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        Abstract 

Copper as a key component of electron transport chain of eukaryotes is an essential 

transition metal ion. .  Copper homeostasis in mammals complex and tightly regulated. Its strong 

reactivity together with binding with biologically important chemicals can have important 

repercussions in human health and overall environment. Tetracycline as one of most abundantly 

used antibiotic of the world has become abundant in the environment as well. Herein in this 

dissertation we take the journey to explore the complexation of tetracycline with metals in the 

environment and the intricate interaction between copper and tetracycline by investigating their 

oxidative behavior once they are complexed. We further expand the same goal by investigating 

metalloenzyme mimicking peptide and peptoid interaction with copper and their subsequent 

activity against catechol oxidation in presence of O2/H2O2 . 

In the first project I explored the tetracycline binding with Calcium by using Ytterbium as 

a spectroscopic probe through sophisticated paramagnetic Nuclear Magnetic Resonance technique.  

My study confirms that Calcium can bind to Tetracycline in several different positions and the 

binding follows a specific order depending on the condition. I also investigated the nature and 

number of species in solution once tetracycline is complexed with Yb3+. My findings indicate the 

presence of at least three different species with Yb3+ and 4 different tautomers of the apo-

tetracycline in the complexed solution in d6-DMSO 

In the second project I studied the activities, mechanism and catalytic specificity of the Cu (II) 

complexes of TTC and O-TTC towards the oxidation of catechol. The investigation revealed the 
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involvement of a dinulear Cu (II) center in the catalysis. We further explored the catechol oxidation 

under the influence of H2O2 and found out that both the Cu (II) complexes do exhibit specificity 

towards aerobic oxidation at different extent. 

The third project covers the activity of copper with tetracycline from an environmental 

perspective. In this study we investigated the inhibition activities of Salicylic acid, Benzoic acid 

and Bacitracin; a cyclic peptide antibiotic against Cu (II)-TTC catalyzed oxidation of catechol. 

Our conclusion based on the experimental data suggests that both salicylic acid and benzoic acid 

are weak inhibitors toward Cu(II)-TTC-mediated oxidation of catechol, following a mixed 

inhibition pattern while Bacitracin has a strong inhibition  profile with a k ic in the low µM region. 

All of these inhibitors were picked based on their potential interaction with Cu (II)-Tetracycline 

and their availability in the environment. 

 My last endeavor into this dissertation covers the activity of synthetic enzymes. I present 

in this chapter the results about the metal binding capability of a peptide and its oxidation chemistry 

with and without H2O2 . Then we compared the results with those of the Cu (II) complexes of a 

corresponding peptoid. The study concludes that the peptide binds to Cu (II) as both 1:1, 1:2 metal-

to-ligand complexes. Both the peptide and peptoid show higher selectivity towards H2O2, with the 

peptoid showing much higher selectivity compared to peptide. 
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Chapter One: Metalloantibiotics: A Brief Overview 

  The term” Antibiotic” was first introduced by Selman A.Waksman in 1945  which basically 

defined as “produced by microorganisms” with the ability to inhibit and kill other microorganisms; 

in Dr. Li-June Ming’s word “ A Microscopic biological warfare”. While a huge number of 

antibiotics do not need metals for activity, there are a number of them which requires metals. In 

cases of Bacitracin, bleomycin,streptonigrin, and albamycin  the metal ions are integral part of the 

structure and function of the antibiotics2. In other cases like Tetracyclines (TTC)s, quinolones, 

anthracyclines the binding of metal may cause significant chemical and biochemical consequences 

which may or may not affect the structure significantly.  Just like metalloproteins these special 

classes of antibiotics are termed as “Metalloantibiotics”. Compared to non-metal counterparts the 

metalloantibiotics are significantly underrepresented in the literature. Their diverse mode of action 

ranges from blocking DNA replication and transcription to cell membrane and cell wall synthesis 

disruption3. Metalloantibiotics have been present in the environment for thousands of years. The 

abundance of environmental metal like copper, iron and massive use of these for non-human 

purposes have made these special class of antibiotics almost ubiquitous. Antibiotics like 

Bacitracin, Tetracycline have been serving humanity for decades after decades. The natural source 

of antibiotics are Bacteria and fungi. As the soil is a major source of Bacteria and fungi their role 

in agriculture is significant which affects plant, animal life and overall environment.  We picked 

one of the oldest of these special class of antibiotics; Tetracycline and explored their critical 

interaction with metals, O2/H2O2 and environment in this study. Then we further expanded to 
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synthetic versions of these metal binding molecules and characterized their interaction with  

O2/H2O2 . 

 Introduction to Tetracyclines 

Tetracyclines(TTCs) are the one of very first broad-spectrum antimicrobial agents 

available having wide range activity against both Gram-positive and Gram-negative bacteria4. The 

incredible success of TTCs over course of more than half a century relies on multiple factors like 

diverse, convenient and multiple routes of administration, relatively mild side effects , low cost of 

production5.  

 

Figure 1.1:Molecular structure of selected tetracycline; Tetracyline(Top),Sarecycline(2R-

L),Tigacycline(2R-R),Eravacycline(3R-L),Omadacycline(4R-R) 
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The first of the TTCs chlortetracycline (CTTC) was isolated from Streptomyces 

aureofaciens in the year of 1948, followed by oxytetracycline (O-TTC) from Streptomyces 

rimosus. The flagship compound which is Tetracycline by itself was isolated in 1953 from  

Streptomyces aureofaciens, Streptomyces rimosus and Streptomyces viridofaciens6.    

With the advent of resistant microorganisms, the clinical use of Tetracyclines for human 

use have reduced significantly over the last few decades. As a standard course of action was the 

development of newer derivatives for decades after decades like Saracycline, Tigacycline, 

Eravacycline, Omadacycline recently. All the four of them were approved between 2018 to 2020. 

The molecular structure of selected tetracyclines are presented at Fig.1.1.  

Tetracyclines and Metals  

The presence of multiple functional groups with electron donating capability such as the 

acetamide group at C2 position (Fig 1.2), the phenolic β-diketone moieties located between C10-

C12 and the C4 position dimethyl ammonium groups renders the structure of TTCs ionizable at 

various pH conditions. The obvious ramification of ionization is the different pKa which is denoted 

as pKa1, pKa2, pKa3and pKa4  7,8. The different pKa values of two Tetracycline’s that we cover in 

this  

Table 1.1. Physicochemical differences between Tetracycline and Oxytetracycline with their 

usage 

Compound pKa values Human Animals 
Percent 

absorption(GIT) 
References 

Tetracycline 3.2;7.6;9.6,12 + + 60-70 

Agwuh and 

MacGowan, 

2006, Garrett, 

1963 

Oxytetracycline 3.53;7.25;9.58 + + 60-80 Şanli et al., 2009 

Elaboration; GIT: Gastrointestinal tract; +:  used; -: not used. 
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 work is listed in Table 1.1. The metals serve the purpose of stabilizing these electron rich 

functional groups. 

Highly polarizing transitional metals with positive charges partially share their positive 

charge with the negative charges of the electron donor atoms. The resulting electron delocalizing 

of the sharing atom creates the chelating ring which in turn stabilizes the big electron density of 

TTCs 9,10. Despite the development of huge array of new generation derivatives of Tetracycline 

the basic structural need for antibacterial activity has remained similar. The new generation of 

TTCs development basically hovers around substituting, adding different functional groups which 

renders these derivatives to be more soluble in different body compartments (like chlortetracycline, 

oxytetracycline, methacycline) or more lipophilic (like doxycycline).  Therefore all the TTCs tend 

to form metal complexes with transitional metals. Despite there is lack of consensus on the site of 

specific metal coordination; elaborate exploration tends to indicate the binding is  limited to several 

sites which are the oxygen at the B,C,D rings and the coordination of nitrogen atom at the 

dimethylamino group at location C4 with oxygen(-OH) at either  at C3 or C12a. The specific 

preference for binding site depends on several factors including favorable electron transition, 

metallic ion radius size and the overall stability of the chelating ring 11.  

Figure 2: Tetracycline basic structure  Figure 1.2.Tetracycline basic structure with numbering scheme 
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Figure 1.3.Tetracycline (Zwitterion)12 

  

 

Figure 1.5.Tetracycline Twisted structure1 

 

Figure 1.4.Tetracycline Extended structure1 
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 Table 1.2 presents the ionic radius and electronegativity of different metal ions associated 

with formation of complexes with TTCs. From the table it is evident that electronegativity and    

radius of the metal might be playing a vital role in selecting specific binding sites in TTCs.

 Metal ions with radius within the range of 0.55-0.86 Å binds with preferentially at the C2 

and C3 positions. With ionic radii less than 0.7 Å this preference switches to C10-C12 position. 

Comparing the set of data this limitation of size preference is site specific which is less than 0.55 

Å for C2 and C3 site and less than 0.7 Å at C10-C12 site. Ions larger than 0.86Å might not fit at 

the C2 and C3 site while too small radii also cannot create enough strain to sustain bonding with 

TTC4, 12 

Table 1.2: Ionic radius of different metals in Tetracycline binding sites11, 13-22 

Metal ion 

Binding 

site(1:1) 

High 

concentration 

Binding(>1) 

Ionic 

radius(Å) 

Electronegativity(mV) 

Cu2+ C2-C3 C2-C3,C10-C12 0.62 1.9 

Mg2+ C2-C3 C2-C3,C10-C12 0.76 1.31 

Ca2+ C10-C12 C11-C12,N4-O3 1.12 1 

Fe2+ C2-C3 C2-C3 0.78 1.83 

Co2+ C2-C3 C2-C3,C10-C12 0.74 1.88 

Ni2+ C10-C12 - 0.715 1.91 

 The changes of pH of the system TTCs in affects the equilibrium between protonated and 

deprotonated species of TTCs. The resulting conformational changes at different pH have been 

studied and reported 1, 23. The difference between twisted and extended conformation seems to be 

controlled by the C4-Dimethylammonium group’s protonation states and H-bonding / repulsion 
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with OH12a. The resulting H-bonding between OH12a and C4-Dimethylammonium forces the 

extended conformation at basic pH while the repulsion between them gives rise to twisted state at 

acidic or neutral pH4. These dynamic changes of solvent environment with changes of H+ 

concentration controls the binding position of metals and efficiency11. Moreover variation in 

ionization enthalpies of the buffers and polarity of the solution containing organic solvents and 

metals affects the deprotonation TTC’s and thus complexation 14,17, 24. Our study for binding 

mostly uses DMSO , considering the lack of data of complexation in DMSO and relative ease of 

assignment of peaks without unpredictable variations in protic environment..  

The metallic binding also results in further conformational change. The Ca2+ binding at 

C10-C12 moiety results in deprotonation of Dimethyl ammonium group at C4 which eventually 

flips the complexed TTC conformation to extended form from twisted form. The Mg2+ binding on 

the other hand at N4 and C3-O stabilizes the twisted conformation. Even the TTC complexed with 

Cu2+ and Mg2+ at A ring inhibits further binding with other metals ( Ca2+ and Mn2+) due to 

conformational changes25. So far from the literature search it was almost impossible to come to 

consensus about the stoichiometric ratios and stability constants with different metal ions. Table1. 

2 is an attempt to give a tentative summary. The number of possible tautomers in different 

environmental condition probably have contributed to this lack of consensus26. As metals are 

essentially acting Lewis acids or electron pair acceptors they also impart acidity to solution. It 

turns out that at molar ratio of 1:1 with pH range between 7.5 to 11 the net charge of the Ca2+-TTC 

complex doesn’t change, which is reverse for Mg2+-TTC complexes as in this case both the molar 

ratio and net charge changes with pH13.The study also  found out that  the oxytetracycline(OTTC) 

has no proton left after complexing with Ca2+ and Mg2+ 27.The speciation order is also investigated 

in this  study which indicates 1:2,1:1,2:1 metal to ligand complex with low, middle and high level 
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of metals present in the solution. It is interesting that the stability of Metal-TTC complex do not 

follow the change of increasing net charge suggesting domination of covalent bonds in metal-TTC 

complexes. All these studies encompass either aqueous or pH controlled environment where the 

H+ concentration does play a significant role in binding and speciation. In this study we tried to 

shed light on binding study in non-aqueous environment with both Ca2+ and Yb3+. 

Tetracycline Mode of Action and Metals: 

TTCs inhibit bacterial growth by reversibly inhibiting the attachment of tRNA( aminoacyl) 

to the 30s ribosomal subunit. As we discussed earlier the tetra rings are a must in TTC structure 

while structural features like dimethyl amino group at C4, α- stereochemistry at C4a and C12a, β-

ketoenol at C10-12 are critical for retaining antibacterial activity6. Majority of the various 

derivatives of TTC are basically substitutions in the C7-C9 position with largely hydrophobic 

groups like hydroxyl,methylene and methyl groups. The TTCs entry into cells also varies with the 

type of bacteria. With Gram positive and gram negative bacteria having different cell wall structure 

TTC permeability is significantly different1, 28. The 20-80 nm multilayered thick peptidoglycan 

cell wall of gram-positive bacteria is way different than roughly 10 nm thick gram-negative 

bacterial cell  membrane where a thin peptidoglycan layer  is surrounded by outer membrane. In 

case of gram-negative bacteria the cationic Metallo-Tetracycline complexes accumulate at the 

periplasmic space due to the Donnan potential across the cell membrane. When the periplasmic 

space is relatively aqueous the Metallo-Tetracycline complexes most possibly dissociate into free 

TTCs which later diffuses through the inner layer of periplasmic space of gram-negative bacteria29, 

30. On the other hand the gram-positive bacteria is thick walled where both the free and complexed 

form of tetracycline is assumed to cross cytoplasmic membrane in energy dependent fashion which 

is driven by primarily ∆pH dependent proton motive force30, 31. Both the pH and metallic 
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concentration inside the cell is higher which makes us assume that TTCs possibly exist as an 

equilibrium between the free TTCs and complexed forms/form. This assumption lead to the idea 

that the TTC molecule that binds to the ribosome is possibly a complexed form thus Metallo-

Tettracycline32, 33.   

 Metallo-tetracylcines and Resistance: 

The metallo-tetracycline complexes and tetracycline by itself show significant change of solubility 

profiles; absorption, distribution in different body compartments and antimicrobial properties34. 

These alteration of  physico-chemical properties make marked difference in the permeability of 

these complexes to microorganisms35, 36.The reported efflux of TTCs  from inside the cell has been 

linked to to permeability of Metal-tetracycline complexes across the cell membrane. But at present 

the influence of Metal-Tetracycline on resistance development is poorly understood due to scarce 

research. In case of TTCs the resistance was never linked to the mutations at the ribosomes where 

the TTCs bind. The reason for resistance is mostly directed towards lack of accurate binding site 

or multiple binding sites. A careful investigation of mechanism of antibiotic action due to structural 

changes may shed lights on resistance in detail. 

Tetracyclines and Tet-R: 

Metal complexes with tetracycline plays significant role in microbial resistance development 

which is some cases concentration dependent. Studies show the binding of tRNA to mRNA of the 

70s ribosome is assisted by by Mg2+ concentration in the millmolar quantity at either P site or P 

and A site 37. Stable complexes with Mg2+ may enhance TTC attack on ribosomes resulting in 

improved inhibition of protein synthesis 38, 39. A membrane associated protein TetA is responsible 

for the active efflux of TTC from inside of the cell in order to prevent intracellular concentration 
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of TTC to reach a certain critical concentration. On the other hand TetR controls the expression of 

certain genes( tet A, tetR )which are vital for the expression of proteins such as TetA and TetR. 

Binding of TetR with TTC only fails to induce any conformational change which is required for 

the expression of resistant genes which is tetA and tetR. The [Mg-TTC] 2+ complex on the other 

hand is able to induce the conformational change upon binding with TetR which in turn results in 

the expression of resistant genes 40, 41. The series of conformational change induced by the binding 

of  [Mg-TTC] 2+ complex  with TetR is indispensable for the expression of resistant genes[  ]. The 

octahedral coordination of Mg2+ ion around the TTC is specifically responsible for the induction 

of conformational change in TetR . Without the coordination of Mg2+ with TTC this crucial 

induction of conformational change is not possible 42, 43. Advanced kinetic and thermodynamic 

study of  [Mg-TTC] 2+ and free TTC complexes with TetR further solidifies the claim[ ] and 

furthermore suggests even if the TTCs bind to TetR at low enthalpy states it still fails to induce 

conformational changes which is essential for the relaxation of protein 44. Several studies also 

demonstrated the binding amino acids like tryptophan, cysteine, histidine ,leucine ,glycine through 

both metal bridge and H-bonding 42, 45. The same study is also done Cu2+ and resulted in the same 

conclusion46 which is Cu2+ is required. The integrity of Ring A and 10, 11, 12 position is absolutely 

essential for both Mg2+ coordination with TTC and subsequent induced conformational change 42, 

43. The conformational inducing property is also influenced by pH which regulates the protonation 

and deprotonation of OH- groups at 10, 11 position at acidic pH (3-5) and the N-4 , O-10H at basic 

pH(7-8)  42, 43. All these studies so far confirms that the resistance of TTCs are closely related to 

the formation of Metal complexes which is also highly likely for the new generation TTCs as the 

core structure so far has remained somewhat unchanged. The existence or abundance of 
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transitional metals in the environment and their interaction with TTCs are triggering selective 

pressure on the microorganisms to develop resistance by mutations .   

 Tetracycline Absorption in Bacteria and Metals: 

 TTC absorption through bacterial cell membrane is distinctive for gram positive and gram 

negative bacteria. In case of gram positive bacteria TTCs and Metal-TTC complexes diffuse either 

actively or passively through the porin channels and then eventually dissociates into free TTCs 

and metals inside the periplasmic space of lipid bilayers while for the gram negative bacteria TTCs 

diffuse across the cell membrane as a result of Donnan potential47, 48,49. Several studies suggest 

there are no uptake of TTCs without the presence of metals , which is consistent with the previous 

study of no conformational change without the presence of metals in case of TetR42, 43. However 

the study was done with E.coli with inverted membrane vesicles. The study needs more diverse 

model organisms to be sure about the conclusion. Our understanding so far divalent metals 

somewhat stimulates the uptake of TTCs and this stimulation follows certain order with different 

Metals like Co2+>Mn2+>Mg2+>Cd2+>Ca2+ 49. The trend exactly reverses while we order the 

dissociation constants of Metal chelates . Co2+-TTC complex is 2-2.5 times more absorptive than 

Mg2+ chelate while no absorption was reported in the absence of Co2+ 49.All these data reiterates 

the importance of metals in the development of TTC resistance and pH playing a huge role in this 

whole process. At pH close to 7 the zwitterionic TTCs are the most permeable species to E.coli 

and metal-cation complex is not a requirement for this uptake  50. Our study is mostly done in pH 

7.35 for this reason, keeping the zwitterionic form our focus. The binding study however has been 

conducted mostly in DMSO due to lack of binding research in DMSO. 
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Reversing Bacterial Resistance through Metals: 

There has been works on using metals to reverse the resistance. Metal coordinated TTCs 

have shown enhanced clinical usefulness. TetA transports TTCs coordinated through C11 and C12 

oxygen, a group hypothesized that if an inert metal complex could be synthesized which is 

coordinated through Ring A of TTC could potentially bypass the efflux mechanism 51, 52. 

Synthesized [Pt(TTC)Cl2] is found to be six times more effective against resistant E.Coli. This 

same group also investigated palladium(II) complexes of  TTCs and they also showed increased 

activity. 

Tetracycline and Non-Human uses 

Antibiotics are one the biggest group of pharmaceuticals being used and TTCs specifically 

are the second largest group of antibiotics being used36, 53. The surge of TTCs in disease prevention 

and growth promotion in animals is alarming in recent years54. The enormous use of TTCs in 

animal feed way exceeds the usage for human uses and puts TTCs first in this kinds55.The reduced 

use of TTCs in human disease treatment is largely because of widespread emergence of antibiotic 

resistance56. Global surge of resistance has reached an unprecedented level in recent years which 

constitutes problems both in the health and environmental front. The awareness and strictly 

controlled usage of antibiotics is a call of the time to control this unprecedented surge of resistance 

.TTCs that are being used to treat humans have contributed relatively low compared to used in 

animals for emergence of resistant gene development4. The massive use of TTCs in growth 

promotion and prophylactic purposes might have contributed the most in developing resistant gene 

and subsequent transfer. The fact that major fractions  of unabsorbed TTCs from various living 

organisms were either expelled by urine or fecal matter .This fraction hovers around staggering 

35%-90%57. The concentration TTCs found in wastewater, soil samples and animal waste ranges 
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from ng/L to mg/L which is huge58. Despite these levels of TTCs in the environment do not exert 

toxic effect on humans, the high exposure of TTCs in the environment in low concentration do 

exert temporary selective pressure on the microorganisms. There are studies that indicate exposure 

of low concentration of antibiotics for extended period of time eventually results in development 

and sustenance of TTC resistance5, 59, 60.  

Metallo-tetracyclines and Environmental Interaction with Secondary Metabolites:  

The massive presence of tetracycline in the environment pose a huge risk to the 

environment given its propensity to bind scores of divalent metals. The chemical structure of TTCs 

are perfectly suitable for binding all kinds secondary metabolites present in the soil and overall 

environment as well; which have been discussed in-detail in previous sections. The abundant 

organic molecules with O and N functional  groups in the environment , charged groups like 

carboxylates, amino groups or polar groups like carbonyl or hydroxyl groups  can interact with 

TTC through cation bridging or exchange, surface complexation mechanisms 18, 61. Majority of the 

environmental studies are somewhat focused on removal of antibiotics and toxicological studies 

which focus on a narrow spectrum due to the massive resources required to diverge into broader 

research 62, 63, 64.Once TTCs bind to these organic molecules the adsorptive interactions are 

enhanced by metal bridging in a lot of cases which results in formation of ternary complexes. The 

strength of these bindings depend on the stability constant of metal bindings and the parotic 

environment (pH).( Wang 15, 16, 65-68.The stability of TTC metal complexes are usually high in basic 

environment  but enhanced cation exchange decrease the bindings through cation bridging 69, 70. 

At pH above 6 the zwitterionic form of TTCs have higher tendencies to form ternary complexes 

which is our studies  standard pH. The Benzoic acid, Salicylic acids and Bacitracin interaction 

with Cu(II)-TTC investigation in this study aims for this ternary complex formation and eventual 
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inhibition pattern recognition which will cover the interaction of metallo-Tetracyclines with 

organic molecules present in the environment that is quite often over looked in current research. 

Copper in Biological Systems: 

 our choice of transitional metal Cu(II) has been ubiquitous in the Metal-bimolecular 

binding studies. Copper’s role in diseases and biological systems have been discussed subsequent 

chapters. The very efficient electron transfer ability of Cu1+ to Cu2+( Standard reduction potential 

of 0.4 vs 0.339 of H2O) ( noble metal)makes it a part of the active sites of many proteins to assist 

a myriad of biological redox functions.  

The different copper containing enzymes have been discussed in later chapters. The 

relatively low concertation of Copper in human body (highest concentration in liver (3.47±1.510) 

mg/g and brain (3.32±1.51) mg/g) 71 should not confuse us about the importance. The preferential 

binding motifs for copper in our system depends heavily on the oxidation state and electronic 

charge distribution of the associated ligands. With a 3d9 paramagnetic electron valence the most 

common oxidation sates of copper are either +1 or +2.  

The preferred geometry for Cu (II) coordination compound is mostly octahedral. The Cu3+ 

is however never reported in biological media. The oxidized (Cu (II)) and reduced (Cu (I)) however 

prefers different residues for binding. The reduced copper tends to bind with sulfur rich compounds 

like cysteine and methionine while the oxidized Cu (II) prefers O and N containing moieties.   

The charge state however changes the Metal-Metal distance with the reported protein 

crystal structures. The reduced states of copper containing proteins have longer interatomic 

distance between coppers. The different kind of Copper proteins have been discussed in later 

chapters.   
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Table 5.2: Comparison between (1:1) Cu: γ-AA-FHFH and Ac-FHFH Hanes analysis results of 

Kapp and K int of H2O2 and DTBC 

 

Table 5.3: Comparison between (1:2) Cu: γ-AA-FHFH and Ac-FHFH Hanes analysis results of 

Kapp and Kint of H2O2 and DTBC 

Complex (1:2) Substrate K
app  

(mM) K
int

 (mM) K
int

  /  K
app

 

Cu: γ-AA-FHFH DTBC+H
2
O

2
 1.02 0.77 0.75 

Ac-FHFH DTBC+H
2
O

2
 6.35 5.28 0.83 

Cu: γ-AA-FHFH DTBC 0.02 0.63 31.30 

Ac-FHFH DTBC 1.14 5.24 4.59 

 

 Conclusion:  

 I present in this chapter the results about the metal binding capability of a peptide 

Ac-FHFH and its oxidation chemistry with and without H2O2 and compare the results with those 

of the Cu(II) complexes of γ-AA-FHFH. The study concludes the peptide binds to Cu (II) as both 

1:1, 1:2 metal-to-ligand complexes. Both the peptide and peptoid show higher selectivity towards 

H2O2, with the peptoid showing much higher selectivity compared to Ac-FHFH. As the field of 

peptidomimetics develop over next decades with increasingly automated and sophisticated 

synthesis we should be able to develop more methods to build three dimensional complex motifs 

which should enable us to investigate even more complex structures mimicking complicated 

Complex (1:1) Substrate K
app  

(mM) K
int

 (mM) K
int

  /  K
app 

 

Cu: γ-AA-FHFH DTBC+H
2
O

2
 1.62 23.46 14.48 

Ac-FHFH DTBC+H
2
O

2
 13.92 57.72 4.14 

Cu: γ-AA-FHFH DTBC 0.004 0.17 42.50 

Ac-FHFH DTBC 0.384 3.40 8.87 
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systems. As a peroxidase mimics the Cu(II) complexes of the peptide and peptoid presented herein 

are definitely viable examples of artificial enzymes.  

             Material and Methods: 

All the reagents and solvents were purchased either from sigma Aldrich or Fisher scientific. 

The solvents were all HPLC grade and water was from Millipore water system with conductivity 

~18-20µS. The Ac-FHFH and γ-AA-FHFH was synthesized using standard solid-phase synthesis 

technique. 

Stock solution of Ac-FHFH were prepared in MeOH, the HEPES buffer was prepared in Millipore 

water by keeping the pH of 7.35±0.05.  The 50:50 MeOH: HEPES solution was prepared by 

mixing equal volume of HPLC grade MeOH with the 100 mM HEPES buffer. The buffer was 

however pH adjusted before we added the MeOH. Catechol and DTBC (3, 5-Di-tert-butylcatechol 

) were prepared in  MeOH freshly and never kept more than 24 hours. The Molar absorptivity of 

oxidized products of DTBC were used to solve the rates (1900 M-1 cm -1) for DTBC at 410 nm 

using Carry 50 Bio UV-Visible spectrometer. The temperature was kept at 25 degree Celsius using 

a submersible water pump. Both the Ac-FHFH and γ-AA-FHFH were dissolved in MeOH. We 

employed the phenylalanine molar absorptivity at 257 nm ((200 M-1 cm -1) to calculate exact 

concentration of the stock solution. For the base of Triethylamine (TEA) was added to the 

solutions. CoCl2 was used as cobalt source as a probe for Cu (II). 

For fitting data into equations we used Sigma plot 12.0 and Graph Pad Prism 9. All the traces were 

run multiple times. The pH meter was titrated every day using Corning pH buffer. The 

spectrometer was blanked with either solvents or the buffer systems. Metallic salts were calibrated 



151 

against AAS standard solutions from Fisher Scientific. The micro pipettes were regularly 

calibrated against high purity water from Millipore water systems. 

 The paramagnetic 1H NMR spectrums were acquired with stoichiometric amount of Co (II) 

on INOVA 600 MHz NMR spectrometer with triple resonance probe. Deuterated solvents were 

used for both the peptide and peptoid (D2O, d3-MeOH, d4-MeOH, and d6-DMSO) based on 

experimental design.  
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