metallopeptide catalyst. In addition, 

this work highlights how readily different dimethyl molecules can be converted 

into appropriate bis(bromomethyl) alkylation linkers. The modified purification 

details described here will allow others to make additional linkers for their own 

uses. Specifically, one could further explore terpyridine and other chelating 

linkers for the design of metal-binding cyclic peptides.  

 

In general, the strategy of constraining peptides in order to improve structure and 

function is a particularly efficient way to investigate new, unexplored chemical 

space. The applications of constrained peptides in applications that require metal 
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binding, such ion-selective electrodes, would be very exciting applications. In 

particular, if it were possible to selectively coordinate an anion like phosphate, 

truly useful sensors could be generated for biological, health-related, and 

environmental research. Such sensors could be used to track the motion of 

phosphate molecules in the cell and investigate novel metabolic pathways. In 

addition, cyclic peptides are also making advances in the pharmaceutical industry, 

being used as probes of protein-protein interactions and developed into 

therapeutics. Finally, this class of peptides has further implications for the realm 

of asymmetric catalysis, which was the focus in this work.  There is great 

potential for this class of chiral molecules as catalysts with high catalytic turnover 

and high enantioselectivity.  

 

By implementing robust and high-throughput strategies, coupled with the 

advantages of metal-peptide interactions, our work in applying macrocyclic 

constraints brings cyclic metallopeptides to the forefront of new metal ligands for 

a variety of applications. With the continued addition of different constraint 

strategies and evidence of improved structural and functional properties as a 

result, the field of metallopeptide chemistry is rapidly evolving.   
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Appendix 
 

Characterization of ATCUN Library  
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Figure S 1: pH dependence of Cu(II) binding to peptides 1, 2, 3, and 4.  

pH dependence of Cu(II) binding to cyclic peptide 1 (A), cyclic peptide 2 (B), 

cyclic peptide 3 (C)  and linear peptide 4 (D). All pH titration experiments were 

carried out in ultrapure (Barnstead Easypure UF) water and pH was raised with 

dilute KOH.  
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Figure S 2: pH dependence of Ni(II) binding to peptides 1, 2, 3, and 4.  

pH dependence of Ni(II) binding to cyclic peptide 1 (A), cyclic peptide 2 (B), 

cyclic peptide 3 (C)  and linear control peptide 4 (D). All pH titration experiments 

were carried out in ultrapure water and pH was raised with dilute KOH.  
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Figure S 3: Titration Plot Showing d-d transition change and stoichiometry 

during titration with Cu (II) and Ni(II)  

Titration plots showing the UV-Vis absorption (d-d transition) change during 

titration with Cu(II) and Ni(II) for cyclic peptide 1 and linear peptide 4. (A) 

Cu(II) versus 1 (pH 7.5); (B) Ni(II) versus 1 (pH 9.5); (C) Cu(II) versus 4 (pH 

7.5); (D) Ni(II) versus 4 (pH 7.5). Insets show the UV-Vis spectra from each 

titration experiment, with the spectrum at 1:1 ratio shown in color. All titration 

studies were performed in 50 mM NEM buffer at room.  
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(a) (b)

 
 

Figure S 4: ESI-MS evidence for metal complexation 

ESI-MS spectra of Cu(II)-1 (pH 7.5) (A) and Ni(II)-1 (pH 9.5) (B). The ESI-MS 

samples (0.1 mM) were prepared in 50 mM NEM buffer with a 1:1.metal:peptide 

ratio.  

 

 

 

(a) (b)

 
 

Figure S 5: ESI-MS evidence for metal complexation by diastereomers of 

peptide 1, peptides 2 and 3 

ESI-MS spectra of Cu(II)-2 (A) and Cu(II)-3 (B) in NEM buffer (pH 7.5). Masses 

with an additional 18 and 36 Da are observed, which may be due to the 

coordination of one or two water molecules to the Cu(II) -peptide complex.   
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(a) (b)

 
 

Figure S 6: X-band EPR spectra for diasterometers 2 and 3 with Cu(II) 

(a)X-band (9.31 GHz) EPR spectra of Cu
II
-2 (red) and Cu

II
-3 (green) at pH 7.5 

and 11.5. All spectra were recorded at 123 K in 100 mM Tris-HCl buffer in 

presence of 10 % glycerol. (b) Cyclic voltammograms of Cu(II)-2 and Cu(II)-3 in 

ultrapure water at pH 11.5. This work done by Dr. Kosh Neupane. 

 

 

 

 

 

Cu
II
-Peptide gƍ AƐ (G) 

1 2.046 200 

2 2.057 187 

 

2.050* 202* 

3 2.057 188 

 
2.047* 202*  

4 2.047 198 

5 2.048 198 

6 2.046 200 

                               * EPR recorded in Tris-HCl buffer, pH=11.5. 

 

Table S 1: EPR properties of Cu(II) -peptides 

EPR properties of Cu(II)-peptide complexes in 100 mM Tris-HCl buffer, pH 7.5 

(except where noted), in the presence of 10% glycerol. * EPR recorded in Tris-

HCl buffer, pH=11.5. 
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Figure S 7: CV of Ni(II) -1 and Ni(II) -4 

Cyclic voltammograms of Ni(II)-1 (pH 9.5) and Ni(II)-4 (pH 7.5) in ultrapure 

water. This work done by Dr. Kosh Neupane. 

 

 

 

 

  Cu(II)-Peptides   Ni(II) -Peptides 

Peptide 

Ep
ox  

 (V) 

Ep
red

 

(V) 

DEp 

(V) 

E1/2 

(V)   

Ep
ox 

 

(V) 

Ep
red

 

(V) 

DEp 

(V) 

E1/2 

(V) 

Gly-Gly-Asp-

Leu 0.790 0.726 0.064 0.758 

 

0.689 0.605 0.084 0.647 

Gly-Gly-His-

Leu 0.830 0.760 0.070 0.795 

 

0.761 0.678 0.083 0.719 

Gly-Gly-Pal-

Leu 0.889 0.818 0.071 0.853   0.792 0.705 0.087 0.748 

 

Table S 2: Electrochemical data of metallopeptides 

A summary of all electrochemical data  for ATCUN series peptides. 

 

 

M-Peptide Ep
ox 

 (V) Ep
red

 (V) DEp (V) E1/2 (V) 

Cu(II)-1 0.778 0.700 0.078 0.739 

Cu(II)-2 0.450 0.360 0.090 0.405 

Cu(II)-3 0.450 0.350 0.100 0.400 

Cu(II)-4 0.836 0.768 0.068 0.802 

Cu(II)-5 0.844 0.774 0.070 0.809 

Cu(II)-6 0.778 0.702 0.076 0.740 

Ni(II) -1 0.880 Irrev - - 

Ni(II) -4 0.780 0.680 0.100 0.730 
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(a) (b)

(c) (d)

 
Figure S 8: Au(III) Binding  

Detection of (a) Au(III) binding to 0.1 mM cyclic peptide 1 and (b) linear peptide 

4 by UV-Vis and ESI-MS (c, d respectively). These experiments were performed 

using 0.1 mM metal cation in ultrapure water with pH adjusted using dilute HCl 

when necessary. This work was performed by Dr. Kosh Neupane.  

 
(a) (b)

 

Figure S 9: Detection of Pt(II) 

Detection of  Pt(II) binding to 0.1 mM (a) cyclic peptide 1 and (b) linear peptide 4 

by UV-Vis. These experiments were performed using 0.1 mM metal cation in 

ultrapure water with pH adjusted using dilute HCl when necessary. This work 

was done by Dr. Kosh Neupane.   
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(a) (b)

(c) (d)

 

Figure S 10: Determination of Pd(II) binding to peptides 1, 4 

(a) Pd(II) binding to 0.1 mM cyclic peptide 1 and (b) linear peptide 4 by UV-Vis 

and ESI-MS (c, d respectively). These experiments were performed using 0.1 mM 

metal cation in ultrapure water with pH adjusted using dilute HCl when 

necessary. This work was done by Dr. Kosh Neupane.  
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Figure S 11: UV-Vis analysis of Pd(II)-1 at various pH. 

UV Vis experiments showing that Pd(II) coordinates CP1 over a range of pH. As 

the pH becomes more basic, we see an increase at wavelengths 300 nm and 350 

nm, and a decrease at 390 nm. Peptide solutions were made as 1mM Pd(II)-1  in 

50 mM NEM.  Dilute KOH was used to change the pH.  

 

 

Reaction Sample/Conditions GGHL 

 m/z 382 
1 

 m/z 493 

Relative 

Area 

Peptide 1 51237 279687 5.46 

Cu(II)-1 104412 411217 3.94 

Rxn with H2O2 run 1 84284 398155 4.72 

Rxn with H2O2 run 2 73718 369036 5.01 

Rxn with H2O2 and ascorbate run 1 62148 123147 1.98 

Rxn with H2O2 and ascorbate run 2 54437 122512 2.25 

 

Table S 3: Rough estimation of cyclic peptide resistance to self cleavage via 

LC-MS 

Roughly estimated cyclic peptide integrity via LC-MS using GGHL as an internal 

standard. Similar peak areas under similar conditions indicate no significant self-

cleavage or degradation of peptides. For example, run 1 and run 2 using just 

peroxide have similar relative areas, as do run 1 and 2 for peroxide and 

ascorbate trials. However, the area is halved in the presence of ascorbate, 

implicating those conditions in some peptide cleavage activity.  
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(a) (b)

(c) (d)

 

Figure S 12: ITC curves durin g the method development stage 

In attempts to derive binding constants for the association of Cu(II) with GGHL, 

we modified published methods to fit our system.
133

 This image shows the curves 

acquired from manipulating the thermodynamic data from varying several of the 

conditions, as described below. (a)  25  ɘC, 400rpm, 18x 2 ɛL  injections of 2.8 mM 

glycine with 0.7 mM CuCl2 titrated into 0.08 mM peptide. (b) 25  ɘC, 400rpm, 1 ɛL  

injections (with default duration of 2 s) of 2.8 mM glycine with 0.8 mM CuCl2 

titrated into 0.08 mM peptide. (c) 25  ɘC, 400rpm, 2.8 mM glycine with 0.8 mM 

CuCl2 titrated into 0.08 mM peptide. The peptide was first doped with 2 x 7 ɛL  

injections, followed by the remaining volume at 0.5 ɛL  per injection. (d) 25  ɘC, 

400rpm, 2.8 mM glycine with 0.4 mM CuCl2 titrated into 0.08 mM peptide. The 

peptide was first doped with 15 ɛL  of titrant solution, followed by 39 x 1 ɛL  

injections.  All four runs show tight binding, though not as consistent in values or 

as well developed as those curves in Figure 6. 
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Figure S 13: pH dependance of Cu(II) binding to linear GGHL, GGDL, and 

GGXL  

pH dependence of Cu(II) binding to linear peptides GGHL, GGDL, and GGXL as 

determined by pH titrations. (A) GGHL, (B) GGDL and (C) GGXL.  
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Figure S 14: Spectroscopy of GGCL-Cu(II) complex. 

 (A) pH dependence of Cu(II) binding to linear peptide GGCL as determined by 

pH titrations. (B) EPR spectra of Cu(II)-GGCL at pH 7.0 (red trace), pH 8.5 

(black trace) and 11.2 (green trace).  

 

 

 

 

 

Figure S 15: Spectroscopy of GGhCL-Cu(II) complex. 

 (A) pH dependence of Cu(II) binding to linear peptide GG
h
CL as determined by 

pH titrations. (B) EPR spectra of Cu(II)-GG
h
CL at pH 7.0 (black trace), 7.5 (red 

trace), 9.5 (green trace) and 12.0 (blue trace).  
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Figure S 16: Spectroscopy of GGML-Cu(II) complex. 

(A) pH dependence of Cu(II) binding to linear peptide GGML as determined by 

pH titrations. (B) EPR spectra of Cu(II)- GGML at pH 6.0 (black trace) and 8.0 

(red trace).  

 

 

 
Figure S 17: pH dependence of Cu(II) binding to cyclic peptide 1 

pH dependence of Cu(II) binding to cyclic peptide 1 as determined by pH 

titrations. The titrations were carried out using 1.0 mM Cu(II)-peptide (1:1 ratio) 

at room temperature. A small amount of dilute KOH (~ 0.5-1.0 mL) was added in 

each titration to observe the absorbance change in UV-Vis spectra.  
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Figure S 18: Spectroscopy of Cu(II)-1D complex. 

 (A) pH dependence of Cu(II) binding to cyclic peptide 1D as determined by pH 

titrations. (B) EPR spectra of Cu(II)-1D at pH 8.5 (green trace), 11.0 (red trace). 

 

   

 

Figure S 19: Spectroscopy of Cu(II)-1X complex. 

 (A) pH dependence of Cu(II) binding to cyclic peptide 1X as determined by pH 

titrations. (B) EPR spectra of Cu(II)-1X at pH 8.5 (green trace), 11.0 (red trace).  



 

191 

 

 

Figure S 20: Spectroscopy of Cu(II)-1C complex. 

 (A) pH dependence of Cu(II) binding to cyclic peptide 1C as determined by pH 

titrations. (B) EPR spectra of Cu(II)-1C at pH 7.0 (green trace) and 12.0 (red 

trace). The black trace shows features of the pH 12.0 trace at higher 

magnification.  

 

 

 

 
Figure S 21: Spectroscopy of Cu(II)-1hC complex. 

 (A) pH dependence of Cu(II) binding to cyclic peptide 1
h
C as determined by pH 

titrations. (B) EPR spectra of Cu(II)-1
h
C at pH 7.0 (green trace) and 12.0 (red 

trace). The black trace shows features of the pH 12.0 trace at higher 

magnification.  
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Figure S 22: Spectroscopy of Cu(II)-1M complex. 

 (A) pH dependence of Cu(II) binding to cyclic peptide 1M as determined by pH 

titrations. (B) EPR spectra of Cu(II)-1M at pH 7.5 (green trace) and 11.0 (red 

trace). The black trace shows features of the pH 11.0 trace at higher 

magnification.  
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Figure S 23: UV-Vis spectra showing Cu(II) peptide charge transfer bands. 

UV-Vis spectra of Cu(II)-cyclic peptide complexes showing charge transfer 

bands. A distinct S­Cu(II) charge transfer band between 275-320 nm is seen as 

a prominent shoulder for Cu(II) complexes of 1C, 1
h
C and 1M complex.  The 

pronounced peak at 285 nm for Cu(II)-1X is due to the pyridylalanine side chain.  
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Figure S 24: Metal-binding titrations demonstrate stoichiometry of  metal-

peptide his-substituted complexes 

 (A) Cu(II) vs. GGDL at pH 7.5, (B) Ni(II) vs. GGDL at pH 7.5, (C) Cu(II) vs. 

GGXL at pH 7.5, (D) Ni(II) vs. GGXL at pH 7.5, (E) Cu(II) vs. 1D at pH 8.5, and 

(F) Cu(II) vs. 1X at pH 8.5. All titrations were carried out in 50 mM NEM buffer 

at room temperature using 1.0 mM peptide solution in a 2 mL starting volume. 0.2 

equivalents of aqueous CuCl2 or NiCl2 were added incrementally until a 

saturation point or a metal-hydroxide precipitate was observed.   
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Figure S 25: pH dependence of Ni(II) binding to linear peptides as 

determined by pH titrations.  

(A) Ni(II) binding to GGHL, (B) Ni(II) binding to GGDL, (C) Ni(II) binding to 

GGXL, (D) Ni(II) binding to GGCL, (E) Ni(II) binding to GG
h
CL, and (F) Ni(II) 

binding to GGML. The titrations were carried out using 1.0 mM Ni-peptide (1:1 

ratio) at room temperature. A small amount of dilute KOH (~ 0.5-1.0 mL)  was 

added in each titration to observe the absorbance change in UV-Vis spectra.  




































