
 

ABSTRACT 

HEINECKE, CHRISTINE LORAINE. Small Molecule Control over Biological Processes. 
(Under the direction of Dr. Christian Melander). 
 

Myotonic Dystrophy Type 1 (DM1) is a multisystemic neuromuscular disorder characterized 

by a (CTG)n (n > 50) triplet repeat expansion in the 3’-UTR of the myotonic dystrophy 

protein kinase gene (DMPK). Transcription produces aberrant poly(CUG) expansions which 

sequester a family of alternative splicing regulators, the muscleblind proteins (MBNL1-3). In 

the absence of muscleblind, CUG-binding proteins mediate aberrant splicing leading to the 

disease pathology. We investigated cyclic peptides for their ability to disrupt a 

(CUG)54:MBNL1 interaction as a unified approach towards treating DM1. To this end, we 

performed a phage display selection using a cysteine constrained cyclic heptapeptide library 

against immobilized (CUG)54, which evolved four highly conserved cyclic peptides. In an 

effort to develop cellularly irreducible analogs of the cysteine constrained heptapeptides, we 

performed solid phase peptide synthesis substituting allyl glycine at the N- and C-terminal 

positions, which were subjected to ring closing metathesis. One of the selected peptides was 

shown to bind (CUG)54 and disrupt the (CUG)54:MBNL1 interaction characteristic of DM1 to 

a small extent.  

 

Kinamycin D is a potent antitumor antibiotic; however, its biological mode of action is 

poorly understood. In order to further elucidate the mechanism by which kinamycin D 

mediates DNA damage, we employed DNA sequencing gel electrophoresis. We have 

demonstrated that under reducing conditions, acidic media promotes enhanced DNA 

cleavage. Additionally, our results indicate that kinamycin D is capable of generating 

reactive oxygen species under acidic pH in the presence of a reducing agent and that DNA 

cleavage is dependent on trace iron and hydroxyl radicals.  

 

Bone biology and architecture are regulated by the interplay between osteoclasts and 

osteoblasts. Imbalances in this relationship, which favor osteoclastogenic activity are 



 

implicated in a variety of skeletal diseases. In an effort to target osteoclasts and inhibit 

osteoclastogenesis, we have synthesized 1,4-substituted triazole libraries. Qualitative analysis 

of osteoclast maturation when treated with our compounds indicates some members of our 

triazole libraries to be the most potent known inhibitors of osteoclastogenesis ever disclosed.  

 

Bacterial biofilm infections are implicated as the cause of many persistent and chronic 

infections due to antimicrobial resistance and virulence factors conferred by their protective 

extracellular matrices. Bordetella bronchiseptica is a gram-negative bacterial pathogen 

known to colonize the respiratory tracts of animals forming biofilms that are highly resistant 

to antimicrobial therapy. We synthesized and screened a library of 1,4-substituted triazoles 

for modulation of B. bronchiseptica biofilm formation. We identified one small molecule, 

which displayed agonistic activity towards B. bronchiseptica in multiple nutrient sources.
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CHAPTER 1 

A Unified Approach to Targeting Myotonic Dystrophy 

 

1.1 Introduction 

Myotonic dystrophy (DM) was first recognized as a multisystemic neuromuscular disorder in 

1909.1, 2 DM is the most common form of adult onset muscular dystrophy with an incidence 

of 1:8000. Muscular dystrophy and myotonia are classic symptoms of DM; however, various 

superficially unrelated clinical features are also symptomatic of the disease as well. Some of 

the seemingly unusual phenotypes consistent with DM include cataracts, heart conduction 

defects, insulin resistance and specific endocrine system irregularities including premature 

frontal baldness and testicular atrophy.3-5 DM is inherited in an autosomal dominant fashion 

and as a progressively degenerative disease it exhibits anticipation through generations. 

Currently there are two well-established types of DM, myotonic dystrophy type 1 (DM1) and 

type 2 (DM2), each triggered by specific genetic modifications. The symptoms of DM2 are 

similar but typically mild in comparison to DM1, and there is no known congenital form of 

DM2. Additionally, the prevalence of DM1 far exceeds that of DM2.  

 

The genetic basis for DM1 was first realized in 1992 as a triplet repeat expansion in the 3’-

untranslated region (UTR) of the myotonic dystrophy protein kinase (DMPK) gene.6-10 A 

(CTG)n expansion was found to be the determinant factor for the disease phenotypes 

exhibited in affected individuals; where the most severe symptoms and age of onset are 

correlated with a high index of repetition. Unaffected individuals have between 5 – 37 copies 

of the trinucleotide repeat, whereas affected individuals have upwards of 50 – 3,000 copies. 

As the number of genetic repeats increases, it becomes more likely that the cellular 

machinery involved in DNA replication will slip and extra copies of the repeat will be 

inserted into the gene during cell division (Figure 1). The propensity of slippage during 

DNA replication as the number of repeats increases provides DM1 with the feature of 

anticipation and the congenital disease form seen in infants.  
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Figure 1. DNA slippage model for triplet repeat expansion disorders. 

 

1.1.1 DMPK Haploinsufficiency Hypothesis 

The dominance model exhibited in DM1 initially prompted Tapscott to propose that a 

haploinsufficiency of DMPK accounted for the disease pathology.11 Although DMPK 

expression is generally downregulated in DM1,12 this postulate could not explain the 

multisystemic phenotypes characteristic of DM1. In addition, no reported cases of DM1 have 
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been shown to be caused by a point mutation in the DMPK gene, suggesting that the 

multisystemic features of the disease are not caused by DMPK haploinsufficiency.13  

 

1.1.2 RNA Gain of Function Hypothesis 

Houseman and Singer later demonstrated that aberrant poly(CUG) transcripts of the mutant 

DMPK gene localized within nuclei, leading to general downregulation of DMPK. 14, 15 The 

nuclear accumulation of expanded CUG was proposed to account for the deleterious effects 

of the repeat expansion. This unprecedented RNA gain of function mechanism predicted that 

aberrant CUG transcripts exerted a trans-dominant effect capable of disrupting alternative 

splicing as well as other cellular events.16-20 This mechanism was further substantiated by the 

observation that an expanded repeat in the 3’-UTR of DMPK RNA inhibited myogenic 

differentiation of C2C12 myoblasts.21 In addition, transcription of an expanded CUG RNA 

was shown to generate a DM1 phenotype in transgenic mice when expressed in a gene 

entirely unrelated to DMPK.22  

 

The toxic RNA gain of function hypothesis for DM1 pathology directed researchers to study 

the ability of proteins to bind expanded CUG transcripts. Initial explorations revealed that 

CUG-binding protein (CUG-BP) regulated the alternative splicing of cardiac troponin T 

(cTnT) by binding CUG. This splicing pattern was shown to be disrupted in DM1 cardiac 

and skeletal muscle tissues.17 However, CUG-BP activity was shown to increase in DM1, 

which did not support a trans-dominant effect of RNA-mediated inactivation of binding 

proteins.  Furthermore, studies failed to exhibit co-localization of CUG-BP with aberrant 

CUG in nuclear foci.23 The inability of CUG to sequester CUG-BP suggested a secondary 

role for CUG-BP in the pathogenesis of DM1.  

 

Although CUG-BP was eliminated as a sequestration target, emerging evidence indicated 

that the accumulation of expanded CUG within nuclei altered the localization of a family of 

alternative splicing regulators: the muscleblind-like proteins (MBNL1–3).19, 24, 25 Each of 
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these three isoforms was recruited into mutant RNA nuclear foci in DM1 cells, which was 

presumed to disrupt their customary biological functions.26 Consequently, MBNL proteins 

became attractive targets for the toxic RNA gain of function exhibited after transcription of 

aberrant DMPK RNA. Further substantiation for this mechanism was achieved when 

MBNL1 knock-out mice developed myotonia, cataracts and splicing irregularities consistent 

with the DM1 phenotype.27 In addition, cell culture experiments involving siRNA depletion 

of MBNL1, MBNL2 and CUG-BP indicated that nuclear accumulation favored MBNL1.17, 20, 

27 Complementary evidence revealed that upon MBNL1 co-localization with expanded CUG 

in nuclei, aberrant alternative splicing events were mediated by CUG-BP, supporting the 

earlier suggestion of a secondary role for CUG-BP in DM1 disease pathology.  

 

1.2 Previous Approaches to Targeting DM1 

The emergent data supporting the poly(CUG) gain of function mechanism via sequestration 

of MBNL promoted other researchers to investigate small molecule disruption of this 

interaction as well.  

  

1.2.1 Dynamic Combinatorial Peptide Library Approach 

The first published account of small molecule mediated poly(CUG):MBNL disruption was 

achieved by Miller et al. in 2008.28 This achievement was accomplished by employing a 

resin-bound dynamic combinatorial library (RBDCL)29 with a theoretical diversity of 11,325 

members. Resin bound tripeptides (150) containing a variable cysteine at each position were 

equilibrated with solution phase tripeptides (150) also containing cysteine at each variable 

position. After disulfide exchange, these bead bound peptides were incubated with a 

fluorescently labeled (CUG)10 RNA. Subsequently, the library of resin-bound peptides was 

washed to remove unbound RNA and the beads were imaged for fluorescence. Fluorescent 

beads indicated RNA binding peptide sequences, which were then identified through mass 

spectrometry. Four monomers were identified containing sequence similarity: (Quin/Pip)-

(Asn/Pro)-Cys-Lys (Figure 2). They synthesized all possible non-redundant mixtures 
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(assuming commutative property transfer) and then identified 4 disulfide-crosslinked 

peptides capable of high affinity binding (Kd ~2 µM) to (CUG)109 via a filter binding assay 

(disulfides 3-3, 4-4, 2-4, 3-4). However, when the selected peptides were incubated with 

(CUG)109 in the presence of MBNL1, the maximum displacement measured through an 

enzyme complementation assay was only 50% even at concentrations of 100 µM. This result 

showed the first promise of small molecules and their ability to mediate the interaction 

between poly(CUG) and MBNL. However, the therapeutic use of these crosslinked peptides 

would be irrelevant due to the reduction of the disulfide linkage mediated by intracellular 

thiols, given that the individual peptides alone were unable to bind poly(CUG).  

 
      Figure 2. RBDCL selected peptides. 

 

1.2.2 Triaminotriazine-DNA Intercalator Approach 

Recently, an alternative strategy for targeting DM1 was published delineating the rational 

design and synthesis of a ligand capable of selectively disrupting the poly(CUG):MBNL 

interaction.30 Zimmerman et al. chose to target the U-U mismatch in poly(CUG) with a 

triaminotriazine unit tethered to a known DNA intercalator. The use of triaminotriazine was 

posited to target U-U or T-T mismatches through Janus-wedge hydrogen bonding, potentially 

forming a full set of six simultaneous hydrogen bonds (Figure 3). They chose to tether 

triaminotriazine to a 9-aminoacridine derivative and argued that although 9-aminoacridine is 
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a minor groove DNA intercalator, the joined molecule could target CUG or CTG through the 

major or minor groove due to a “stacking intercalator” effect. The designed ligand L was 

assayed for affinity and selectivity for T-T, C-C, G-G and A-A mismatches in 

[(CG)m(CXG)n(CG)m]2 hairpins and found to only bind to DNA with T-T mismatches. 

Furthermore, when at least two T-T mismatches were present, L bound DNA with high 

nanomolar affinities. This affinity was also translated to an RNA counterpart, where (CUG)4 

was shown to bind L with a Kd of 0.43 µM using isothermal titration calorimetry. 

Furthermore, upon 1:1 binding of MBNL-N and (CUG)12, the addition of compound L 

disrupted the RNA-protein complex with IC50 values of  40 – 50 µM. Electromobility shift 

assays also indicated almost complete inhibition when treated with 250 µM compound L. 

This salient result renders compound L as the most promising lead for therapeutic 

intervention of DM1 known to date.  

 

 
Figure 3. Ligand L and Janus-Wedge hydrogen bonding. 

 

1.3 Our Approach at Targeting DM1 with Phage Display Libraries  

Given that poly(CUG) sequestration of MBNL1 is the primary determinant driving DM1 

pathology, we chose to target poly(CUG) in an attempt to disrupt the poly(CUG):MBNL1 

interaction. We reasoned that the release of MBNL1 could reestablish the biologically 
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intended alternative splicing events, which are aberrantly regulated in DM1. Given that 

peptides and proteins are endogenous RNA binding molecules, we chose to identify peptides 

capable of binding poly(CUG) selectively. Additionally, given that cyclic peptides have 

enhanced bioavailability, do not suffer entropic losses on binding and are less susceptible to 

protease degradation than their linear counterparts,31 we chose to investigate a library of 

cyclic peptides for their ability to bind poly(CUG).  

 

The selection technique we employed in our search for selective poly(CUG) binders was 

cyclic peptide phage display. Phage display is a system that displays a peptide on the surface 

of a viral coat protein. DNA encoding the displayed peptide is located within the 

bacteriophage virion. By cloning DNA sequences into the phage, display libraries are 

produced with a repertoire that exceeds a billion of uniquely displayed proteins or peptides. 

This process (biopanning) allows an immobilized target to incubate with a phage library and 

employs simple washing steps to remove any unbound phage, thus eliminating peptides 

unable to bind the target of interest. A key advantage of this technique is the ability for phage 

to be infected into E. coli for rapid amplification of binding members of the library. In 

addition, the genotype/phenotype relationship of the encoded DNA and the displayed 

peptides facilitates rapid identification of the active peptides. The selection cycle, depicted in 

Figure 4, is repeated until the remaining peptides within the pool of phage possess high 

sequence homology. 
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Figure 4. Phage display selection cycle. 
 

1.3.1 Target Immobilization 

Preceding the selection, we first prepared a target RNA capable of immobilization. Professor 

Swanson (UFL) kindly provided an ampicillin resistant plasmid encoding (CTG)54 

engineered into a DH5α E. coli cell line. The p(CTG)54 encoded cell line was amplified in 

LB supplemented with 100 µg/mL ampicillin; after enough cells were harvested and lysed, 

p(CTG)54 was isolated by midiprep purification. The plasmid was then linearized with the 

BamHI restriction endonuclease and utilized as a template for in vitro run off transcription 

with 5’-guanosine monophosphorothioate (GMPS). The 5’GMPS(CUG)54 transcript was then 
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coupled with biotin-PEG2-maleimide to provide our immobilizable target for phage display 

(Scheme 1). The RNA target was then immobilized by exploiting the extremely high affinity 

biotin-avidin interaction using magnetic streptavidin beads.  

 

 
Scheme 1. Synthesis of biotinylated (CUG)54 template for phage display selection. 

 

1.3.2 Phage Display Selection 

After target immobilization, we began performing selections using a commercially available 

cysteine constrained heptapeptide library with a complexity of 1.28 billion unique peptides 

(according to the literature provided with the library). During preliminary selection 

experiments, the library of phage was found to evolve the known HPQ (His-Pro-Gln) 

consensus motif specific for streptavidin within three rounds of positive selection. In order to 

prevent the selection and amplification of phage specific for binding streptavidin, we chose 

to perform alternating rounds of positive and negative selection. The addition of a negative 

selection round in each cycle confers a higher degree of stringency by removing any peptides 

or phage, which could bind the streptavidin beads and provide false positive results.  

 

We defined a complete selection cycle as one round of positive selection followed by one 

round of negative selection. During a positive round of selection the phage library was 

incubated with the immobilized RNA target (Figure 4, Step 1). During this incubation period 

any phage displayed peptides capable of binding (CUG)54 with high affinity were then 
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immobilized as well by association (Figure 4, Step 2). All nonbinding phage were then 

eliminated through numerous washing steps (Figure 4, Step 3). The RNA-bound phage were 

then eluted with an acidic solution of glycine (a general phage eluent, Figure 4, Step 4). The 

desired RNA-binding phage were then infected into E. coli and amplified (Figure 4, Step 5). 

After phage amplification, a negative selection round was employed to remove phage 

capable of binding streptavidin. During a negative round of selection the amplified phage 

library was incubated only with streptavidin beads (Figure 4, Step 6). Any phage that did not 

bind the streptavidin immobilization support were then removed and saved (Figure 4, Step 

7), while the streptavidin beads and bead-binding phage were discarded. This was the final 

step for the selection cycle; at this point, these phage were then placed onto a subsequent 

selection cycle and this protocol was repeated until sequence homology was achieved.  

 

The selection cycle we employed as described above begins with a round of positive 

selection. However, given our previous results of identifying streptavidin-binding phage in 

only three selection cycles we chose to also employ a parallel selection which began with a 

round of negative selection. The initial negative selection cycle was posited to immediately 

remove any streptavidin binding phage, which could complicate our selection results. This 

parallel selection was performed exactly as described above and in Figure 4, excepting only 

that this selection began with Step 6 (as illustrated) and then continued through the 

subsequent steps as delineated above.  

 

The convergence of CUG-binding peptide sequences within the remaining pool of phage 

during each repetitive selection cycle was discerned by monitoring the number of remaining 

phage within the pool by counting plaque forming units (PFU) prior to phage amplification 

(always counted at Step 4). This process, called phage titering, is analogous to bacterial 

colony counting. Once CUG-bound phage were eluted, a small portion of the phage library 

was serially diluted and plated onto IPTG/XGal/LB/Agar. After overnight incubation at 37 

ºC, the plaques were counted as an indication of the number of remaining phage within the 



 11 

library. During the early selection cycles, the total number of phage within the remaining 

pool decreased via the removal of non-CUG-binding phage; therefore, the number of PFUs 

decreased as expected. However, after the majority of nonbinding phage were removed, only 

CUG-binding phage remained in the pool and continued to be amplified through multiple 

cycles of selection. This result was indicated by a sharp increase the number of PFUs during 

later selection cycles.  

 

After six cycles of selection, we observed a dramatic increase in the unamplified phage titer 

for both the initial positive and initial negative selection cycles. Consequently, we plated the 

remaining phage from the pools onto IPTG/XGal/LB/Agar and picked 48 random phage 

plaques from each selection (initial positive and initial negative), amplified them in E. coli, 

and isolated the phage DNA. The DNA was then PCR amplified and submitted for 

automated DNA sequencing to the Genome Research Laboratory (GRL) at NCSU.  The 

coding DNA sequences obtained from GRL were then translated into the peptide binders for 

(CUG)54. The sequencing data yielded three sequences that were highly conserved: IN23, 

IN8, IP17 and one sequence, which was evolved from both selections IPN2 (Figure 5). 

Although there are not many conserved amino acids within these peptides, three of them 

contain Thr as the first variable amino acid, two contain Tyr at position 3 and two contain Ser 

at position 7. The sequencing results we obtained were promising, given the modest cross 

homology and the repetitive nature of the identified peptides. Additionally, none of the 

selected peptides were polycationic or contained the HPQ motif known for streptavidin, 

suggesting that these peptides bind (CUG)54 in a specific fashion. 
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1.3.3 Synthesis of Cellularly Irreducible Analogs 

After the identification of poly(CUG)-binding cyclic peptides, we sought to investigate their 

ability to disrupt the poly(CUG)-MBNL interaction characteristic of DM1. However, 

cysteine constrained cyclic peptides undergo reduction to their linear forms mediated by 

cellular thiols. Although linear peptides are capable of binding RNAs, most literature 

suggests enhanced binding favorability for their cyclic counterparts.31 In addition, linear 

peptides are more susceptible to degradation by intracellular proteases. Therefore, we aimed 

to synthesize cellularly irreducible analogs of these cyclic peptides by employing ring-

closing metathesis (RCM). This was achieved by replacing the first and last cysteine amino 

acids with an allyl glycine. Peptides were synthesized using the standard solid phase Fmoc 

protocol on a Rink amide MBHA resin (Scheme 2). Once the linear peptide chain had been 

synthesized, attempts were made to cyclize the peptide using RCM.  

 

Figure 5. Cyclic peptides identified through phage display selection. 
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A former group member, Anne Basso was able to cyclize peptides of this length using 

Hoyveda-Grubbs 2nd Generation Catalyst; therefore, we chose to employ her optimized 

procedure for RCM. The long refluxing times and amount of catalyst necessary; however 

inhibited the amount of product isolated due to degradation and purification obstructions 

respectively. A typical loading of 500 mg resin generally yielded less than 5 mg crude solid 

after cleavage from the resin and subsequent precipitation. Furthermore, the only successful 

metathesis reaction was performed on IN23; which contains 3 proline residues. Given that 

purification of peptides after subjection to RCM procedures proved extremely difficult, we 

chose to test our methodology using linear analogs of the peptides identified during the 

selection. Although they would suffer an entropic loss upon folding into the active 

conformation for binding, we reasoned they should still be capable of binding the target 

RNA.  

 

1.3.4 Expression of MBNL Proteins 

Before we could assess the ability of these peptides to displace the poly(CUG):MBNL 

interaction we first needed to express the muscleblind protein and determine its binding 

capabilities toward (CUG)54. Professor Swanson also provided us with fusion constructs of 

GST::MBNL1::His and GST::MBNL-N::His (N-terminus AAs: 1 – 253) as plasmids 

engineered into a BL21 strain of E. coli. Expression of full-length MBNL1 proved extremely 

difficult due to the inherent instability of muscleblind.  SDS-PAGE analysis indicated when 

Scheme 2. Synthetic route to linear and cyclic peptides. 
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the protein was successfully expressed it would frequently degrade during affinity column 

purification or during storage even in the presence of protease inhibitors.  

 

The N-terminal domain of MBNL1 (MBNL-N) has been identified as the region that 

poly(CUG) binds in vitro.32, 33 MBNL-N, in addition to full length MBNL1 (MBNL-FL), has 

been shown to cross-link with (CUG)54,19 form RNA-protein complexes with cTnT RNAs 

(Tnnt3/T5.1 and T5.45) and (CUG)54;32 however, the truncated protein was more likely than 

MBNL-FL to form unresolved complexes which remained in the wells of polyacrylamide 

gels during elecrophoresis.32 Additionally, MBNL-N has been shown to possess higher 

binding affinities than MBNL-FL and is more stable than the full-length protein. Therefore 

we chose to employ MBNL-N for use in binding reactions and electrophoretic mobility shift 

assays (EMSA) with (CUG)54.  

 

The GST::MBNL-N::His encoded cell line was amplified in 2XYT supplemented with 500 

µg/mL carbenicillin and protein expression was induced under IPTG control. After the cells 

were harvested and lysed, the N-terminal fusion construct was purified through GST-affinity 

chromatography and dialyzed into storage buffer supplemented with protease inhibitors. 

MBNL-N was then utilized in electromobility shift assays to determine the ability of our 

selected peptides to disrupt the poly(CUG):MBNL interaction.  

 

1.3.5 Electromobility Shift Assays for (CUG)54:MBNL-N Interactions 

The first electromobility shift experiments we performed were to determine the appropriate 

concentrations of (CUG)54 and MBNL-N to effect 100% complex formation. Several buffer 

systems were investigated for their ability to facilitate the (CUG)54:MBNL-N interaction and 

are shown in Table 1. Buffer A is known in the literature to host MBNL interactions with 

pyrimidine-pyrimidine mismatches.34 Some reports have shown that increased levels of NaCl 

disrupt RNA-protein interactions; therefore, Buffer B was also used to host this interaction. 

Buffer C is also modified from the literature16 and is the buffer the selection was carried out 



 15 

in. Initial explorations of MBNL-N interactions with (CUG)54 indicated some binding in 

Buffer C (selection buffer); however, the alternative buffers were explored in an effort to 

enhance the binding constant, and consequently lower the necessary concentrations of 

MBNL-N needed to effect a binding event. These buffers showed little deviation in their 

ability to promote binding, thus Buffer C was used for the subsequent EMSAs for 

consistency given that the selection was performed in this buffer.  
 

 Table 1. Buffers assayed for EMSAs.   

Buffer Components 

A 175 mM NaCl, 20 mM Tris-HCl, 5 mM MgCl2, 1.25 mM BME, 12.5% 
glycerol, 2 mg/ml BSA, 0.1 mg/ml heparin 

B 100 mM NaCl, 20 mM Tris-HCl, 5 mM MgCl2, 1 mg/ml BSA, 0.1 mg/ml 
heparin 

C 20 mM Tris-HCl, 100 mM KCl, 5 mM MgCl2, 0.1% Triton-X 
 

After some optimization we were able to observe 100% complex formation between MBNL-

N and (CUG)54, this is depicted in Figure 6 (Gel A) where as the concentration of MBNL-N 

is increased, the free RNA (lower band) starts to disappear; while a higher molecular weight 

band is formed indicating a binding event between the RNA and protein. The EMSA 

indicated that with our conditions 100% of (CUG)54 was bound with 4 µM MBNL-N, which 

was in agreement with literature results.  

 
Figure 6. (CUG)54:MBNL-N EMSAs A. (CUG)54 + [MBNL-N]. B. (CUG)54 + [IN23L]: 30 min, + 234 nM 
MBNL-N. 
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The next step in our investigation of the MBNL-poly(CUG) interaction was to assess the 

ability of our selected peptides to competitively disrupt the MBNL-N:(CUG)54 interaction. 

The first preliminary competitive gel shift experiment was performed with linear IN23 

(IN23L). When increasing concentrations of IN23L were pre-incubated with (CUG)54 for 30 

min and were then treated with 234 nM MBNL-N, we discovered as little as 286 nM IN23L 

was able to completely disrupt this interaction and release free RNA (Figure 6, Gel B). 

Unfortunately, this result could never be duplicated even after preparing every reaction 

component (MBNL-N, (CUG)54, buffer systems, etc.) again under strict sterile conditions.  

 

While trying to repeat the result of this experiment we observed that upon increasing the 

peptide concentrations dramatically, IN23L inhibited the formation of the (CUG)54:MBNL-N 

complex to a small extent at 723 µM. To measure the observed effect, we counted the pixels 

of free RNA and the RNA-protein complexes in the gel. The percent of the lower band (e.g. 

free RNA) was as follows: (CUG)54 control = 92%, (CUG)54:MBNL-N control = 68%, 723 

µM IN23L + (CUG)54:MBNL-N = 80%. Thus IN23L mediated a 12 percentage point 

increase in free RNA when compared to the RNA:protein control. Although this effect is not 

as dramatic as our initial competitive EMSA, the results of this assay nonetheless indicate 

that IN23L is capable of mildly disrupting this RNA-protein interaction (Figure 7, Gel A). 

 

  
Figure 7. Competitive EMSAs for (CUG)54:MBNL-N with IN23. A. IN23L (723 µM, 145 µM, 28.9 
µM, 5.78 µM, 1.16 µM). B. IN23C (2.2 mM, 440 µM, 88 µM, 17.6 µM, 3.52 µM). 
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Although cyclic IN23 (IN23C) posed purification difficulties, we chose to test the ability of 

crude IN23C to disrupt the (CUG)54:MBNL-N interaction as well. Crude IN23C, however 

did not display any extent of (CUG)54:MBNL-N inhibition, even at extremely high peptide 

concentrations (2.2 mM). The results of this assay are shown in Figure 7, Gel B. Pixel counts 

were also measured for the competitive IN23C EMSA: the percent of the lower band (free 

RNA) was as follows: (CUG)54 control = 94%, (CUG)54:MBNL-N control = 73%, 2.2 mM 

IN23C + (CUG)54:MBNL-N = 63%. In fact, the competitive EMSA using higher 

concentrations of crude IN23C appeared to have a noticeable effect of decreasing free RNA. 

This effect is most likely due to RNA degradation from the remaining RCM impurities. 

 

Although IN23L was demonstrated to be capable of disrupting the CUG54:MBNL-N 

interaction to some extent, unfortunately the affinity of IN23L for (CUG)54 was not strong 

enough to disrupt the RNA-protein interaction at therapeutically relevant concentrations. 

Perhaps the inclusion of MBNL-N during the selection could have increased the stringency 

enough to prompt the evolution of peptides capable of binding (CUG)54 with enough affinity 

to competitively displace muscleblind at lower concentrations. The selected peptides 

currently represent leads for future analog development. 

 

1.4 Conclusion 

We investigated cyclic peptides for their ability to disrupt a (CUG)54:MBNL1 interaction as a 

unified approach towards treating DM1. To this end, we performed a phage display selection 

using a cysteine constrained cyclic heptapeptide library against immobilized (CUG)54. After 

six cycles of selection, we identified four highly conserved cyclic peptides that were not 

polycationic, suggesting RNA binding is probably specific. In an effort to develop cellularly 

irreducible analogs of the cysteine constrained heptapeptides, we performed solid phase 

peptide synthesis substituting allyl-glycine at the N- and C-terminal positions, which were 

subjected to ring closing metathesis. Linear peptide IN23 was easily cyclized using Hoveyda 

Grubbs 2nd Generation catalyst, most likely due to the three proline residues providing the 
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peptide with a round initial conformation.  We then assayed the peptides for their ability to 

disrupt the (CUG)54:MBNL1 interaction characteristic of DM1. One selected peptide was 

capable of binding (CUG)54 and was able to disrupt the (CUG)54:MBNL1 complex to a small 

extent. These cyclic peptides currently represent leads for further analog development.  

 

1.5 Experimental  

All chemicals were used without further purification. Transformed cell lines were obtained 

from the Maurice Swanson laboratory at UFL. All Fmoc protected peptides and resins were 

obtained from Peptides International. All other chemicals were supplied by Aldrich, unless 

otherwise noted. All buffer and media recipes are included in the Appendix. 

 

Isolation of (CTG)54 plasmid from E. coli 

The ampicillin resistant (ampr) p(CTG)54 was transformed into a DH5α strain of E. coli  and 

kindly provided by the Maurice Swanson Laboratory at the University of Florida at 

Gainesville. 50 mL modified LB media (10 g tryptone, 5 g yeast, 10 g NaCl) was dispensed 

into a sterile 250 mL Erlenmeyer flask doped with 10 mg/ml carbenicillin. A single colony 

was selected and inoculated for 16 – 20 hours at 37 ºC and 220 rpm in a shaking incubator. 

After the cellular density was large enough, the cells were centrifuged for 10 min at 10,000 x 

g; the supernatant was discarded and the plasmid was extracted using a Promega Pure 

Yield™ Plasmid Midi Prep DNA Purification System. The isolated DNA was resuspended in 

600 µL nuclease free water and quantified by ultraviolet absorption at 260 nm where [DNA] 

µg/ml = A260 * 50 µg/mL * dilution factor. Plasmid DNA was stored in aliquots at -20 ºC. 

 

BamHI Restriction Enzyme Digest of p(CTG)54 

Seven µL DNA (1 µg/mL) was incubated with 0.5 µL BSA (10 mg/mL), 5 µL 10X Buffer E 

(Promega) 34.25 µL nuclease free water, and 3.25 µL BamHI (10 U/µL) for one hour at 37 

ºC. The BamHI (G▼GATC C) DNA cleavage was monitored by agarose gel electrophoresis 

(0.8%) in 1X TBE run at 100 V for 3 h. Once the plasmid was successfully linearized, the 
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DNA was separated from the restriction enzyme by phenol/chloroform extraction. An equal 

volume of well-suspended phenol/chloroform/isoamyl alcohol (25/24/1) was added to the 

sample of DNA and vortexed at a low setting for five min. The mixture was then centrifuged 

for 5 min at 13.2 rcf and most of the top aqueous layer was carefully removed with a 

micropipette. The aqueous layer containing the DNA was then precipitated with 2.5 volumes 

of ice-cold ethanol and 1/3 volume 5 M NH4OAc for at least 30 min at -20 ºC. The samples 

were then centrifuged for 30 min at 4 ºC, 13.2 rcf, the supernatant was removed and the 

pellet was washed with 200 µL ice cold 70% ethanol. The sample was centrifuged briefly, 

the supernatant was removed and the pellet was allowed to air dry for at least 30 min at RT. 

The DNA was then resuspended in 50 µL nuclease free water.  

 

Transcription of (CUG)54 

The linearized (CTG)54 was used as a template for in vitro run off transcription for “cold” 

RNA, “hot” RNA and biotinylated RNA. All transcription components (specifics described 

below the general conditions presented here) were combined in a 200 µL PCR tube and 

heated to 37 ºC for no more than 6 h. The transcript was separated from the enzyme by a 

phenol/chloroform/isoamyl alcohol (25/24/1) extraction employing a volume equal to 

reaction volume. The suspension was vortexed for 5 min on a low setting and subsequently 

centrifuged for 5 min at 13.2 rcf. The majority of the aqueous layer was removed using a 

micropipet, carefully avoiding the chloroform layer. The transcript was then precipitated with 

3 volumes of ice-cold isopropanol and 1/3 volume of 5 M NH4OAc. The mixture was 

centrifuged at 4 ºC, 13.2 rcf for 30 min, the supernatant was removed and the pellet was 

washed with 200 µL ice-cold 70% ethanol. The sample was then centrifuged briefly, the 

supernatant was removed and the pellet was allowed to air dry for at least 30 min. Samples of 

RNA were resuspended in nuclease free water and were purified on 8 M Urea, 8% 

polyacrylamide (19:1) gel electrophoresis. Cold RNA was visualized with Ethidium Bromide 

(EtBr) staining for at least 20 min and 3-4 rounds of hour long destaining. The desired 

transcript as visualized by molecular weight markers and the pink color exhibited during 
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EtBr intercalation was excised with a nuclease free scalpel and placed into a microfuge tube. 

Hot RNA was visualized on X-Ray film (Fuji Film); the gel (wrapped in cellophane) was 

exposed to the film for approximately 20 min before developing. After the film was 

developed it was aligned with the gel and the desired band of RNA was excised using a 

nuclease free scalpel and placed into a microfuge tube. The gel slices were gently crushed 

with a pipet tip and the transcripts were eluted overnight in 400 µL Gel Elution Buffer (500 

mM NH4OAc, 1 mM EDTA pH 8.0, 0.1 % SDS). The following morning the samples were 

centrifuged for 10 min at 13.2 rcf and the liquid was carefully separated from the gel 

fragments. The transcripts were precipitated with 3 volumes of ice-cold isopropanol, placed 

at -20 ºC for at least 30 min and then centrifuged at 4 ºC, 13.2 rcf for 30 min. The supernatant 

was carefully removed and the pellet was washed with 200 µL of ice-cold 70% isopropanol 

and centrifuged briefly. The supernatant was removed and the pellet was allowed to air dry 

for at least 30 min at RT.  

 

Cold RNA 

Cold RNA was transcribed by combining 4 µL 5X transcription buffer (Promega), 2 µL 5 

mM ATP, 2 µL 5 mM UTP, 2 µL 5 mM CTP, 2 µL 5 mM GTP, 0.5 µL RNAsin (40 U/µL), 

3 µL nuclease free water, 1.5 µL T7 RNA polymerase (RNAP, 20 U/µL ) and 3 µL DNA 

template.  

 

Hot RNA 

Hot RNA was uniformly body labeled with 50 µCi α-32-P-UTP (MPBiomedicals) by 

combining 4 µL 5X transcription buffer, 2 µL 5 mM ATP, 2 µL 5 mM CTP, 2 µL 5 mM 

GTP, 0.5 µL UTP, 5 µL α-32-P-ATP (3000 Ci/mmol) 0.5 µL RNAsin (40 U/µL), 3 µL DNA 

template, 1 µL T7 RNAP.  

 

 

 



 21 

Biotinylated RNA 

Biotinylated RNA was transcribed by including an excess of 5’-

guanosinemonophosporothioate (GMPS, Axxora LLC, G-018-10) during standard “cold” 

transcription. GMPS-(CUG)54 was transcribed with 17 µL nuclease free water, 20 µL 5X 

transcription buffer, 0.5 µL RNAsin, 8 µL 5 mM ATP, 8 µL 5 mM CTP, 8µL 5 mM UTP, 8 

µL 5 mM GTP, 20 µL GMPS (2 mM final), 4.5 µL DNA (1 µg/mL), 2 µL T7 RNAP. 5’-

GMPS(CUG)54 was then reacted with 25 mM Maleimide-PEG2-biotin (Pierce) in DMF for 2 

hours and purified on a MWCO-10 microcon. Percent biotinylation was quantified by 

comparison of free RNA after a streptavidin-binding assay, where free (non-biotinylated) 

RNA was quantified by EtBr staining on an agarose gel and the concentration of biotinylated 

RNA determined by difference. 

 

Expression and Isolation of GST::MBNL1::His  

The full-length muscleblind protein was received as an ampr (BL21) and as an ampr and 

campr  (BL21 Codon Plus) fusion construct with both GST and His affinity tags from the 

Swanson Laboratory at UFL. The protein was expressed by a modified literature procedure.32 

A single colony of GST::MBNL::His was inoculated in 5 mL of LB dosed with 100 µg/mL 

carbenicillin (or 100 µg/mL carbenicillin and 34 µg/mL chloroamphenicol for the BL21 

Codon Plus strain) and incubated overnight at 37 ºC, 220 rpm. The following morning the 

overnight culture was diluted 1:100 into 250 mL of pre-warmed 2XYT media dosed with 500 

µg/mL carbenicillin and incubated at 37 ºC, 220 rpm until the OD600 = 0.6 (3 – 5 hours). 

When the desired OD was achieved the temperature was lowered to 30 ºC and 

GST::MBNL::His expression was induced by the addition of IPTG (1 mM final) for 3 h. The 

cells were then centrifuged at 10,000 rpm, 4 ºC for 15 min. The supernatant was removed and 

the cells were placed at -20 ºC for at least 2 h. The cells were then thawed on ice and purified 

using the PIERCE B-PER® GST Spin Purification Kit. The GST::MBNL1::His fusion 

construct was bound to immobilized glutathione-agarose beads, washed 4 times with Tris-

Glycine and eluted with free glutathione (GSH). A small amount of eluate was denatured in 
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loading dye at 95 ºC for 5 min and run on 8% SDS-PAGE in 1X Tris-Glycine-SDS for 30 

min at 200 V. The gel was then stained with Coomassie Brilliant Blue for 30 min and then 

destained by washing 4-5 times with Destain Buffer over the course of several hours. The 

visibility of a blue band at approximately 67 – 70 kDa was indicative of the full-length 

construct (~67 – 68 kDa). Western blotting analysis was also performed to ensure the fusion 

construct was isolated and intact. A nitrocellulose membrane was presoaked in Transfer 

Buffer, then a clean gel was placed on the surface of the nitrocellulose and transferred to the 

membrane at 100 V for 1 h. The gel was then removed, and the membrane was washed 3 

times with TBST for 10 min. The membrane was then blocked with 5 mL of TBS + Casein 

for at least 1 h at 4 ºC.  The blocking solution was then decanted and the membrane was 

washed 4 times with TBST for 15 min. A GST-HRP Conjugate Antibody was diluted 1:5000 

in 10 mL of TBST and exposed to the membrane with gentle shaking for 1 h. The membrane 

was then washed 2 times for 2 min, 1 time for 15 min and 3 times for 5 min to removed any 

residual antibody. The membrane was then dried and developed using a 1:1 solution of 

luminol and peroxide developer (BioRad, Immunostar HRP) for 5 min. The membrane was 

wrapped in cellophane and imaged on a GE Storm™ 840 Chemiluminescent Detector. Pure 

protein samples were then dialyzed overnight at 4 ºC into Protein Storage Buffer using a 

10,000 MWCO Dialysis Cassette (3 buffer changes of 1 L). Protein concentration was 

measured with the DC Protein Assay® (BioRad) using BSA as the standardization control. 

 

Expression and Isolation of GST::MBNL-N::His 

The N-terminal muscleblind protein (AA 1 – 253) was received as an ampr fusion construct 

with both GST and His affinity tags from the Swanson Laboratory at UFL. A single colony 

of GST::MBNL-N::His was inoculated in 5 mL of LB dosed with 100 µg/mL carbenicillin 

and incubated overnight at 37 ºC, 200 rpm. The following morning the overnight culture was 

diluted 1:100 into 200 mL of prewarmed 2XYT media dosed with 500 µg/mL carbenicillin 

and incubated at 37 ºC, 220 rpm until the OD600 was approximately 0.6. At this point the 

temperature was lowered to 30 ºC and GST::MBNL-N::His expression was induced by the 
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addition of IPTG (1 mM final) for 3 h. The cells were then centrifuged at 10,000 rpm, 4 ºC 

for 15 min. The supernatant was removed and the cells were placed at -20 ºC for at least 2 h. 

The cells were then thawed on ice and purified using the PIERCE B-PER® GST Spin 

Purification Kit. The GST::MBNL1::His fusion construct was bound to immobilized 

glutathione-agarose beads, washed 4 times with Tris-Glycine Buffer and eluted with free 

GSH. A small amount of eluate was denatured in loading dye at 95 ºC for 5 min and run on 8 

% SDS-PAGE in 1X Tris-Glycine-SDS for 30 min at 200 V. The gel was then stained with 

Coomassie Brilliant Blue for 30 min and then destained by washing 4-5 times with Destain 

Buffer over the course of several hours. The visibility of a blue band at approximately 50 – 

55 kDa was indicative of the N-terminal construct (~53 – 54 kDa). The protein was dialyzed 

overnight at 4 ºC into Protein Storage Buffer using a 3,000 MWCO Dialysis Cassette (4 

buffer changes of 1 L). Protein concentration was measured using the DC Protein Assay® 

(BioRad) with BSA as the standardization control.  

 

Negative Selection Protocol 

Magnetic streptavidin beads (50 µL) were introduced into a 1.5 mL eppendorf tube and first 

washed with 1 mL Binding Buffer by vortexing for approximately 30 sec. The suspension 

was then centrifuged for 1 min to pellet the beads, and the eppendorf was placed in a 

magnetic rack, which pooled the beads to the edge of the eppendorf. The solution was then 

removed from the beads. The beads were then blocked for nonspecific binding at 4 ºC for 1 h 

with the addition of 1 mL Blocking Buffer. The beads were then centrifuged for 1 min again, 

placed in the magnetic rack and the supernatant was removed. The beads were then washed 4 

x 1 mL Binding Buffer. ROUND 1. A solution of phage was prepared by combining 10 µL of 

a cysteine constrained cyclic heptapeptide phage library (NEB Ph. D. C7C) with 190 µL 

Binding Buffer and allowed to equilibrate for 15 min at RT. ROUND 2-6. A solution of 

phage was prepared by combining 10 µL of the amplified pool of phage from the previous 

positive selection round and 190 µL Binding Buffer. ALL ROUNDS. The phage solution was 

then added to the streptavidin beads, vortexed gently and incubated for 15 min at RT. The 
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sample was then centrifuged for 1 min, the supernatant was removed and immediately placed 

onto a positive selection or stored at 4 ºC overnight until a positive selection could be 

performed. 

 

Positive Selection Protocol 

Magnetic streptavidin beads (50 µL) were transferred into a 1.5 mL eppendorf tube and 

washed with 1 mL Binding Buffer by gently vortexing. The suspension was then centrifuged 

for 1 min, placed on a magnetic rack and once the beads were pooled together, the 

supernatant was removed. The beads were then treated to disrupt any nonspecific binding 

events by incubating with 1 mL Blocking Buffer for 1 h at 4 ºC. At this time, the beads were 

centrifuged for 1 min, placed on the magnetic rack and the supernatant was removed. The 

beads were then washed 4 x 1 mL Binding Buffer. A solution of 30 pmol biotinylated-

(CUG)54 in 100 µL Binding Buffer was introduced to the streptavidin beads and allowed to 

incubate at RT for 15 min (Biotin-Avidin Kd ~ 10-15 M). The sample was then centrifuged 

and the supernatant was removed. Any remaining unbound RNA was removed through 4 x 1 

mL wash steps with Binding Buffer. INITIAL POSITIVE. A solution of phage was prepared 

by combining 10 µL of a cysteine constrained cyclic heptapeptide phage library (NEB Ph. D. 

C7C) with 190 µL Binding Buffer and allowed to equilibrate for 15 min at RT. The solution 

of phage was then allowed to incubate with the target RNA for 15 min at RT. INITIAL 

NEGATIVE. The unbound phage supernatant (200 µL) of the negative selection was added to 

the beads and allowed to incubate at RT for 15 min. ALL CONTINUED. The beads were 

centrifuged for 1 min, placed on the magnetic rack and the supernatant was removed. The 

beads were then washed 8 x 1 mL Binding Buffer to ensure the removal of all phage that are 

unable to bind (CUG)54. After the final wash step, 1 mL Elution Buffer was added and 

incubated at RT for 10 min. The samples were then centrifuged, placed on the magnetic rack 

and the supernatant was transferred to another eppendorf. The solution was then neutralized 

by the addition of 150 µL Neutralization Buffer. At this step 10 µL saved for phage titer and 

the remaining phage are amplified in E. coli. 
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Phage Amplification and Isolation 

A tetr E. coli (ER2738) cell line was inoculated in 20 mL LB and incubated at 37 ºC, 200 

rpm. While ER2738 was growing the selection procedure was performed. After 

approximately 4 h the neutralized phage solution from the positive selection (less 10 µL for 

titer) was infected into the ER2738 cell line. The cells were incubated for another 4 h at 37 

ºC, 200 rpm. After amplification the cells were centrifuged for 10 min at 4 ºC, 10,000 rpm. 

The supernatant was then transferred to a new vessel and centrifuged again. The upper 80 % 

was transferred to a new vessel and 1/6 volume of PEG-NaCl Buffer was added. The phage 

were allowed to precipitate overnight at 4 ºC. The following morning the samples were 

centrifuged for 15 min at 4 ºC and 10,000 rpm. The supernatant was decanted and all residual 

liquid was removed with a micropipette. The pellet was suspended in 1 mL TBS and 

centrifuged at 10,000 rpm for 5 min at 4 ºC to remove any remaining debris. The supernatant 

was removed, transferred to a new tube and re-precipitated with 1/6 volume PEG-NaCl 

Buffer while at -20 ºC for 40 min. The sample was then centrifuged at 13.2 rcf for 10 min at 

4 ºC, the supernatant was removed and the pellet suspended in TBSA. This solution 

comprised the amplified pool of phage, 10 µL of which were used for the amplified phage 

titer (to ensure amplification is successful) and the remaining pool was placed on the next 

round of negative selection. 

 

Phage Titering 

Both unamplified and amplified pools of phage were titered. The variance between the two 

allowed the determination of a successful amplification procedure. The variance between 

unamplified phage titers allowed a measure of sequence homology to be assessed. The 

procedures for both were exactly the same, and as follows. The saved 10 µL sample of phage 

was used to prepare a working range of four 10-fold serial dilutions in LB (100 µL total 

volume). The unamplified pools were diluted serially from 101 – 104 and the amplified pools 

from 108 – 1011. First, a single colony of ER2738 was inoculated in 5 mL LB and incubated 

at 37 ºC, 200 rpm until the OD600 was approximately 0.5. LB Agar IPTG/XGal plates (lowest 
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dilutions were plated on one plate, as the dilution increased another plate was added for 

easier plaque counting) were pre-warmed to 37 ºC. While the cells were growing, a 50 mL 

stock of Agarose Top was melted in the microwave and 3 mL aliquots were dispensed into 

sterile 10 mL culture tubes (one for each plate), the tubes were then placed in a 45 ºC water 

bath until needed. When the OD600 finally reached mid log phase, 200 µL of the culture was 

added to empty eppendorf tubes (one for each dilution). Then 10 µL of each serially diluted 

solution of phage in LB was added to the ER2738, quickly vortexed and incubated at RT for 

5 min. The infected cells were then transferred to a 3 mL aliquot of Agarose Top, vortexed 

and immediately poured onto a pre-warmed LB Agar IPTG/XGal plate. The plate was tilted 

so the entire surface area was covered with Agarose Top and it was allowed to solidify over 

the course of 5 min at RT. After each dilution was plated, the plates were inverted and 

incubated overnight at 37 ºC. The following morning the numbers of blue plaques were 

counted and the phage titer was reported as plaque forming units (PFU) per 10 µL.  

 

Isolation and Characterization of Binding Clones 

The phage titer of the unamplified pools was monitored for a sharp increase in PFU between 

rounds to indicate when consensus sequences had been reached. This indication of sequence 

homology was observed at Round 6 of both the Initial Positive and the Initial Negative 

Selections. An overnight culture of ER2738 in LB-tet was diluted 1:100 in LB. The diluted 

stock was aliquoted 96 x 1 mL into 5 mL culture tubes. Sterilized toothpicks were used to 

pick plaques from the unamplified titer plates (only on plates with less than 100 plaques), 

which were then placed into the individual culture tubes. Forty-eight plaques were picked 

from both the Initial Positive and the Initial Negative Selection. The phage were allowed to 

amplify over the course of 4.5 h at 37 ºC, 200 rpm. After amplification, the samples were 

then transferred to individual microfuge tubes and centrifuged for 30 sec at 13.2 rcf. Next, 

500 µL of the supernatants were transferred to new microfuge tubes and stored at 4 ºC 

overnight. The following morning 200 µL PEG-NaCl Buffer was added to each of the phage 

containing supernatants, they were mixed by inversion and allowed to incubate at RT for 10 
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min. The samples were then centrifuged at 13.2 rcf for 10 min. The supernatants were 

discarded, the samples were re-spun and the residual supernatants were also removed. The 

pellets were then suspended thoroughly in 100 µL NaI Buffer, 250 µL 100% ethanol was 

then added and the samples were incubated at RT for 10 min to induce phage precipitation. 

The samples were then centrifuged for 10 min at 13.2 rcf, the supernatants were discarded 

and the pellets were washed with 100 µL 70% ethanol, re-spun and the supernatants removed 

again. The phage DNA pellets were then dried under vacuum and resuspended in 30 µL TE 

Buffer. All DNA samples were quantified by UV-Vis absorption at 260 nm and adjusted to a 

concentration of 1 µg/mL. The DNA samples (3 µL/well) were then transferred into a 96-

well edge plate and PCR amplified using -96 gIII sequencing primer (1 µL/well, specific for 

the anticodon strand) and The Big Dye Kit™ (4 µL/well) in a reaction volume of 10 µL. The 

well plate was covered with a rubber lid to prevent evaporation and amplified for 30 cycles 

using hot start PCR of denaturation at 96 ºC, 10 sec; annealing at 50 ºC, 5 sec; and elongation 

at 60 ºC, 4 min. After PCR amplification of the phage DNA, 5 µL nuclease free water was 

added to ensure enough volume remained in the event of evaporation. The edge plate was 

centrifuged at 8.0 rcf for 3 min to remove PCR buffer. The lower filter on the edge plate was 

then removed and the edge plate was placed on top of another 96-well plate. The sandwiched 

plates were then centrifuged at 8.0 rcf for 5 min to collect the DNA samples. After heat-

sealing the plate with aluminum foil, the 96-well plate was submitted to the Genome 

Research Laboratory at Partners II for automated DNA sequencing analysis. The DNA 

sequencing results were analyzed using the BioEdit® Analysis Program. The encoded phage 

followed the leading sequence of ACC TCC ACC, the next 9 codons were cropped and the 

reverse complement was determined. Finally, the codons were translated into the 

corresponding amino acids yielding the sequences of binding cyclic peptides. 
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General Procedure for Linear Peptide Synthesis 

Approximately 500 mg of RINK-Amide MBHA Resin (200 – 400 mesh, 0.44 meq/g) was 

weighed and placed into a SPPS vessel. The resin was expanded and washed three times with 

~ 5 mL DCM and subsequently flushed with nitrogen, and washed with ~ 7 mL DMF three 

times and flushed with nitrogen. A 50% solution of piperidine in DMF was prepared and 

added to the reaction vessel and allowed to shake for approximately 20 min to deprotect the 

resin. The deprotection solution was then evacuated from the vessel by positive nitrogen 

pressure and the resin was washed four times with 5 mL DMF to ensure the removal of all 

piperidine. The first (and last) amino acid added to all synthesized peptides (Fmoc-L-

allylglycine, FLAG) was pre-activated in DMF:DIEA (4:1) with HCTU (4 FLAG: 1 HCTU) 

with a catalytic amount of DMAP for approximately 5 min. After activation, the solution was 

added to the resin and allowed to shake for at least 5 hours. The solution was then evacuated 

with positive nitrogen pressure and washed three times with 5 mL DMF. All free amines 

were then capped with 1 mL acetic anhydride in 5 mL DMF for 30 min. The solution was 

evacuated by nitrogen pressure and washed three times with 5 mL DMF. Next, the Fmoc 

protecting group on the growing peptide was removed by incubation with a 50% solution of 

piperidine in DMF for 30 min and the resin was washed with 5 mL DMF three times. The 

consecutive amino acid of the growing peptide was then pre-activated in DMF:DIEA (4:1) 

with HCTU (4 AA: 1 HCTU) for 5 min, added to the resin and allowed to couple for 1.5 

hours. The process continued with alternating Fmoc deprotection and coupling was continued 

until the ninth and final amino acid (FLAG for all) was coupled to the growing peptide chain 

and the final Fmoc deprotected. Some of this linear peptide (~80 mg resin) was then globally 

deprotected and cleaved from the resin simultaneously by mixing with a fresh solution of 

TFA, H2O and TIS (98:1:1) for 2 hours. The resin was filtered and the filtrate was reduced in 

vacuo to approximately 1 mL in volume at which point cold ether (~1-2 mL total) was added 

dropwise while sonicating to precipitate out the peptide. Occasionally, samples needed to 

precipitate at -20 ºC for at least an hour. The suspensions were then transferred to a 15 mL 

conical tube and centrifuged at 4,000 rpm, 4 ºC for 7 min. The supernatant was decanted and 
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the ether was allowed to evaporate, the peptide was then suspended in 1 mL H2O, aliquoted 

into 1.5 mL microfuge tubes and frozen prior to lyophilization on a vacuum centrifuge. 

 

General Procedure of RCM on Olefin-Terminated Peptides 

Dichloroethane (DCE) was degassed with argon for 5 – 10 min prior to the addition of resin-

bound peptide and then brought to reflux at 84 ºC. Hoveyda Grubbs 2nd Generation Catalyst 

was then added in 10 mol% portions over the course of 24 hours. Approximately 100 

equivalents of DMSO was added to the mixture and allowed to reflux for 12 more hours. 

After the mixture was cooled to RT, the resin was filtered over a frit and washed with 5 mL 

DMSO, DMF, DCM and MeOH three times each. The peptide was then globally deprotected 

and cleaved from the resin simultaneously with the addition of a fresh mixture of TFA, TIS 

and H2O (98:1:1). The mixture was allowed to rock at RT for 2 hours, after which the beads 

were filtered off and the filtrate was reduced in vacuo to a volume of approximately 1 mL. 

Peptides were then precipitated out with the addition of cold ether (~1-2 mL) while 

sonicating. The suspension was then transferred to a 15 mL conical and centrifuged at 4,000 

rpm for 15 min. The supernatant was decanted and the ether was allowed to evaporate. Three 

to four mL of H2O was added to the solid and vortexed to resuspend the peptide, the mixture, 

which was never fully soluble in water was then aliquotted into 1.5 mL microfuge tubes, 

frozen and lyophilized on a vacuum centrifuge.  

 

General Procedure of HPLC Purification of RCM Treated Peptides 

The cyclized peptides were purified using a C5 reverse phase column (Aldrich) connected to 

either a Shimadzu LC 10AD HPLC or a LabAlliance Model 500 HPLC with a H2O/ACN 

mobile phase supplemented with 0.1% TFA. A flow rate of 2 mL/min was applied and the 

mobile phase graduated from 40% ACN to 100% ACN over the course of 1 hour. The UV-

Vis detection was measured at 280 nm. Two overlapping peaks were collected after 

approximately 10 min of elution and were isolated as a mixture of cis/trans isomers that were 

not purified further.  
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Synthesis of Rink-FLAG 

Fmoc-L-allylglycine (FLAG) (300 mg, 0.890 mmol) was preactivated with HCTU (375 mg, 

906 mmol) and DMAP (cat.) in 4 mL DMF and 1 mL DIEA for 5 min. It was then added to 

500 mg Rink-Amide-MBHA Resin (0.44 meq/g) that had been washed with DCM (3 X 5 

mL) and DMF (3 X 7 mL). The coupling reaction was rocked in a Solid Phase Peptide 

Synthesis reaction vessel for 5 hours. The liquid was then evacuated from the vessel and the 

resin was washed 4 times with 5 mL DMF. All free amines were then capped with the 

addition of acetic anhydride (1 mL, 10.6 mmol) in DMF (5 mL) and DIEA (1 mL) for 30 

min. The liquid was evacuated from the vessel and the resin was washed with DMF (3 X 5 

mL) and DCM (3 X 5 mL) and flushed with nitrogen until dry. Rink-FLAG was stored at 4 

ºC until needed for the synthesis of all linear peptides.  

 

 
 

Synthesis of Linear IN23 (allyl-Gly•Pro-Pro-Tyr-Ala-Pro-His-Ser•allyl-Gly) 

500 mg of Rink-FLAG was first washed in DCM (3 X 5 mL) then DMF (3 X 5 mL). The 

Fmoc was then deprotected with a 50% solution of piperidine in DMF (1.5 mL each) for a 
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period of 20 min. The liquid was then evacuated and the resin was washed with DMF (4 X 6 

mL). Fmoc-Ser(tBu)OH (337 mg, 0.880 mmol) was preactivated with HCTU (331 mg, 0.800 

mmol) in DMF (4 mL) and DIEA (1 mL) and allowed to couple for 1.5 hours. As outlined in 

the general peptide synthesis Fmoc deprotection and coupling were alternated until the 

desired peptide had been synthesized. Couple 2: Fmoc-His(Trt)OH (545 mg, 0.880 mmol) + 

HCTU (331 mg, 0.800 mmol). Couple 3: Fmoc-Pro-OH (297 mg, 0.880 mmol) + HCTU 

(331 mg, 0.800 mmol). Couple 4: Fmoc-Ala-OH•H2O (290 mg, 0.880 mmol) + HCTU (331 

mg, 0.800 mmol). Couple 5: Fmoc-Tyr(tBu)OH (404 mg, 0.880 mmol) + HCTU (331 mg, 

0.800 mmol). Couple 6: Fmoc-Pro-OH (297 mg, 0.880 mmol) + HCTU (331 mg, 0.800 

mmol). Couple 7: Fmoc-Pro-OH (297 mg, 0.880 mmol) + HCTU (331 mg, 0.800 mmol). 

Couple 8: FLAG (297 mg, 0.880 mmol) + HCTU (331 mg, 0.800 mmol). After final Fmoc 

deprotection, about 100 mg resin was mixed with a freshly combined solution of TFA (3.92 

mL), TIS (40 µL) and H2O (40 µL) for 2 hours. A white solid was isolated as described in 

the general method section. H1 NMR (300 MHz, DMSO) δ 8.96 (s, 1H), δ 8.21 – 7.70 (bm, 

5H), δ 7.38 (s, 2H), 7.16 (s, 1H), 6.98 (d, 2H, J = 8.1 Hz) 6.61 (d, 2H, J = 7.8 Hz) 5.83 – 5.62 

(bm, 2H), 5.21 – 4.99 (bm, 4H), 4.59 (bs, 4H), 5.59 – 4.35 (bm, 10 H), 4.28 – 4.05 (bs, 10 

H), 3.71 – 3.36 (bm, 13H), 3.11 (m, 2H), 2.98 – 2.89 (bm, 3H), 2.72 (m, 2H), 2.46 – 2.32 

(bm, 2H), 1.98 – 1.74 (bm, 16H), 1.29-1.14 (bm, 6H).  

 
Synthesis of Linear IN8 (allyl-Gly•Thr-His-Ser-Leu-Gln-Leu-Gln•allyl-Gly) 

500 mg of Rink-FLAG was first washed in DCM (3 X 5 mL) then DMF (3 X 5 mL). The 

Fmoc was then deprotected with a 50% solution of piperidine in DMF (1.5 mL each) for a 

period of 20 min. The liquid was then evacuated and the resin was washed with DMF (4 X 6 
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mL). Fmoc-Gln(Trt)OH (537 mg, 0.880 mmol) was preactivated with HCTU (331 mg, 0.800 

mmol) in DMF (4 mL) and DIEA (1 mL) and allowed to couple for 1.5 hours. As outlined in 

the general peptide synthesis Fmoc deprotection and coupling were alternated until the 

desired peptide had been synthesized. Couple 2: Fmoc-Leu-OH (311 mg, 0.880 mmol) + 

HCTU (331 mg, 0.800 mmol). Couple 3: Fmoc-Gln(Trt)OH (537 mg, 0.880 mmol) + HCTU 

(331 mg, 0.800 mmol). Couple 4: Fmoc-Leu-OH (311 mg, 0.880 mmol) + HCTU (331 mg, 

0.800 mmol). Couple 5: Fmoc-Ser(tBu)OH (337 mg, 0.880 mmol) + HCTU (331 mg, 0.800 

mmol). Couple 6: Fmoc-His(Trt)OH (545 mg, 0.880 mmol) + HCTU (331 mg, 0.800 mmol). 

Couple 7: Fmoc-Thr(tBu)OH (350 mg, 0.880 mmol) + HCTU (331 mg, 0.800 mmol). 

Couple 8: FLAG (297 mg, 0.880 mmol) + HCTU (331 mg, 0.800 mmol). After final Fmoc 

deprotection, about 100 mg resin was mixed with a freshly combined solution of TFA (3.92 

mL), TIS (40 µL) and H2O (40 µL) for 2 hours. A white solid was isolated as described in 

the general method section. H1 NMR (300 MHz, DMSO) δ 8.96 (s, 1H), δ 8.43 (bs, 1H), δ 

8.23 – 8.06 (bm, 6H), 7.94 (s, 2H), 7.80 – 7.60 (bm, 3H), 7.35 – 7.27 (bm, 4H), 7.12 – 7.09 

(bm, 2H), 6.81 – 6.78 (bm, 2H), 5.76 – 5.58 (bm, 2H), 5.07 – 4.97 (bm, 4 H), 4.64 (bm, 1 H), 

4.31 – 4.19 (bm, 6H), 4.00 – 3.98 (bm, 2H), 3.15 – 3.09 (bm, 2H), 2.88 (s, 2H), 2.72 (s, 2H), 

2.45 – 2.27 (bm, 4H), 2.09 – 2.06 (bm, 4H), 1.87 – 1.55 (bm, 9H), 1.43 (s, 5H), 1.25 – 1.10 

(bm, 4H), 1.08 (m, 2H), 0.96 (m, 4H), 0.93 – 0.82 (bm, 18H). 

 

 
Synthesis of Linear IPN2 (allyl-Gly•Thr-Leu-Tyr-His-Lys-Asn-Ser•allyl-Gly) 

500 mg of Rink-FLAG was first washed in DCM (3 X 5 mL) then DMF (3 X 5 mL). The 

Fmoc was then deprotected with a 50% solution of piperidine in DMF (1.5 mL each) for a 
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period of 20 min. The liquid was then evacuated and the resin was washed with DMF (4 X 6 

mL). Fmoc-Ser(tBu)OH (337 mg, 0.880 mmol) was preactivated with HCTU (331 mg, 0.800 

mmol) in DMF (4 mL) and DIEA (1 mL) and allowed to couple for 1.5 hours. As outlined in 

the general peptide synthesis Fmoc deprotection and coupling were alternated until the 

desired peptide had been synthesized. Couple 2: Fmoc-Asn(Trt)OH (525 mg, 0.880 mmol) + 

HCTU (331 mg, 0.800 mmol). Couple 3: Fmoc-Lys(Boc)OH (537 mg, 0.880 mmol) + 

HCTU (331 mg, 0.800 mmol). Couple 4: Fmoc-His(Trt)OH (545 mg, 0.880 mmol) + HCTU 

(331 mg, 0.800 mmol). Couple 5: Fmoc-Tyr(tBu)OH (404 mg, 0.880 mmol) + HCTU (331 

mg, 0.800 mmol). Couple 6: Fmoc-Leu-OH (311 mg, 0.880 mmol) + HCTU (331 mg, 0.800 

mmol). Couple 7: Fmoc-Thr(tBu)OH (350 mg, 0.880 mmol) + HCTU (331 mg, 0.800 

mmol). Couple 8: FLAG (297 mg, 0.880 mmol) + HCTU (331 mg, 0.800 mmol). After final 

Fmoc deprotection, about 100 mg resin was mixed with a freshly combined solution of TFA 

(3.92 mL), TIS (40 µL) and H2O (40 µL) for 2 hours. An off white solid was isolated as 

described in the general method section. H1 NMR (300 MHz, DMSO) δ 8.96 (s, 1H), δ 8.41 

(m, 2H), 8.24 (bm, 4H), 8.00 – 7.94 (m, 3H), 7.80 (bs, 2H), 7.35 (s, 4H), 7.18 – 7.12 (bm, 

4H), 7.01 (d, 2H, J = 6.4 Hz), 6.62 (d, 2H, J = 7.8 Hz), 5.69 (m, 2 H), 5.08 – 4.98 (bm, 4 H), 

4.56 (m, 2H), 4.28 – 3.92 (bm, 14H), 3.15 – 3.09 (bm, 2H), 2.88 (s, 2H), 2.72 (s, 2H), 2.45 – 

2.27 (bm, 4H), 2.09 – 2.06 (bm, 4H), 1.87 – 1.55 (bm, 9H), 1.43 (s, 5H), 1.25 – 1.10 (bm, 

4H), 1.08 (m, 2H), 0.96 (m, 4H) 0.93 – 0.82 (bm, 18H). 

 
Synthesis of Cyclic IN23  

Dichloroethane (4.4 mL) was degassed for 10 min with Ar. Resin bound protected Linear 

IN23 (110 mg, 48.4 µmol) was added and the suspension was heated to a reflux temperature 
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of 85 ºC. Hoveyda Grubbs 2nd Generation Catalyst ((1,3-Bis-(2,4,6-trimethylphenyl)-2-

imidazolidinylidene)dichloro(o-isopropoxyphenylmethylene)ruthen-ium) was added in 

portions over the course of 24 hrs. Time = 0h, 4 mg, 6.4 µmol; 13h, 3 mg, 4.8 µmol; 15h, 5 

mg, 8.0 µmol; 17h, 4 mg, 6.4 µmol; 19h, 2 mg, 3.2 µmol. After 24 hours, DMSO (500 µL, 

7.04 mmol) was added and the system maintained reflux for a period of 12 hours. The 

reaction mixture was cooled to RT and the resin bound peptide was washed over a fritted 

filter (3 X 15 mL DMF, 3 X 15 mL DCM). During washing, the beads lost most of the 

original orange color and resembled a very flat brown color when dried under aspiration. The 

reaction product was then globally deprotected and cleaved from the resin with a fresh 

cocktail of TFA (3.92 mL, 52.9 mmol), TIS (40 µL, 195 µmol) and H2O (40 µL, 2.22 mmol) 

mixed for 2 h. The suspension was filtered over a fritted funnel and rinsed twice with TFA (2 

x 1 mL) and the filtrate was concentrated in vacuo until approximately 1 mL of liquid 

remained. Approximately 3 mL of cold ether was added to precipitate out the peptide. The 

suspension was transferred to a 15 mL conical and centrifuged at 4,000 rpm for 15 min. The 

supernatant was then decanted and remaining ether was removed by evaporation.  

 

EMSA of (CUG)54 and MBNL-N 

Radiolabeled (CUG)54 (approximately 5,000 cpm/reaction) was heated to 95 ºC in Annealing 

Buffer for 5 min and immediately placed on ice to anneal. The reaction was assembled at 

room temperature with the addition of 1 µL (CUG)54, 2.5 µL MBNL-N (various 

concentrations), 1 µL 10X Binding Buffer and 5.5 µL nuclease free water. The system was 

allowed to incubate at RT for 30 min. After incubation 10 µL of 2X Native Loading Dye was 

added, the samples were vortexed briefly and 5 µL was immediately loaded onto an 8% 

polyacrylamide gel (19:1) prerun for 1 h at 170V in 0.5X TBE. The gel was run for 2 h at 

250V, dried for 1 h at 80 ºC and imaged overnight on a phosphor screen (Amersham). The 

gel was then imaged on a Molecular Dynamics 445-SI phosphorimager. 
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Competitive EMSA of (CUG)54 and MBNL-N with Synthetic Peptides 

Radiolabeled (CUG)54 was heated to 95 ºC in Annealing Buffer for 5 min and immediately 

placed on ice to anneal. The reaction was assembled at room temperature with the addition of 

1 µL (CUG)54, 1 µL peptide, 2.5 µL MBNL, 1 µL 10X Binding Buffer and 4.5 µL nuclease 

free water. The system was allowed to incubate at RT for 30 min. After incubation 10 µL of 

2X Native Loading Dye was added, the samples were vortexed briefly and 5 µL was 

immediately loaded onto an 8% polyacrylamide gel (19:1) prerun for 1 h at 170V in 0.5X 

TBE. The gel was run for 2 h at 250V, dried for 1 h at 80 ºC and imaged overnight on a 

phosphor screen (Amersham). The gel was then imaged on a Molecular Dynamics 445-SI 

phosphorimager. 
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Buffer and Media Recipes 
 

0.7% Agarose Gel Mix: 1.4 g Agarose, 20 mL 10X TBE, 180 mL Millipore purified water. 
Heat in microwave until agarose has completely dissolved, allow to cool to about 45 ºC and 
add 50 µL ethidium bromide. 
 
10% APS: 1 g Ammonium Persulfate, 10 mL Millipore purified water 
 
1X Annealing Buffer: 66 mM NaCl, 6.7 mM MgCl2, 27 mM Tris-HCl pH 7.5 
 
1X Protein Storage Buffer: 25 mM Tris, 192 mM Glycine, 1 mM EDTA, 50% glycerol, 
0.02% NaN3 
 
1X TBE Buffer: 89 mM Tris, 89 mM Boric acid, 2 mM EDTA 
 
1X TE Buffer: 10 mM Tris, 1 mM EDTA 
 
1X Tris-Glycine: 25 mM Tris, 192 mM Glycine, pH 8.3 
 
6% RNA/DNA Purification Gel Mix: 240 g Urea (8 M), 75 mL 40% Acrylamide (19:1), 25 
mL 10 X TBE, fill to 500 mL with Millipore purified water, place in 37 ºC water bath to 
dissolve urea and store at 4 ºC. 
 
8% Native EMSA Gel Mix: 2 mL 40% Acrylamide (19:1), 0.5 mL 10X TBE, 7.5 mL 
Millipore purified water, mix well and polymerize using 100 µL 10% APS and 10 µL 
TEMED. 
 
8% SDS-PAGE Gel Mix: 2 mL 40% Acrylamide (19:1), 1 mL 10X Tris-Glycine-SDS, 7 
mL Millipore purified water, 100 µL 10% APS, 10 µL TEMED 
 
Agarose Top: 20 g/ L LB, 1 g/L MgCl2 · 6 H2O, 7 g/L Agarose. Autoclave, store in 50 mL 
aliquots at RT. 
 
Ampicillin Stock: 10 mg/mL in dd H2O. Filter sterilize, store at 4ºC. 
 
Binding Buffer: 20 mM Tris-HCl pH = 7.6, 100 mM KCl, 5 mM MgCl2, 0.1 % Triton-X 
100 
 
Blocking Buffer: 100 mM NaHCO3 pH = 8.6, 5 mg/ml BSA, 0.02 % NaN3 
 
Carbenicillin Stock: 50 mg/mL in dd H2O, Filter sterilize. Store 1 mL aliquots at -20 ºC. 
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Elution Buffer: 200 mM Glycine-HCl pH = 2.2, 1 mg/ml BSA, filter sterilize and store at 4 
ºC 
 
IPTG/XGal Solution: 1.25 g IPTG, 1 g XGal, 25 mL DMF, store in dark at -20 ºC 
 
LB Medium: 10 g Bacto-Tryptone, 5 g Yeast Extract, 5 g NaCl 
 
LB Medium Modified: 10 g Bacto-Tryptone, 5 g Yeast Extract, 10 g NaCl 
 
LB-Agar Amp Plates: 100 mL LB Medium, 1.5 g Agar. Autoclave, cool to 55 ºC. Add 1 
mL Ampicillin Stock. Wrap plates in parafilm, store at 4 ºC. 
 
LB-Agar IPTG/XGal Plates: 100 mL LB Medium, 1.5 g Agar. Autoclave, cool to 55 ºC. 
Add 100 µL IPTG/XGal Solution. Parafilm, store at RT, in dark. 
 
LB-Agar Tet Plates: 100 mL LB Medium, 1.5 g Agar, Autoclave, cool to 55 ºC. Add 100 
µL Tetracycline Stock Solution. Parafilm, store at 4 ºC. 
 
NaI Buffer: 10 mM Tris-HCl pH = 8.0, 1 mM EDTA, 4 M NaI. Store at RT in dark. 
 
Neutralizing Solution: 1 M Tris-HCl pH = 9.1 
 
PEG-8000 NaCl Buffer: 20 % (w/v) PEG 8000, 2.5 M NaCl, autoclave, store at RT 
 
TBS Buffer: 50 mM Tris-HCl pH = 7.5, 150 mM NaCl 
 
TBSA Buffer: 50 mM Tris HCl pH = 7.5, 150 mM NaCl, 0.02 % NaN3 

 
Tetracycline Stock: 20 mg/mL suspension in ethanol, store at -20 ºC. 
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CHAPTER 2 

Kinamycin D Mediated DNA Cleavage 

 

2.1 Introduction 

The kinamycins (Figure 8) are a complex class of natural products characterized by an 

uncommon diazobenzo[b]fluorene skeleton. Upon isolation of kinamycins A – D from 

Streptomyces murayamaensis in 19701 these secondary metabolites were characterized as 

cyanobenzo[b]carbazoles.2 The structural assignments were later revised to 

diazobenzo[b]fluorenes only after attempts at total synthesis yielded spectral data that did not 

coincide with that of the isolated natural products.3, 4 This structural motif was recognized 

again after the isolation and characterization of the lomaiviticin natural products, which are 

glycosylated diazobenzo[b]fluorene dimers.5 This discovery promoted an intensified interest 

in the total synthesis and mechanism by which these classes of natural products elicit their 

biological activity.  

 

Both families of natural products were discovered to possess potent antibiotic and antitumor 

activities. Upon isolation, kinamycins A – D were found to be effective antibiotics against 

gram-positive bacteria and to a lesser extent, gram-negative bacteria.1 Kinamycin A and C 

possess anti-proliferative activity against Chinese hamster ovary (CHO) and K562 cell lines.6 

In addition, previous work in this laboratory has shown that simple electronically tuned 

diazofluorene analogs possess antiproliferative activity against HeLa cells.7 Similarly potent 

biological activity is seen in the dimeric lomaiviticin family as well. A cytotoxicity profile5 

of lomaiviticin A shown in Table 2 indicates a wide range of cancer cell lines that are 

effected by lomaiviticin A with inhibitory concentrations at 50% (IC50) ranging from 7 pM to 

49 nM.  
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        Figure 8. Representative kinamycins and lomaiviticins. 

 

Table 2. Cytotoxicity profile of lomaiviticin A.5 

Cell Line 
IC50 

(ng/mL) 
Cell Line 

IC50 
(ng/mL) 

Cell Line 
IC50 

(ng/mL) 

colon cancer ovarian cancer brain cancer 
MCF7 36 A2780DDP 6.5 T47D 25 
CCL228 8.9 A2780S 0.01 B7474 37 
SW948 62 HTB161 0.01 SKBR3 35 
LS174T 0.97 prostate cancer lung cancer  
HCT15 8.2 LNCAP 0.55 A549 4.8 
CACO2 98 RC3 70 LX1 7.4 
CX1 80 DU145 0.92 leukemia  
COLO205 13 melanoma  CCRFCEM 0.5 
SW620 6.3 SKMEL303 10 HL60 0.9 
MIP 34 LOX 3.1     
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2.2 Previous MOA Studies: Model Systems 

The uniqueness and potency of the diazo containing natural products has attracted many 

theories regarding their biological mode of action (MOA). Upon the discovery of their DNA 

cleaving potential many researchers developed mechanistic proposals to account for this 

behavior. Early work included thermal and light induced decomposition and activation with 

cuprous salts. Although these explanations offered mechanistic insight into the behavior of 

diazo containing molecules, they could not explain the antibacterial and cytotoxic biological 

properties where these activators are not present.  

 

2.2.1 Oxidative Activation Mechanism 

Arya and Jebartanam originally speculated an oxidative activation to account for DNA 

damage when treated with diazo-containing small molecules. This hypothesis was tested by 

employing a plasmid relaxation assay by incubating pBR322 DNA with two model 

kinamycin substrates in the presence or absence of Cu(OAc)2, AgOAc, Tl(OAc)3 and 

Hg(OAc)2. Both 9-diazofluorene 5 and β-napthylphenyl diazomethane 6 were observed to 

generate DNA cleavage, but only when treated with cupric acetate. This result supported 

their mechanistic proposal that Cu(II) could oxidize the diazo substrate  and through  the  loss 

  
 Scheme 3. Jebartanam’s oxidative activation hypothesis. 
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of N2 yield a fluorenyl acetate radical that could lead to DNA damage (Scheme 3). This 

theory was supported by earlier work which indicated that the dimerization product of this 

radical, a fluoreneone pinacol diacetate, was the major reaction product of metal catalyzed 

decomposition of 5.8 

 

2.2.2 Electrophilic Activation Mechanism 

Dmietrienko offered the second kinamycin MOA postulate as a manifestation of the 

electrophilicity of the diazo group. Through comparison of calculated IR stretching 

frequencies for various diazo compounds they speculated a trend of enhanced diazonium ion 

character with the availability of an intramolecular hydrogen-bonding network. To this end, 

they tested the relative electrophilicities of the diazo group of isoprekinamycin (10) and 11 

by treating them with β-naphthol and Cs2CO3. As shown in Scheme 4, both substrates were 

subjects of nucleophilic attack; however, only 10 underwent H atom abstraction. They 

rationalized that the enhanced electrophilicity of the kinamycin diazo group could provide a 

substrate for nucleophilic attack by DNA purines, which upon decomposition would lead to 

radical formation and DNA strand scission through known pathways.9, 10  

 
Scheme 4. Dmietrienko’s supporting data for an electrophilic activation. 

 

2.2.3 Reductive Activation Mechanism 

Feldman and Eastman provided an alternative hypothesis that reductive activation of the 

kinamycins accounted for their biological activity. They speculated a single electron 
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reduction to the corresponding semiquinone and concomitant loss of N2 to provide a 

cyclopentenyl radical that could be capable of H atom abstraction to an orthoquinone 

methide and subsequent DNA base alkylation (Figure 9).  

 

 
Figure 9. Feldman’s reductive activation mechanism. 
 

They observed the single electron reductive chemistry of prekinamycin (16) upon treatment 

with the radical initiator AIBN and Bu3SnH in refluxing deuterobenzene (Scheme 5). To 

their surprise, they did not isolate an orthoquinone methide unit, but a radically trapped 

deuterobenzene at the reactive center instead. Given, the very modest reactivity of benzene, 

they could not differentiate the mechanistic rationale (carbene, carbocation/orthoquinone 

methide equivalent or radical) for the reactive intermediate. They attempted to further 

elucidate the role of the reactive intermediate by employing selenium and sulfur nucleophiles 

as a supplement to their reaction conditions. One example is depicted below in Scheme 5 

where prekinamycin derivative 17 was reacted with Se2Ph2 in benzene. The product 

distribution shows a radical trapped arene product (20) as observed previously in addition to 

a phenylselenyl adduct they infer as evidence of an orthoquinone methide reactive 

intermediate. Although reductive activation seems a likely trigger for biological activity, the 

reactivity demonstrated in this work could only be accomplished with the use of aromatic 

solvents. While this provides further knowledge of the reductive chemistry of 

diazoparaquinones, there is no biological basis for the methods employed in this 

investigation.  
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    Scheme 5. Feldman’s reductive activation supporting data. 
 

2.3 Previous MOA Studies: Biomimetic Approaches 

Although the postulates presented in connection with the diazo model studies described 

above had insightful rationale, none of them were directly applicable to a biological 

environment. The initial report disclosing the isolation of lomaiviticin A also revealed the 

ability of lomaiviticin A to cleave DNA under reducing conditions; however, experimental 

details were not presented.5 Given this result and considering components of the cellular 

environment, it seemed more reasonable that biological thiols (e.g. glutathione, GSH) were 

capable of inducing a 2H+/2e- reduction from diazoparaquinones to the corresponding 

hydroquinones to initiate the biological cascade of activity.  

 

2.3.1 Biomimetic DNA Cleavage Mediated by Kinamycin D 

Dr. T. Eric Ballard, a former student in the Melander laboratory, performed the initial 

biomimetic investigations into kinamycin mediated DNA cleavage. In addition to 

recapitulating DNA cleavage activity with simple electronically tuned diazofluorenes,7 he 

was able to report the first account of biomimetic DNA cleavage mediated by kinamycin D 

using a plasmid relaxation assay.11 Ballard demonstrated that kinamycin D was able to nick 

pBR322 DNA in the presence of both GSH and dithiothreitol (DTT) at 37 ºC during 24 – 48 
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hour periods. Control experiments using only GSH/DTT or kinamycin D demonstrated no 

evidence of DNA cleavage, supporting a 2H+/2e- reduction in vivo. Two mechanistic 

possibilities were proposed to account for the observed DNA cleavage mediated by a 2H+/2e- 

reduction of kinamycin D treated with GSH/DTT (Figure 10), which paralleled the 

previously proposed mechanisms. One possibility (Figure 10, Route A) proposed the 

resultant hydroquinone would be activated towards nucleophilic attack on the terminal diazo 

nitrogen, this nucleophilic adduct would then undergo homolytic bond cleavage to provide a 

carbon centered radical that could elicit DNA damage. The alternative possibility (Figure 10, 

Route B) proposed that protonation would promote the formation of an orthoquinone methide 

reactive intermediate with concomitant loss of N2.  

 
           Figure 10. Potential routes to DNA cleavage. 

 

2.3.2 Biomimetic DNA Cleavage Mediated by Kinamycin F 

Recently, in an extensive in vivo study,12 Hasinoff demonstrated that kinamycin F was also 

able to cleave DNA when treated with cellularly relevant concentrations of GSH. 

Furthermore, the DNA-cleavage exhibited upon treatment of kinamycin F with GSH was 

determined occur in an iron-, H2O2- and hydroxyl-radical-dependent manner. Kinamycin F 

was also found to induce DNA strand cleavage in cell culture experiments with K562 cells. 

Finally, EPR studies indicated that kinamycin F was capable of generating air-stable free 
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radicals in the presence of GSH. These results appear consistent with the 2H+/2e- reduction 

followed by nucleophilic activation mechanism originally proposed (Figure 10, Route A).  

 

2.4 Current MOA Examination of Kinamycin D Mediated DNA Cleavage 

The revelation that GSH and DTT could both promote kinamycin D mediated DNA cleavage 

prompted us to investigate the mechanistic consequences upon diazoparaquinone reduction. 

In order to further elucidate the mechanism by which the kinamycins mediate DNA damage, 

we employed manual DNA sequencing gel electrophoresis to analyze the pattern of 

kinamycin D mediated DNA cleavage under a variety of conditions. Given that proton 

transfer is involved in both mechanisms we recently proposed (Figure 10), we first chose to 

confirm the effect of pH on the ability of kinamycin D to cleave DNA under reducing 

conditions. Previous results from our group have demonstrated that both DTT and GSH 

promote kinamycin D mediated DNA cleavage in an identical manner; therefore, we chose to 

simply employ DTT in this study.11 Phosphate buffered solutions containing 5.7 mM DTT 

were incubated with 100 µM kinamycin D and a 175-mer radiolabeled DNA (approximately 

10,000 cpm/reaction) at a pH range of 5.5 – 8.0 at 37 ºC. The results of this assay (Figure 11, 

Gel A) clearly illustrate the reaction is favored in acidic media as indicated by the sharp 

decrease in the amount of full length DNA as pH is lowered. At the two lowest pH’s tested 

(5.5 and 6.0) the extent of DNA damage was so severe that only a small amount of full length 

DNA template remained intact, while the majority of the DNA was cleaved multiple times 

into small fragments that ran at the bottom/off of the gel. Given that tumors can have acidic 

microenvironments in comparison to surrounding tissue,13 we found this result promising for 

the use of kinamycin D as a cancer therapeutic.  

 

Given that DNA sequencing gel electrophoresis relies on generating single strand breaks into 

subpopulations of DNA, the extensive DNA damage observed at 37 ºC and pH 5.5 made 

reaction analysis difficult to interpret. Therefore, reactions were also performed at room 
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temperature and the general reaction pH was chosen as 6.0 to facilitate interpretation of the 

electrophoretic radiograms.  

 

After confirming that DNA cleavage preferentially occurred at acidic pH, we sought to 

investigate the lower limit of kinamycin D concentration that could elicit a measurable 

cleavage response. Incubations were performed in 5 mM phosphate buffer, 50 mM DTT at 

pH 6.0 with kinamycin D concentrations ranging from 50 µM – 1 µM. Significant DNA 

cleavage was observed when treated with as little as 10 µM kinamycin D, and minimal 

observable cleavage was promoted with 1 µM Kinamycin D (Figure 11, Gel B).  

 

In addition to exploring the effects of kinamycin D concentration we wanted to reconfirm the 

effect DTT concentration had upon the cleavage reactions. Therefore, we chose to investigate 

Figure 11. DNA sequencing gel electrophoretic radiograms. A. pH Dependence of DNA Cleavage. Lane 
1: DNA, Lane 2: G+A ladder, Lane 3: DNA + 5.7 mM DTT, Lane 4: DNA + 5.7 mM DTT + 100 µM Kin 
D (standard rxn) pH 5.5, Lane 5: standard rxn pH 6.0, Lane 6: standard rxn pH 6.5, Lane 7: standard rxn 
pH 7.0,  Lane 8: standard rxn pH 7.5, Lane 9: standard rxn pH 8.0. B. Effect of [Kin D] on DNA Cleavage 
at 50 mM DTT, pH 6.0 37 ºC 16 h. Lane 1: DNA stock, Lane 2: G+A, Lane 3: 50 µM Kin D + DTT, Lane 
4: 20 µM Kin D + DTT, Lane 5: 10 µM Kin D + DTT, Lane 6: 5 µM Kin D + DTT, Lane 7: 2 µM Kin D 
+ DTT, Lane 8: 1 µM Kin D + DTT, Lane 9: DNA + DTT only. Gel C: Effect of [DTT] on DNA 
Cleavage at 50 µM Kin D pH 6.0 37 ºC 15 h. Lane 1: DNA stock, Lane 2: G+A, Lane 3: 500 mM DTT, 
Lane 4: 500 mM DTT + Kin D, Lane 5: 50 mM DTT + Kin D, Lane 6: 20 mM DTT + Kin D, Lane 7: 10 
mM DTT + Kin D, Lane 8: 5 mM DTT + Kin D, Lane 9: 2 mM DTT + Kin D, Lane 10: 1 mM DTT + 
Kin D, Lane 11: 500 µM DTT + Kin D, Lane 12: Kin D.  
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a wide range of thiol concentrations from 500 mM – 500 µM. We discovered that DTT 

concentrations as low as 5 mM were effective at promoting cleavage of the majority of DNA 

template when treated with 50 µM kinamycin D. However, the upper limit of 500 mM DTT 

was actually shown to inhibit DNA cleavage (Figure 11, Gel C). This result also parallels the 

recent work of Hasinoff, which indicated that reduced intracellular GSH levels increased the 

cytotoxicity of Kinamycin F and increased GSH levels decreased cytotoxicity.12 The 

concentration dependent cleavage trend we observe with DTT coupled with Hasinoff’s EPR 

studies suggest that kinamycin D mediates DNA cleavage via a radical based mechanism, 

where low concentrations of DTT can promote the formation of a reactive radical 

intermediate, whereas at higher concentrations it is capable of quenching the activity of the 

reactive intermediates capable of inducing DNA damage. 

 

The radical based mechanism postulated is also supported by the lack of sequence specific 

DNA cleavage products. Although the electrophoretic radiograms indicate general DNA 

cleavage at every position in the oligonucleotide, these observations could not rule out the 

possibility that kinamycin D could alkylate DNA as well. Therefore, we subjected the 

reaction products to heat lability and hot piperidine treatment to generate strand breaks on 

any DNA base modified through alkylation as shown previously with quinone methides.14 

These experiments did not promote the formation of any additional DNA cleavage products 

demonstrating that kinamycin D does not appear to alkylate DNA under our reaction 

conditions (Figure 12, Gel A).  
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Given the generic DNA cleavage pattern exhibited with kinamycin D under our reaction 

conditions and Hasinoff’s earlier results indicating that trace iron is important for kinamycin 

F mediated DNA cleavage, we hypothesized that the general DNA cleavage promoted by 

kinamcyin D under reducing and acidic conditions was symptomatic of a general diffusible 

reactive oxygen species (ROS). To test this hypothesis, we first explored the effects of 

introducing EDTA, a generic metal chelator, to the reaction system. At the lowest 

concentration tested, 20 µM EDTA was able to completely suppress DNA degradation when 

treated with 100 µM kinamycin D and 50 mM DTT at pH 6.0 incubated for 14 h at 37 ºC. 

The ability of EDTA to suppress this reaction through chelation seemed promising; however, 

it did not reveal which trace metal was responsible for catalyzing this behavior. Therefore we 

introduced desferoxamine, an Fe3+ chelator to our reaction system to indicate whether iron 

Figure 12. DNA sequencing gel electrophoretic radiograms. A. Piperidine and Heat Lability Assay for 
DNA Alkylation @ 5 mM DTT, 100 µM Kin D, pH 6.0, 37 ºC, 15h. Lane 1: DNA, Lane 2: G+A, Lane 3: 
Kin D only, Lane 4: Kin D + DTT, Lane 5: DTT only, Lane 6: Kin D, 70 ºC, 2h, Lane 7: Kin D + DTT, 70 
ºC, 2h, Lane 8: DTT, 70 ºC, 2h, Lane 9: Kin D, piperidine, Lane 10: Kin D + DTT + piperidine, Lane 11: 
DTT + piperidine. B.  Hydroxyl Radical Scavenger Assay. Hydroxyl Radical Scavenger Assay. Lane 1: G + 
A ladder, Lane 2: DNA + 100 µM Kin D  + 50 mM DTT (standard rxn pH 6.0) + 100 mM NaN3, Lane 3: 
standard rxn + 100 mM MeOH, Lane 4: standard rxn + 100 mM glycerol, Lane 5: standard rxn + 100 mM 
thiourea, Lane 6: standard rxn + 100 mM DMSO, Lane 7: standard rxn + 100 µM desferoxamine, Lane 8: 
standard rxn, Lane 9: DNA + DTT. C. ROS Assay. Lane 1: G+A ladder, Lane 2: DNA + 50 mM DTT, Lane 
3: DNA + 100 µM Kin D + 50 mM DTT (standard rxn), Lane 4: standard rxn + 1 U CAT, Lane 5: standard 
rxn + 3 U SOD, Lane 6: standard rxn + CAT (95 ºC, 10 m), Lane 7: standard rxn + SOD (95 ºC 10 m), Lane 
8: standard rxn + CAT-trypsin, Lane 9: standard rxn + SOD-trypsin, Lane 10: standard rxn + trypsin. 
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has a specific role in promoting DNA damage (Figure 12, Gel B). Paralleling the results with 

kinamycin F, kinamycin D did not induce any amount of DNA cleavage when treated with 

50 µM desferoxamine, highlighting the importance of trace iron and the catalytic role it plays 

in kinamycin D mediated DNA cleavage. A variety of hydroxyl radical scavengers (100 mM) 

were also employed to further clarify the reaction mechanism.15 Glycerol was the only 

scavenger shown to have no inhibitory effect while DMSO had modest inhibitory activity; 

however sodium azide prevented nearly all DNA degradation and thiourea and methanol, 

prevented a majority of degradation as well. The ability of these hydroxyl radical scavengers 

to inhibit DNA cleavage further supports the involvement of ROS.  

  

Given that the ROS in our reaction system is most likely superoxide and or hydrogen 

peroxide and kinamyicin F mediated DNA cleavage is inhibited by catalase, we explored the 

necessity of either species to mediate DNA cleavage. The enzymes catalase (CAT) and 

superoxide dismutase (SOD) catalyze the dismutation of hydrogen peroxide (1) and 

superoxide (2) respectively.  

 

(1) H2O2 → H2O + ½ O2 

(2) H2O + O2
- → H2O2 + ½ O2 

 

As with kinamycin F, CAT completely inhibited DNA cleavage when treated with 100 µM 

kinamycin D and 50 mM DTT at pH 6.0 emphasizing that the production of hydrogen 

peroxide is crucial in generating DNA damage (Figure 12, Gel C). Superoxide dismutase 

was shown to slightly inhibit the cleavage reaction; however the optimum pH for SOD 

activity is 8.0, which could explain the limited DNA cleavage seen upon SOD treatment. 

When each enzyme was heated to 95 ºC for 10 min, CAT retained the ability to prevent DNA 

cleavage (unlike kinamycin F) suggesting a possible nonspecific interaction between the 

enzyme and the DNA template. However, heat-treated SOD showed enhanced DNA 

cleavage over the kinamycin only control indicating a role for superoxide in kinamycin D 
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mediated DNA cleavage under our conditions. Trypsin digest controls were performed to 

investigate the possibility of a nonspecific interaction between CAT and our DNA template; 

however, these results were inconclusive because trypsin itself inhibited DNA cleavage. This 

result suggested the possibility of alternative biological targets for kinamycin D in addition to 

DNA.  

 

Given the result that: 1) acidic media affords enhanced DNA cleavage under reducing 

conditions in the presence of kinamycin D, 2) there is no cleavage in the absence of thiol and 

3) there is considerable evidence for a radical based reactive intermediate, we have 

augmented our initial mechanistic proposal. Based on the evidence presented herein it seems 

probable that protonation promotes reduction and/or facilitates nucleophilic attack.  The 

resulting adduct could form with the electrophilic diazo nitrogen and upon homolytic bond 

cleavage provide a cyclopentenyl radical capable of eliciting DNA damage through oxygen 

mediated pathways (Figure 13).  

 

 
Figure 13. Revised mechanistic rationale for DNA cleavage. 
 

2.5 Conclusion 

In conclusion, we have been able to demonstrate the important role pH plays in reaction 

progress, highlighting the necessity of acidic media to promote kinamycin D mediated DNA 

cleavage under reducing conditions. Furthermore, we have shown that trace iron and 

hydroxyl radicals are critical for DNA cleavage. It appears that the kinamycins may mediate 

DNA cleavage through similar mechanisms even though their D-ring substitution patterns 

differ. This study also raises the possibility for biological targets in addition to DNA.  
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2.6 Experimental  

All reagents were obtained from Fisher Scientific unless otherwise noted and used as 

received without further purification. Kinamycin D was isolated by Dr. T. Eric Ballard as 

previously described from S. murayamaensis (ATCC 21414) and dissolved in DMF.16  

 

Preparation of DNA Template for Sequencing 

pUC18 DNA (Stratagene) was used as a PCR template to generate the 175-nt DNA fragment 

for sequencing analysis (forward primer: ggcgctttctcatagctcac; reverse primer 

gcctacatacctcgctctgc (Sigma Genosys)). The forward primer was enzymatically end-labeled 

with γ-32P-ATP (4500 Ci/mmol, MPBiomedicals) and T4 PNK (New England Biolabs) for 

30 min at 37 ºC. The radiolabeled primer was purified on a Sephadex-G25 column (IBI 

Scientific); the eluate was immediately precipitated with 3 volumes of ice-cold isopropanol 

and 1/3 volume of 5 M NH4OAc. The primer was centrifuged at 4 ºC, 13.2 rcf for 20 min, the 

supernatant was removed and the pellet was washed with 100 µL 70% EtOH. The pellet was 

centrifuged briefly, the supernatant was removed and the pellet was allowed to air dry. The 

pellet was resuspended in nuclease free water and immediately used in PCR. The DNA was 

amplified via hot-start PCR consisting of 40 cycles of: denaturation at 95 ºC, 15 s; annealing 

at 64 ºC, 15 s, and elongation at 72 ºC, 45s; with a final elongation time of 5 min. The 

amplified DNA template was immediately purified on an 8% native polyacrylamide (19:1) 

gel in 0.5X TBE run for 2 h at 200 V. After the gel was imaged and developed using X-ray 

film, the desired band of DNA was cut from the gel slab, crushed in a microfuge tube and 

eluted overnight in 400 µL 5 M NH4OAc. The following day the microfuge tube was 

centrifuged for 10 min at 4 ºC, 13.2 rcf and the eluate was carefully separated from the 

crushed gel pieces (using a P-1000 micropipette tip lodged inside a P-200 micropipette tip) 

and transferred to another microfuge tube. The DNA was then isopropanol precipitated and 

washed as described above and after air-drying, was resuspended in nuclease free water. 

DNA radioactivity was counted using a liquid scintillation counter and adjusted to 10,000 

cpm/µL.  
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DNA Cleavage Reactions 

All reactions were performed in 5 mM sodium phosphate buffered solutions at the designated 

pH and [DTT]. All reaction buffers were prepared fresh daily. DNA and kinamycin D were 

added to opposite sides of a microfuge tube and spun down to the reaction buffer (total 

volume 20 µL) to initiate DNA cleavage. After the designated reaction time, 10 µL of stop 

solution was added to quench the reaction. Stop solution was prepared fresh daily and 

included 80 µL 4 M NaCl, 20 µL glycogen (20 mg/ml), 20 µL calf thymus DNA (100 mM 

base pairs) and 20 µL nuclease free water. The DNA was then isopropanol precipitated as 

described above. DNA was washed with 100 µL 70% EtOH and air-dried. After drying, 7 µL 

of formamide loading buffer was added to DNA samples, which were heated at 95 ºC for 5 

min, and immediately placed on iced. The samples were then loaded onto an 8 M Urea, 6% 

polyacrylamide (19:1) DNA sequencing gel that had been pre-run at 35 W for 1 hour in 0.5X 

TBE. Gels were run at 35 W for 70 minutes, subsequently dried and exposed to a phosphor 

screen overnight. Gels were imaged using a Molecular Dynamics 445-SI phosphorimager. 

 

Piperidine and Heat Lability Alkylation Assay 

The piperidine and heat lability assay was performed after cleavage reactions had been 

quenched with stop solution. One set of reactions was heated to 70 ºC for 2 h to promote 

cleavage at alkylation sites. Piperidine treatment included the addition of 125 µL nuclease 

free water and 15 µL piperidine. After vortexing, the solutions were heated to 95 ºC for 15 

min and then immediately placed on ice. The microfuge tubes were centrifuged for 5 min and 

the solution was transferred to a new microfuge tube and precipitated with isopropanol as 

described above.  

 

G + A Sequencing Reaction 

Thirty µL radiolabeled DNA template was heated to 37 ºC for 25 min with 3 µL 4% formic 

acid in a microfuge tube. After heating the sample was chilled on ice. Piperidine (45 µL) was 

mixed with nuclease free H2O (375 µL) and added to the chilled sample of DNA. The 
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mixture was heated to 95 ºC for 25 min and immediately cooled on ice. The microfuge tube 

was centrifuged briefly and the supernatant was transferred to another microfuge tube to 

remove debris. The G + A DNA ladder was then isolated via isopropanol precipitation with 

20 µL 4 M NaCl, 600 µL isopropanol (-20 ºC) and 1 µL glycogen (20 mg/mL). The DNA 

pellet was washed with 100 µL 70% ethanol, respun and allowed to air dry. The G + A 

ladder was then dissolved in 60 µL of 2X formamide loading dye and stored at -20 ºC. 
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CHAPTER 3 

Osteoclastogenesis Inhibition using Substituted 1,4-Triazoles 

 

3.1 Introduction 

Osteoclastic bone resorption is implicated in a variety of skeletal diseases including 

osteoporosis,1, 2 Paget’s disease,3-5 Rheumatoid Arthritis6 (RA) and metastatic bone disease.7 

Osteoclasts are bone resorptive multinucleated cells, which differentiate from 

monocyte/macrophage hematopoeitic stem cell (HSC) lineages.8 Bone density and 

architecture are regulated by the interplay between osteoclasts and osteoblasts (cells which 

deposit bone tissue). Imbalances in this relationship, which favor osteoclastogenic activity, 

are the basis for the aforementioned, associated skeletal disease pathologies.  

 

 
Figure 14. Osteoclast maturation pathway. 

 

Osteoclasts are in essence specialized macrophages, which form from differentiation of 

monocyte/macrophage precursors at bone surfaces. A close spatial relationship between 

stromal cells and bone marrow is essential for osteoclastogenic activity. This system 

produces two crucial hematopoeitic factors for osteoclastogenesis: 1) the receptor activator 

nuclear factor κB (RANK) ligand (RANKL) and 2) the macrophage colony stimulating factor 

(M-CSF),9, 10 which activates RANK at the surface of HSCs.10-12 These cytokines act in 
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concert to direct expression of cathepsin K and tartrate resistant acid phosphatase (TRAP),10 

which aid in the development of mature osteoclasts. During bone resorption, mature 

osteoclasts form tightly sealed compartments on bone surfaces, whereby lysosomes such as 

cathepsin K and subsequently TRAP are released through the ruffled border, resulting in 

dissolution of the bone matrix forming a resorption pit (Figure 14).13 After phagocytosis is 

complete, solubilized calcium, phosphate and collagen are then released into the extracellular 

environment.  

 

Advances in our understanding of bone biology and the osteoclast/osteoblast relationship 

have been furthered mostly through studying molecules known or designed to prevent bone 

loss. Molecules capable of inhibiting osteoclastogenesis have the potential for therapeutic 

intervention as well as providing further insight into the bone remodeling process. 

 

3.2 Known Inhibitors of Osteoclastogenesis 

A variety of strategies have been employed to inhibit osteoclastogenesis with several degrees 

of success in clinical trials. Some successful anti-resorption methods include cathespin K 

inhibitors,14 selective estrogen receptor modulators (SERMs),15 RANK/RANKL disruptors,16 

and bisphosphonates.  

 

3.2.1 Bisphosphonates 

The current hallmark therapy for osteoporosis and other osteoclast mediated diseases is 

treatment with bisphosphonates (BPs).17 Nitrogen containing bisphosphonates (NBPs) are an 

especially potent antiresorptive therapy for osteoporosis, bone pain and Paget’s disease with 

IC50 values ranging from the low micromolar to high nanomolar range.18 Although both BPs 

and NBPs are both effective towards osteoclastogenesis inhibition, they elicit their activity 

through differing modes of action.  BPs are known to inhibit osteoclastogenesis and induce 

apoptosis in osteoclasts by displacing the terminal pyrophosphate in ATP forming a 

nonfunctional complex which competes with ATP during cellular metabolism.19 NBPs 
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however, act by disrupting the mevalonate pathway through inhibition of protein 

prenylation.20, 21 It is speculated that the disruption of protein prenylation affects the signal 

transduction proteins (Ras, Rho and Rac) responsible for maintaining the ruffled border of 

osteoclasts. Although there have been many generations of clinically prescribed BPs and 

NBPs, they suffer from extremely poor bioavailability; typically less than 1% of BPs and 

NBPs are absorbed after oral administration.17 In addition, the high polarity of these 

molecules leads to pronounced gastrointestinal complications in approximately half of all 

patients prescribed them for treatment.22 Furthermore, BPs and NBPs are known to cause 

irreversible osteonecrosis of the bone in the lower jaw.23-26  

 

 
        Figure 15. Common bisphosphonates and nitrogen-containing bisphosphonates. 

 

3.2.2 Selective Estrogen Receptor Modulators 

Osteoprotegrin (OPG) is a member of the tumor necrosis factor (TNF) family of receptors 

(like RANKL) and acts as the natural decoy ligand for RANK. OPG inhibits RANKL 

binding to RANK preventing osteoclast maturation as well as inducing apoptosis. Hormone 
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replacement therapy was initially prescribed to increase OPG production; however, the high 

risks of developing breast and endometrial cancer have mostly terminated this therapeutic 

avenue as a first line treatment.27  

 

An improvement on this strategy utilizes selective estrogen receptor modulators (SERMs). 

Raloxifene (Figure 16) is currently the only clinically approved SERM for therapeutic use 

and possesses IC50 values in the high nanomolar range.15, 28 Raloxifene works as an estrogen 

agonist on bones, reducing the number and activity of osteoclasts thus increasing bone 

mineral density.15, 28 Additionally, raloxifene works as an estrogen antagonist on breast and 

endometrial tissues and poses no known risk for developing breast or uterine cancers unlike 

traditional hormone replacement therapy. However, like hormone replacement therapy, 

raloxifene has a high propensity for the formation of vein thrombosis. 

 

 
Figure 16. Comparison of raloxifine, estradiol and estrogen receptor 1. 
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3.3 Library Design  

Although various strategies toward targeting osteoclasts have had degrees of success, there 

still exist many limitations and disadvantages for these therapeutic treatments. In addition, 

small molecules that can inhibit the formation of osteoclasts can also provide deeper 

knowledge of the osteoclast/osteoblast relationship as well as other regulators of bone 

biology. Toward this end, Steven Rogers (a current Melander group member) synthesized a 

variety of triazolyl-2-aminoimidazole conjugates (Figure 17), which were originally slated 

for biofilm inhibition assays in the context of oral bacteria in collaboration with Dr. Hui Wu 

at the University of Alabama.  Dr. Wu, in addition to exploring their activity as anti-biofilm 

agents, subjected them to an osteoclast formation screen. 

 

 
Figure 17. First generation 2-aminoimidazole-triazole library for osteoclastogenesis inhibition. 

 

This initial screen revealed many of these small molecules induced global cell death; 

however, three promising leads for analog development were identified. Given that each of 

these molecules contained a triazole and a 2-aminoimidazole moiety, we first investigated the 

necessity of the 2-aminoimidazole subunit by synthesizing and screening a pilot library of 
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triazoles without a 2-aminoimidazle substituent for the ability to inhibit osteoclastogenesis. A 

simple triazole library has the advantage of facile synthesis by employing the Huisgen 1,3-

dipolar cycloaddition reaction of terminal azides and alkynes, commonly referred to as 

“Click Chemistry”.  

 

The second-generation library was based on the three promising leads synthesized by Rogers  

(SR-A, SR-B, SR-C) and included: 1) pentamethylbenzenesulfonamide, 2) 4,5-dibromo-1-

methylpyrrole-3-carboxamide and 3) 2,4,6-tricholorobenzamide functionalities. We 

envisioned a facile route to 1,4-substituted triazoles could be accomplished by performing a 

1,3-dipolar cycloaddition reaction between commercially available alkynes and functionally 

modified azides. The functionalized azides could be accessed by acylating 2-azidoethylamine 

with commercially available acid or sulfonyl chlorides. (Figure 18).  

 

 
Figure 18. Retrosynthetic analysis of triazole library. 

 

3.3.1 Synthesis of Second Generation Triazole Library 

The initial step in completing the second-generation triazole library began with the synthesis 

of 2-azidoethylamine (21), which was accessed via a known literature procedure (Scheme 6). 

The requisite, functionalized azides 22 and 23 were then synthesized through acylation of 21 
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with pentamethylbenzenesulfonyl chloride and 2,4,6-trichlorobenzoyl chloride. Steven 

Rogers generously provided the azido precursor 24.  

 

 
               Scheme 6. Synthesis of azido precursors. 

 

Once the functionalized azides 22 – 24 were in hand we employed a Cu(I)-catalyzed 1,3-

dipolar cycloaddition reaction with various commercially available alkynes to generate a 

simple, synthetically diverse 1,4-substitued triazole library in moderate to good yields in two 

steps from literature precedents (Scheme 7).  

 

 
          Scheme 7. Synthesis of 1,4-substituted triazoles for second-generation library. 
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The complete second-generation triazole library is depicted below in Figure 19. 

 

 
Figure 19. Complete second generation triazole library. 

 

3.3.2 Osteoclastogenesis Inhibition Screen of Second Generation Triazole Library 

Upon the successful synthesis of our pilot triazole library, each molecule was screened for 

osteoclastogenesis inhibition by Dr. Wu’s laboratory at UAB. The qualitative results of this 

screen are described by the microscopic images in Figure 20. These photographs represent 

various stages in the formation of large, mature osteoclasts. As depicted, Stage 0 represents 

the RANKL-negative control, whereby the formation of osteoclasts is inhibited. Stage 1 

illustrates cells that are not currently producing TRAP, indicating that no osteoclasts have 

formed yet. Stage 2 shows the formation of very small osteoclasts, where most of the cells 

present are expressing TRAP. Stages 3 through 5 indicate the progressive growth and 

abundance of osteoclasts from many small osteoclasts to many large, mature osteoclasts. 
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Figure 20. Stages of osteoclast development for analysis of triazole library mediation of osteoclast formation. 
Stage 0: Control, Stage 1: No osteoclasts, Stage 2: A few small osteoclasts, Stage 3: Many small osteoclasts, 
Stage 4: Many large osteoclasts, Stage 5: Many large, mature osteoclasts.  
 

A comparative analysis of six of these compounds is shown in Table 3. Evaluation of these 

small molecules at a variety of concentrations indicated that 2,4,6-trichlorobenzamide 

containing triazoles (C series) were especially capable of inhibiting osteoclastogenesis. 

Analogs C2 and C4 possessed the highest efficacy by preventing the formation of any 

osteoclasts at a concentration of 10 µM. The B series (aside from analog B2), and the A 

series of the second-generation triazole library did not prove to appreciably inhibit 

osteoclastogenesis; therefore, they were not investigated further for future library derivations. 

 
      

Compound/Concentration 20 µM 10 µM 5 µM 1 µM 
A1 4 5 NA NA 
B2 1 1 3 4 
C1 2 4 4 5 
C2 1 1 2 4 
C3 1 2 3 4 
C4 1 1 2 4 

Table 3. Evaluation of second-generation library by osteoclast formation stages. 
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3.3.3 Synthesis of Third Generation Library 

Evaluation of the library screen for osteoclastogenesis inhibition revealed both 2,4,6-

trichlorobenzamide and the cyclohexylmethyl pendant group as the most promising leads for 

future library development. Therefore two third generation libraries were synthesized based 

on each of these terminal functionalities (Figure 21). Dr. Daniel Whitehead, a post-doctoral 

associate in the Melander Laboratory performed the synthesis of the majority of the 

cyclohexylmethyl-triazole analogs; whereas I synthesized a third generation library based off 

the 2,4,6-trichlorobenzamide pendant group.  

 

 
Figure 21. C2 as a scaffold for third generation triazole libraries. 

  

3.3.3.1 2,4,6-Trichlorobenzamide Third Generation Library 

The 2,4,6-trichlorobenzamide (C-series) third-generation library was readily accessed by 

employing the Huisgen 1,3-dipolar cycloaddition reaction with 23 and various commercially 

available alkynes (Scheme 8). In order to gain mechanistic insight towards 

osteoclastogenesis inhibition, we chose alkynes with aliphatic rings and chains of various 

lengths and substitution patterns as well as multiply substituted aromatic functionalities.  

 
Scheme 8. Synthesis of C-series third generation library 

 

The complete third generation library based on the 2,4,6-trichlorobenzamide pendant group 

is shown in Figure 22.  
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Figure 22. Third generation triazole library based on 2,4,6-trichlorobenzamide (C-series). 

 

3.3.3.2 Osteoclastogenesis Inhibition Results of Third Generation C-Series Library 

After the successful synthesis of the third-generation C-series library, these compounds were 

subjected to an osteoclast inhibitory screen by Dr. Wu's laboratory. The screening protocol 

utilized is described in Figure 20. The screening results of the 2,4,6-trichlorobenzamide-

triazole library are summarized in Table 4.  

 

 

 

 

 

 

 

 



 75 

 

Compound/Concentration 20 µM 5 µM 1 µM 
C5 3 5 5 
C6 3 5 5 
C8 1 4 5 
C9 1 4 5 

C11 4 5 5 
C12 1 4 5 
C13 2 4 5 
C14 3 5 5 
C15 4 5 5 
C16 4 5 5 
C17 4 5 5 
C18 4 5 5 
C19 3 4 5 
C20 2 5 5 

 

The third generation triazole library based on 2,4,6-trichlorobenzamide in general was not as 

successful as the results of the second generation C series library subset. Analogs C8, C9 and 

C12 were the most successful exhibiting no osteoclast formation at a concentration of 20 

µM. Interestingly, sliding the cyclohexyl group of the lead compound C2 one carbon closer 

Table 4. Evaluation of third-generation C-series library by osteoclast formation stages. 

Figure 23. Comparison of cyclohexyl and cyclopentyl pendant groups on osteoclastogenesis inhibition. 
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to the triazole (C19) showed a marked decrease in osteoclastogenesis. Furthermore, 

substitution of the cyclohexyl pendant group in C2 and C19 with a cylopentyl functionality 

(C17 and C18 respectively) also severely decreased the inhibition of osteoclast formation 

(Figure 23). 
 

Upon comparison of varying the aliphatic chain length of lead compound C4 the results are 

not as dramatic, but follow the trend of C4 > C12 > C13 > C14 > C15 (hexyl > decyl > 

heptyl > pentyl > butyl) where aside from the hexyl outlier, decreasing aliphatic pendant 

group chain length decreases the propensity for osteoclastogenesis inhibition. The only 

doubly aromatic analogs capable of inhibiting osteoclastogenesis were C8 and C9, both 

halogenated (meta and para respectively) phenyl pendant groups. All other substituted 

phenyl pendant groups were not able to appreciably suppress osteoclast formation.  

 

3.3.3.3 Cylclohexylmethyl Third Generation Library 

The third generation cyclohexylmethyl pendant group library (2-series) was synthesized via a 

1,3-dipolar cycloaddition reaction between 3-cyclohexyl-1-propyne and various azides, 

which had been accessed through the acylation of 21 with commercially available acid 

chlorides (Scheme 9). The available acid chlorides chosen for this third generation library 

subset spanned an assortment of substituted aromatic functionalities in order to delineate 

possible structural activity relationships for this substituent. The complete third-generation 

cyclohexylmethyl library is illustrated in Figure 24.  

 

Scheme 9. Synthesis of cyclohexylmethyl (2-series) third generation library. 
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Figure 24. Third-generation cyclohexylmethyl-triazole library (2-series). 

 

3.3.3.4 Osteoclastogenesis Inhibition Results of Third Generation 2-Series Library 

The cyclohexylmethyl-triazole library was also subjected to an osteoclast formation screen as 

described in Figure 20. The results of this assay are presented in Table 5.  
 

 

Compound/Concentration 20 µM 5 µM 1 µM 
D2 4 5 5 
E2 3 5 5 
F2 1 3 5 
H2 1 3 5 
I2 3 5 5 
J2 1 3 5 
K2 4 5 5 
L2 1 5 5 
M2 1 4 5 
N2 1 3 5 
P2 1 4 5 
Q2 2 5 5 
S2 5 5 5 
T2 3 5 5 
U2 4 5 5 

 

Table 5. Evaluation of third-generation cyclohexylmethyl library by osteoclast formation stages. 
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The osteoclastogenesis inhibition assay of the cyclohexylmethyl-triazole third generation 

library revealed numerous compounds that successfully inhibited osteoclastogenesis at 20 

µM. The more successful benzamides from this library included electron-withdrawing groups 

(EWG) at the ortho position (e.g. F2, ortho-iodo and H2 ortho-nitro) of which C2 qualifies 

as well. Substitution of electron-withdrawing groups at the meta position (e.g. meta-

difluorobenzamide D2); however, show a marked decrease in osteoclast inhibition activity. 

Additionally, benzamides lacking any substituents (K2) off the phenyl moiety were unable to 

inhibit osteoclastogenesis to any functional degree at the same concentrations. A comparison 

of these variously substituted benzamides is charted in Figure 25.  

 

The osteoclast inhibition screening also revealed a number of inhibitors with aliphatic 

substituents para to the benzamide functionality. Upon comparison with K2, which has no 

Figure 25. Comparison of various benzamide EWG substitution patterns on osteoclastogenesis inhibition. 
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substituents off the phenyl moiety, the addition of any of these aliphatic functionalities had a 

dramatic effect on osteoclastogenesis inhibition when treated at a concentration of 20 µM 

(Figure 26). The most effective aliphatic benzamide was the para-hexyl derivative N2; the 

heptyl, butyl and tert-butyl derivaties were also effective, but to a lesser extent at lower 

concentrations. 

 

The compilation of screening data for each of these third generation libraries coupled with 

the results of the second generation library reveal an especially important role for the 

cyclohexyl pendant group. Three substituted cyclohexylmethyl-triazoles were found to have 

the same osteoclast inhibition profile where no osteoclast formation occurred with 20 µM 

dosing and Stage 3 osteoclast formation was visible at 5 µM dosing. These promising 

compounds are shown in Figure 27.   

Figure 26. Comparison of benzamide aliphatic substituents on osteoclastogenesis inhibition. 
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Figure 27. Most successful compounds from cyclohexylmethyl triazole library. 

 

Although the third generation cyclohexylmethyl-triazole library produced three promising 

compounds towards osteoclastogenesis inhibition, the current lead molecules of these 

libraries remain C2 and C4. Additionally, these molecules currently comprise the most 

potent known inhibitors of osteoclastogenesis ever disclosed. Logical future extensions of 

these libraries include synthesizing the 1,5-substituted triazole analogs, varying the amide-

triazole linker length, in addition to immobilizing the lead compounds for pull-down assay 

identification of biological targets. 

 

3.4 Conclusion 

A variety of substituted 1,4-triazoles were synthesized and investigated for 

osteoclastogenesis inhibition activity. These libraries revealed a number of small molecules 

capable of inhibiting the formation of osteoclasts, as well as the most potent known inhibitors 

of osteoclastogenesis to date. The common features of the most active triazoles include 

substituted benzamides coupled with a C-4-substituted cyclohexylmethyl pendant group. 

These promising results serve as the basis for future library designs as well as screening 

assays to identify the biological targets through which these small molecules elicit their anti-

osteoclastic activity. 

 

3.5 Experimental 

All 1H NMR (400 MHz or 300 MHz) and 13C NMR (400 MHz or 300 MHz) spectra were 

recorded at 25.0 ºC on a Varian Mercury spectrometer. Chemical shifts (δ) are given in ppm 

relative to CDCl3; coupling constants (J) are in hertz. Abbreviations used are s = singlet, bs = 
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broad singlet, d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of triplets, m = 

multiplet, and b = broad. Electrospray Ionization (ESI) exact mass measurements were 

carried out on an Agilent Technologies 6210 LC-TOF mass spectrometer. The sample matrix 

used was a H2O/MeOH (1:3) mixture with 0.1% formic acid. Silica gel (40 µm average 

particle size) was used for flash column chromatography. 

 

 
N-(2-azidoethyl)-2,3,4,5,6-pentamethylbenzenesulfonamide (22). 2-azidoethylamine (21) 

(241 µL, 3.12 mmol) was dissolved in DCM (10 mL) and cooled to 0 ºC. 

Pentamethylbenzenesulfonyl chloride (610 mg, 2.47 mmol) was added dropwise slowly. The 

solution was allowed to warm to RT overnight with a total reaction time of 28 h. The solvent 

was reduced in vacuo and the product was purified via flash column chromatography with 

100% DCM mobile phase (Rr ~ 0.33). The product (282 mg, 39%) was isolated as an 

eggshell colored powder. 1H NMR (400 MHz, CDCl3) δ 5.13 (1H, t, J = 5.2 Hz) 3.38 (2H, t, 

J = 5.6 Hz), 3.06 (2H, dt, J = 5.6 Hz, 5.2 Hz), 2.61 (6H, s), 2.30 (3H, s), 2.27 (6H, s); 13C 

NMR (400 MHz, CDCl3) δ 135.2, 134.2, 51.1, 42.3, 19.1, 18.0, 17.2; HRMS (ESI) m/z, ([M 

+ H]+, C13H20N4O2S): theoretical 297.1380, observed 297.1381. 

 

 
N-(2-azidoethyl)-2,4,6-trichlorobenzamide (23). Reagent 21 (206 µL, 2.67 mmol) was 

dissolved in DCM (10 mL) and cooled to 0 ºC. 2,4,6-trichlorobenzoyl chloride (316 µL, 2.47 

mmol) was added dropwise slowly. The solution was then allowed to warm to RT with a 

total reaction time of 8 h. The solvent was extracted with H2O (2 x 10 mL), the combined 
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H2O layers was extracted with DCM (2 x 20 mL) and the combined organic phase was dried 

over Na2SO4, filtered and reduced in vacuo. The product was purified using flash column 

chromatography with a 100% DCM mobile phase (Rr ~ 0.4). The product (198 mg, 35%) was 

isolated as a cream colored powder. 1H NMR (400 MHz, CDCl3) 7.30 (2H, s), 6.05 (1H), 

3.56 (4H, s); 13C NMR (400 MHz, CDCl3) δ 164.5, 136.1, 134.4, 133.0, 128.3, 122.8, 49.4, 

39.7, 38.2, 33.4, 33.2, 26.5, 26.3; HRMS (ESI) m/z, ([M + H]+, C9H7Cl3N4O): theoretical 

292.9758, observed 292.9757. 

 

 
N-(2-azidoethyl)-3,5-difluorobenzamide (25). Reagent 21 (201 µL, 2.66 mmol) and TEA 

(660 µL, 4.74 mmol) were dissolved in DCM (10 mL) and cooled to 0 ºC. 3,5-

difluorobenzoyl chloride (419 mg, 2.37 mmol) was added slowly in small portions. The 

solution was then allowed to warm to RT with a total reaction time of 3.5 h. The solvent was 

extracted reduced in vacuo and immediately purified via flash chromatography with a 

DCM/MeOH mobile phase (9:1). The product (198 mg, 35%) was isolated as a white 

powder. 1H NMR (400 MHz, CDCl3) δ 7.31 (2H, m), 6.99 (1H, m), 6.34 (1H, bs), 3.65 – 

3.57 (4H, bm); 13C NMR (400 MHz, CDCl3) δ 110.6, 110.4, 107.4, 51.0, 39.8; HRMS (ESI) 

m/z, ([M + H]+, C9H8F2N4O): theoretical 227.0739, observed 227.0745. 

 

 
N-(2-azidoethyl)cinnamamide (26). Reagent 21 (296 µL, 4.22 mmol) and TEA (700 µL, 

5.02 mmol) were dissolved in DCM and cooled to 0 ºC. Cinnamoyl chloride (416 mg, 2.50 

mmol) was added dropwise and allowed to warm to RT over the course of 24 h. The solvent 

was removed in vacuo and immediately purified through flash column chromatography using 
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a DCM mobile phase (Rf ~ 0.6 in 5% MeOH/DCM). The product was isolated as a viscous 

yellow oil (437 mg, 81%). 1H NMR (300 MHz, CDCl3) 7.65 (1H, d, J = 15.6 Hz), 7.50 ( 2H, 

m), 7.34 (3H, m), 6.40 (1H, d, J = 15.6 Hz), 5.90 (1H, bs), 3.61 – 2.52 (4H, bm); 13C NMR 

(400 MHz, CDCl3) δ 166.3, 141.9, 134.8, 130.1, 129.5, 128.1, 120.4, 51.2, 39.2; HRMS 

(ESI) m/z, ([M + H]+, C11H12N4O): theoretical 217.1084, observed 217.1080. 

 

 
N-(2-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)ethyl)-2,3,4,5,6-pentamethylbenzene 

sulfonamide (A1). DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added into a 

vial. Methylpropargyl ether (5.26 µL, 106 µmol) and 22 (31 mg, 105 µmol) were then added, 

followed by sodium ascorbate (11 mg, 55.5 µmol) and 1 M CuSO4 (15.7 µL, 15.7 µmol). 

The reaction was stirred at RT for 16 h, DCM (3 mL) and H2O (5 mL) were added and the 

H2O layer was extracted with DCM (2 x 5 mL). The organic layer was dried over Na2SO4, 

filtered and reduced in vacuo. The product was purified via flash column chromatography 

using a DCM/MeOH (99:1) mobile phase (Rf ~ 0.3) and isolated as a filmy beige solid (29 

mg, 89%). 1H NMR (400 MHz, CDCl3) 7.54 (1H, s), 5.51 (1H, m), 4.53 (2H, m), 4.42 ( 2H, 

t, J = 5.6 Hz), 3.38 (2H, m), 3.05 (1H, m), 2.59 (3H, s), 2.54 (6H, s), 2.28 (6H, s), 2.25 (3H, 

m); 13C NMR (400 MHz, CDCl3) δ 145.2, 139.9, 136.1, 135.9, 135.1, 134.2, 134.2, 124.1, 

65.9, 58.6, 51.1, 49.2, 42.5, 42.2, 41.6, 19.1, 17.9, 17.2; HRMS (ESI) m/z, ([M + H]+, 

C17H26N4O3S): theoretical 367.1805, observed 367.1819. 
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N-(2-(4-(cyclohexylmethyl)-1H-1,2,3-triazol-1-yl)ethyl)-2,3,4,5,6-pentamethyl 

benzenesulfonamide (A2). DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added 

into a vial. 3-cyclohexyl-1-propyne (10.75 µL, 74.32 µmol) and 22 (22 mg, 74 µmol) were 

then added, followed by sodium ascorbate (8 mg, 0.04 mmol) and 1 M CuSO4 (11.2 µL, 11.2 

µmol). The reaction was stirred at RT for 21 h, DCM (3 mL) and H2O (5 mL) were added 

and the H2O layer was extracted with DCM (2 x 5 mL). The organic layer was dried over 

Na2SO4, filtered and reduced in vacuo. The product was purified via flash column 

chromatography using a DCM/MeOH (99:1) mobile phase (Rf ~ 0.3) and isolated as an off-

white solid (18 mg, 58%). 1H NMR (400 MHz, CDCl3) δ 5.42 (1H, m), 4.39 (2H, m), 3.42 

(2H, m), 2.54 (8H, s), 2.27 (3H, s), 2.23 (6H, s), 1.70 (6H, m) 1.32 – 1.12 (4H, bm), 0.98, 

(2H, bm) 13C NMR (300 MHz, CDCl3) δ 139.9, 136.0, 135.1, 134.2, 122.8, 50.2, 42.5, 38.3, 

33.5, 33.2, 26.6, 26.3, 19.1, 17.9, 17.2; HRMS (ESI) m/z, ([M + H]+, C22H34N4O2S): 

theoretical 419.2481, observed 419.2484. 

 

 
2,3,4,5,6-pentamethyl-N-(2-(4-phenethyl-1H-1,2,3-triazol-1-yl)ethyl)benzene 

sulfonamide (A3). DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added into a 

vial. 4-phenyl-1-butyne (9.02 µL, 64.2 µmol) and 22 (19 mg, 64 µmol) were then added, 

followed by sodium ascorbate (7 mg, 0.04 mmol) and 1 M CuSO4 (9.63 µL, 9.63 µmol). The 

reaction was stirred at RT for 21 h, DCM (3 mL) and H2O (5 mL) were added and the H2O 

layer was extracted with DCM (2 x 5 mL). The organic layer was dried over Na2SO4, filtered 
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and reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH gradient (100:0 to 99:1) mobile phase (Rf ~ 0.5 in 7% MeOH/DCM) and 

isolated as an off-white solid (16 mg, 59%). 1H NMR (400 MHz, CDCl3) δ 7.28 (2H, m), 

7.17 (3H, m), 5.39 (bm, 1H), 4.36 (2H, m), 3.40 (2H, m) 3.00 (4H, m), 2.55 (6H, s), 2.74 

(3H, s), 2.23 (6H, s); 13C NMR (400 MHz, CDCl3) δ 147.4, 141.2 139.9, 135.9, 135.1, 134.2, 

128.6, 128.6, 126.4, 122.6, 50.2, 42.5, 35.7, 27.6, 19.1, 17.9, 17.2; HRMS (ESI) m/z, ([M + 

H]+, C23H30N4O2S): theoretical 427.2162, observed 427.2156. 

 

 
N-(2-(4-hexyl-1H-1,2,3-triazol-1-yl)ethyl)-2,3,4,5,6-pentamethylbenzenesulfonamide 

(A4). DCM (2.3 mL), EtOH (2.3 mL) and H2O (2.3 mL) were added into a vial. 1-octyne 

(20.48 µL, 139.3 µmol) and 22 (41.2 mg, 139 µmol) were then added, followed by sodium 

ascorbate (14.4 mg, 72.7 µmol) and 1 M CuSO4 (20.85 µL, 20.85 µmol). The reaction was 

stirred at RT for 16 h, DCM (3 mL) and H2O (5 mL) were added and the H2O layer was 

extracted with DCM (2 x 5 mL). The organic layer was dried over Na2SO4, filtered and 

reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH gradient (100:0 to 9:1) mobile phase (Rf ~ 0.7 in 10% MeOH/DCM) and 

isolated as an off-white solid (49 mg, 69%). 1H NMR (400 MHz, CDCl3) δ 0.90 (5H, m), 

1.27 (3H, s), 1.33 (8H, m), 1.56 (2H, s); HRMS (ESI) m/z, ([M + H]+, C21H34N4O2S): 

theoretical 407.2475, observed 407.2473. 
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4,5-dibromo-N-(2-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)ethyl)-1-methyl-1H-

pyrrole-3-carboxamide (B1). DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were 

added into a vial. Methylpropargyl ether (7.0 µL, 139 µmol) and 23 (42.0 mg, 120 µmol) 

were then added, followed by sodium ascorbate (12 mg, 60.6 µmol) and 1 M CuSO4 (17.9 

µL, 17.9 µmol). The reaction was stirred at RT for 15 h, DCM (3 mL) and H2O (5 mL) were 

added and the H2O layer was extracted with DCM (2 x 5 mL). The organic layer was dried 

over Na2SO4, filtered and reduced in vacuo. The product was purified via flash column 

chromatography using a DCM/MeOH (98:2) mobile phase (Rf ~ 0.3) and isolated as a filmy 

white solid (32 mg, 64%). 1H NMR (400 MHz, CDCl3) δ 7.51 (1H, s), 7.02 (1H, bs), 6.71 

(1H, s), 4.53 (4H, m), 3.94 (3H, s), 3.86 (2H, m), 3.39 (3H, s); 13C NMR (400 MHz, CDCl3) 

δ 123.7, 114.7, 66.0, 58.6, 49.8, 39.6, 35.9; HRMS (ESI) m/z, ([M + H]+, C12H15Br2N5O2): 

theoretical 421.9651, observed 421.9661. 

 

 

 
4,5-dibromo-N-(2-(4-(cyclohexylmethyl)-1H-1,2,3-triazol-1-yl)ethyl)-1-methyl-1H-

pyrrole-3-carboxamide (B2). DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were 

added into a vial. 3-cyclohexyl-1-propyne (14.4 µL, 99.6 µmol) and 23 (30.0 mg, 85.5 µmol) 

were then added, followed by sodium ascorbate (11 mg, 56 µmol) and 1 M CuSO4 (12.8 µL, 

12.8 µmol). The reaction was stirred at RT for 21 h, DCM (3 mL) and H2O (5 mL) were 

added and the H2O layer was extracted with DCM (2 x 5 mL). The organic layer was dried 
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over Na2SO4, filtered and reduced in vacuo. The product was purified via flash column 

chromatography using a DCM/MeOH (98:2) mobile phase (Rf ~ 0.3) and isolated as an off-

white solid (30 mg, 75%). 1H NMR (400 MHz, CDCl3) δ 7.24 (1H, m), 7.03 (1H, bm), 6.66 

(1H, m), 4.50 (2H, m), 3.90 (2H, m), 3.83 (2H, m), 2.51 (2H, m), 1.66 – 1.52 (bm), 1.19 – 

1.14 (4H, bm), 0.90 (2H, m); 13C NMR (300 MHz, CDCl3) δ 161.0, 134.4, 127.2, 114.6, 

112.3, 100.4, 98.3, 38.3, 33.5, 33.2, 33.2, 26.6, 26.5, 26.3, 26.3; HRMS (ESI) m/z, ([M + H]+, 

C17H23Br2N5O): theoretical 474.0328, observed 474.0336. 

 

 
4,5-dibromo-1-methyl-N-(2-(4-phenethyl-1H-1,2,3-triazol-1-yl)ethyl)-1H-pyrrole-3-

carboxamide (B3). DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added into a 

vial. 4-phenyl-1-butyne (11.71 µL, 83.30 µmol) and 23 (32.0 mg, 91.2 µmol) were then 

added, followed by sodium ascorbate (9.0 mg, 45 µmol) and 1 M CuSO4 (12.5 µL, 12.5 

µmol). The reaction was stirred at RT for 15 h, DCM (3 mL) and H2O (5 mL) were added 

and the H2O layer was extracted with DCM (3 x 5 mL). The organic layer was dried over 

Na2SO4, filtered and reduced in vacuo. The product was purified via flash column 

chromatography using a DCM/MeOH (97:3) mobile phase (Rf ~ 0.5 5% MeOH/DCM) and 

isolated as an off-white solid (35 mg, 81%). %). 1H NMR (400 MHz, CDCl3) δ 7.27 (2H, m), 

7.16, (4H, m), 6.93 (1H, t, J = 6.0 Hz), 6.70 (1H, s), 4.46 (2H, t, J = 5.2 Hz), 3.94 (3H, s), 

3.83 (2H, dt, J = 5.2 Hz, 6.0 Hz), 3.03 – 2.93 (4H, bm); 13C NMR (400 MHz, CDCl3) δ 

161.0, 147.4, 141.0, 128.6, 127.2, 126.4, 122.3, 114.6, 112.3, 98.3, 49.6, 39.6, 35.9, 35.6, 

27.5; HRMS (ESI) m/z, ([M + H]+ , C18H19Br2N5O): theoretical 480.0035, observed 

480.0029. 
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4,5-dibromo-N-(2-(4-hexyl-1H-1,2,3-triazol-1-yl)ethyl)-1-methyl-1H-pyrrole-3-

carboxamide (B4). DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added into a 

vial. 1-octyne (12.6 µL, 85.6 µmol) and 23 (33.0 mg, 94.1 µmol) were then added, followed 

by sodium ascorbate (9.0 mg, 45 µmol) and 1 M CuSO4 (12.9 µL, 12.9 µmol). The reaction 

was stirred at RT for 15 h, DCM (3 mL) and H2O (5 mL) were added and the H2O layer was 

extracted with DCM (3 x 5 mL). The organic layer was dried over Na2SO4, filtered and 

reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH (98:2) mobile phase (Rf ~ 0.45 5% MeOH/DCM) and isolated as an off-white 

solid (36 mg, 84%). 1H NMR (400 MHz, CDCl3) δ 7.25 (1H, s), 7.17, (1H, t, J = 6.0 Hz), 

6.74 (1H, s), 4.49 (2H, t, J = 5.2 Hz), 3.95 (3H, s), 3.86 (2H, dt, J = 5.2 Hz, 6.0 Hz), 2.64 

(2H, t, J = 7.6 Hz) 1.60 (2H, m), 1.33 – 1.24 (7H, bm) 0.86 (3H, t, J = 6.8 Hz); 13C NMR 

(300 MHz, CDCl3) δ 161.0, 127.2, 122.0, 114.7, 112.2, 98.3, 49.6, 39.6, 35.9, 31.7, 29.6, 

29.1, 25.8, 22.7, 14.3; HRMS (ESI) m/z, ([M + H]+, C16H23Br2N5O): theoretical 460.0342, 

observed 460.0347. 

 

 
2,4,6-trichloro-N-(2-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C1). 

DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. Methylpropargyl 

ether (5.77 µL, 115 µmol) and 24 (29.0 mg, 105 µmol) were then added, followed by sodium 

ascorbate (10.0 mg, 50.5 µmol) and 1 M CuSO4 (15.7 µL, 15.7 µmol). The reaction was 

stirred at RT for 15 h, DCM (3 mL) and H2O (5 mL) were added and the H2O layer was 
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extracted with DCM (3 x 5 mL). The organic layer was dried over Na2SO4, filtered and 

reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH gradient (100:0 to 96:4) mobile phase (Rf ~ 0.5 5% MeOH/DCM) and isolated 

as an off-white solid (19 mg, 45%). 1H NMR (400 MHz, CDCl3) δ 7.57 (1H, s), 7.30 (1H, s), 

7.23 (1H, s), 6.97 (1H, bm), 4.55 (2H, t, J = 5.3 Hz), 4.40 (2H, s), 3.87 (2H, dt, J = 5.2 Hz, 

6.0 Hz), 3.31 (3H s); 13C NMR (400 MHz, CDCl3) δ 164.5, 145.1, 136.1, 134.2, 133.0, 

128.3, 128.3, 123.8, 65.9, 58.5, 50.0, 39.7, 39.4; HRMS (ESI) m/z, ([M + H]+, 

C13H13Cl3N4O2): theoretical 363.0183, observed 363.0194. 

 

 
2,4,6-trichloro-N-(2-(4-(cyclohexylmethyl)-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C2). 

DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. 3-cyclohexyl-1-

propyne (22.9 µL, 158 µmol) and 24 (44.0 mg, 159 µmol) were then added, followed by 

sodium ascorbate (14.0 mg, 70.7 µmol) and 1 M CuSO4 (23.8 µL, 23.8 µmol). The reaction 

was stirred at RT for 17 h, DCM (3 mL) and H2O (5 mL) were added and the H2O layer was 

extracted with DCM (3 x 5 mL). The organic layer was dried over Na2SO4, filtered and 

reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH (98:2) mobile phase (Rf ~ 0.3) and isolated as a white solid (35 mg, 54%). 1H 

NMR (400 MHz, CDCl3) δ 7.76 (1H, m), 7.28 (2H, m), 4.52 (2H, t, J = 5.6 Hz), 4.01 (2H, dt, 

J = 5.6 Hz, 5.2 Hz), 2.29 (2H, d, J = 6.8 Hz), 1.65 (3H, bs), 1.54 (2H, m), 1.16 (1H, m), 1.13 

(3H, m), 0.79 (2H, m); 13C NMR (400 MHz, CDCl3) δ 164.5, 136.1, 134.4, 133.0, 128.3, 

122.8, 49.4, 39.7, 38.2, 33.3, 33.2, 26.5, 26.3; HRMS (ESI) m/z, ([M + H]+, C18H21Cl3N4O): 

theoretical 415.0860, observed 415.0868. 
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2,4,6-trichloro-N-(2-(4-phenethyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C3). DCM (500 

µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. 4-phenyl-1-butyne (15.6 µL, 

111 µmol) and 24 (28.0 mg, 101 µmol) were then added, followed by sodium ascorbate (11.0 

mg, 55.5 µmol) and 1 M CuSO4 (15.1 µL, 15.1 µmol). The reaction was stirred at RT for 17 

h, DCM (3 mL) and H2O (5 mL) were added and the H2O layer was extracted with DCM (3 x 

5 mL). The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product 

was purified via flash column chromatography using a DCM/MeOH (98:2) mobile phase (Rf 

~ 0.3) and isolated as a white solid (34 mg, 74%). 1H NMR (400 MHz, CDCl3) δ  7.25 (2H, 

m), 7.18 – 7.10 (5H, m), 4.49 (2H, t, J = 5.2 Hz), 3.96 (2H, dt, J = 5.2 Hz), 2.86 (4H, s); 13C 

NMR (300 MHz, CDCl3) δ 164.5, 141.0, 136.1, 134.3, 133.0, 128.6, 128.6, 128.3, 126.4, 

122.4, 49.4, 39.8, 35.4, 27.3; HRMS (ESI) m/z, ([M + H]+, C19H17Cl3N4O): theoretical 

423.0547, observed 423.0540. 

 

 
2,4,6-trichloro-N-(2-(4-hexyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C4). DCM (500 

µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. 1-octyne (15.2 µL, 103 µmol) 

and 24 (26.0 mg, 94.0 µmol) were then added, followed by sodium ascorbate (8.0 mg, 40 

µmol) and 1 M CuSO4 (14.1 µL, 14.1 µmol). The reaction was stirred at RT for 17 h, DCM 

(3 mL) and H2O (5 mL) were added and the H2O layer was extracted with DCM (3 x 5 mL). 

The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product was 

purified via flash column chromatography using a DCM/MeOH (98:2) mobile phase (Rf ~ 

0.3) and isolated as a white solid (24 mg, 59%). 1H NMR (400 MHz, CDCl3) δ 7.40 (1H, m), 
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7.28 (1H, m), 4.50 (2H, t, J = 5.2 Hz), 3.99 (2H, dt, J = 5.2 Hz, 6.0 Hz), 2.44 (2H, t, J = 7.6 

Hz), 1.47 (2H, m), 1.24 (6H, m), 0.85 (3H, t, J = 6.8 Hz); 13C NMR (300 MHz, CDCl3) δ 

164.5, 136.0, 134.4, 133.0, 128.3, 122.1 49.4, 39.7, 31.7, 29.4, 29.1, 25.6, 22.8, 14.3; HRMS 

(ESI) m/z, ([M + H]+, C17H21Cl3N4O): theoretical 403.0866, observed 403.0857. 

 

 
N-(2-(4-benzyl-1H-1,2,3-triazol-1-yl)ethyl)-2,4,6-trichlorobenzamide (C5). DCM (1 mL), 

EtOH (1 mL) and H2O (1 mL) were added into a vial. 3-phenyl-1-propyne (25 µL, 201 µmol) 

and 24 (55.2 mg, 199 µmol) were then added, followed by sodium ascorbate (20.2 mg, 102 

µmol) and 1 M CuSO4 (31.0 µL, 31.0 µmol). The reaction was stirred at RT for 14 h, DCM 

(6 mL) and H2O (8 mL) were added and the H2O layer was extracted with DCM (3 x 8 mL). 

The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product was 

purified via flash column chromatography using a DCM/MeOH (100:1) mobile phase (Rf ~ 

0.3) and isolated as an off-white solid (44 mg, 53%). 1H NMR (400 MHz, CDCl3) δ  7.58 

(1H, s), 7.29 (3H, m), 7.16 (2H, m), 4.52 (2H, t, J = 5.6 Hz), 3.99 (2H, dt, J = 5.6 Hz, 5.2 

Hz), 3.89 (2H, s); 13C NMR (300 MHz, CDCl3) δ 164.6, 138.8, 136.0, 134.4, 132.9, 128.9, 

128.7, 128.2, 126.9, 123.1, 49.4, 39.8, 32.1, 29.9; HRMS (ESI) m/z, ([M + H]+, 

C18H15Cl3N4O): theoretical 409.0384, observed 409.0388. 
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2,4,6-trichloro-N-(2-(4-(4-methoxy-2-methylphenyl)-1H-1,2,3-triazol-1-yl)ethyl)benzam-

ide (C6). DCM (1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 1-ethynyl-4-

methoxy-2-methylbenzene (24.4 mg, 166 µmol) and 24 (44.3 mg, 159 µmol) were then 

added, followed by sodium ascorbate (16.9 mg, 85.1 µmol) and 1 M CuSO4 (24.0 µL, 24.0 

µmol). The reaction was stirred at RT for 6 h, DCM (6 mL) and H2O (8 mL) were added and 

the H2O layer was extracted with DCM (3 x 8 mL). The organic layer was dried over 

Na2SO4, filtered and reduced in vacuo. The product was purified via flash column 

chromatography using a DCM/MeOH (99:1) mobile phase (Rf ~ 0.3) and isolated as a white 

solid (65 mg, 92%). 1H NMR (400 MHz, CDCl3) δ 8.03 (1H, m), 7.64, (1H, s), 7.29 (1H, m) 

6.71 – 6.65 (2H, bm), 4.63 (2H, t, J = 5.6 Hz), 4.11 (2H, dt, J = 5.6 Hz, 5.2 Hz), 3.85 (3H, s), 

2.17 (3H, s); HRMS (ESI) m/z, ([M + H]+, C19H17Cl3N4O2): theoretical 439.0490, observed 

439.0496. 

 

 
2,4,6-trichloro-N-(2-(4-(2-methoxyphenyl)-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C7). 

DCM (1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 2-ethynylanisole (24.0 

µL, 186 µmol) and 24 (46.6 mg, 168 µmol) were then added, followed by sodium ascorbate 

(19.3 mg, 97.4 µmol) and 1 M CuSO4 (30.0 µL, 30.0 µmol). The reaction was stirred at RT 

for 4 h, DCM (6 mL) and H2O (8 mL) were added and the H2O layer was extracted with 
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DCM (3 x 8 mL). The organic layer was dried over Na2SO4, filtered and reduced in vacuo. 

The product was purified via flash column chromatography using a DCM/MeOH (98:2) 

mobile phase (Rf ~ 0.3) and isolated as a white solid (70 mg, 98%). 1H NMR (400 MHz, 

CDCl3) δ 8.08 (1H, s), 7.92 (1H, d, J = 7.6 Hz), 7.31 (2H, s), 6.93 (1H, t, J = 7.2 Hz), 6.86 

(1H, m), 4.63 (2H, s), 4.10 (2H, s), 3.85 (2H, s); 13C NMR (400 MHz, CDCl3) δ 164.5, 155.7, 

136.1, 133.1, 129.1, 128.3, 127.2, 124.7, 120.9, 118.9, 110.8, 55.4, 49.7, 40.0; HRMS (ESI) 

m/z, ([M + H]+, C18H15Cl3N4O2): theoretical 425.0333, observed 425.0336. 

 

 
2,4,6-trichloro-N-(2-(4-(3-chlorophenyl)-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C8). 

DCM (1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 3-chloro-1-

ethynylbenzene (23.0 µL, 187 µmol) and 24 (51.3 mg, 185 µmol) were then added, followed 

by sodium ascorbate (24.7 mg, 125 µmol) and 1 M CuSO4 (28.0 µL, 28.0 µmol). The 

reaction was stirred at RT for 2.5 h, DCM (6 mL) and H2O (8 mL) were added and the H2O 

layer was extracted with DCM (2 x 8 mL). The organic layer was dried over Na2SO4, filtered 

and reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH gradient (100:1 to 96:4) mobile phase (Rf ~ 0.3 4% MeOH/DCM) and isolated 

as a filmy sand colored solid (47 mg, 59%). 1H NMR (400 MHz, CDCl3) δ 7.83 (1H, s), 7.54 

(1H, s), 7.39 (2H, m), 7.29 (2H, s), 7.24 (1H, m), 4.62 (2H, t, J = 5.6 Hz), 4.04 (2H, dt, J = 

5.6 Hz, 5.2 Hz); 13C NMR (400 MHz, CDCl3) δ 164.6, 164,2, 136.2, 135.0, 134.3, 134.2, 

133.0, 132.9, 131.9, 130.2, 128.5, 128.3, 125.6, 123.5, 94.5, 50.9, 49.8, 39.8, 39.4; HRMS 

(ESI) m/z, ([M + H]+, C17H12Cl4N4O): theoretical 428.9838, observed 428.9844. 
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N-(2-(4-(4-bromophenyl)-1H-1,2,3-triazol-1-yl)ethyl)-2,4,6-trichlorobenzamide (C9). 

DCM (1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 1-bromo-4-

ethynylbenzene (40.0 mg, 221 µmol) and 24 (49.2 mg, 177 µmol) were then added, followed 

by sodium ascorbate (17.0 mg, 85.8 µmol) and 1 M CuSO4 (31.0 µL, 31.0 µmol). The 

reaction was stirred at RT for 14 h, DCM (6 mL) and H2O (8 mL) were added and the H2O 

layer was extracted with DCM (3 x 8 mL). The organic layer was dried over Na2SO4, filtered 

and reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH gradient (100:1 to 96:4) mobile phase (Rf ~ 0.4 4% MeOH/DCM) and isolated 

as an eggshell colored solid (56 mg, 43%). 1H NMR (300 MHz, CDCl3) δ 7.73 (1H, s), 7.52 

(1H, bs), 7.33 (2H, d, J = 8.1 Hz), 7.20 (2H, d, J = 8.1 Hz), 4.57 (2H, t, J = 6.0 Hz), 4.03 

(2H, dt, J = 6.0 Hz, 5.1 Hz); 13C NMR (300 MHz, CDCl3) δ 164.6, 146.4, 136.2, 134.3, 

133.0, 132.1, 129.0, 128.3, 126.8, 122.4, 121.4, 49.9, 39.9; HRMS (ESI) m/z, ([M + H]+, 

C17H12BrCl3N4O): theoretical 472.9333, observed 472.9335. 

 

 
2,4,6-trichloro-N-(2-(4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C10). 

DCM (1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 1-ethynyl-4-

phenoxybenzene (27.0 µL, 149 µmol) and 24 (40.1 mg, 145 µmol) were then added, 

followed by sodium ascorbate (17.6 mg, 88.8 µmol) and 1 M CuSO4 (22.0 µL, 22.0 µmol). 
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The reaction was stirred at RT for 20 h, DCM (6 mL) and H2O (8 mL) were added and the 

H2O layer was extracted with DCM (2 x 8 mL). The organic layer was dried over Na2SO4, 

filtered and reduced in vacuo. The product was purified via flash column chromatography 

using a DCM/MeOH gradient (99:1 to 96:4) mobile phase (Rf ~ 0.3 4% MeOH/DCM) and 

isolated as a white solid (60 mg, 85%). 1H NMR (300 MHz, CDCl3) δ 7.78 (1H, m), 7.72 – 

7.30 (4H, bm), 7.15 (1H, m), 7.02 (2H, d, J = 7.8 Hz), 6.87 (2H, d, J = 8.7 Hz), 4.60 (2H, t, J 

= 5.4 Hz), 4.07 (2H, dt, J = 5.4 Hz, 4.8 Hz); 13C NMR (300 MHz, CDCl3) δ 175.1, 164.6, 

157.7, 156.8, 146.9, 136.1, 134.4, 133.0, 130.1, 128.3, 126.8, 125.0, 124.0, 121.0, 119.5, 

118.8, 49,9, 40.0; HRMS (ESI) m/z, ([M + H]+, C23H17Cl3N4O2): theoretical 487.0490, 

observed 487.0487. 

 

 
2,4,6-trichloro-N-(2-(4-(4-pentylphenyl)-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C11). 

DCM (1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 4-pentylphenylacetylene 

(30.0 µL, 154 µmol) and 24 (42.5 mg, 153 µmol) were then added, followed by sodium 

ascorbate (18.0 mg, 90.8 µmol) and 1 M CuSO4 (23.0 µL, 23.0 µmol). The reaction was 

stirred at RT for 5 h, DCM (6 mL) and H2O (8 mL) were added and the H2O layer was 

extracted with DCM (2 x 8 mL). The organic layer was dried over Na2SO4, filtered and 

reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH (100:1) mobile phase (Rf ~ 0.6 4% MeOH/DCM) and isolated as a filmy off-

white solid (64 mg, 90%). %). 1H NMR (400 MHz, CDCl3) δ 7.96 (1H, s), 7.71 (1H, s), 7.25 

(2H, m), 7.03 (2H, d, J = 6.8 Hz), 4.57 (2H, m), 4.04 (2H, m), 2.58 (2H, t, J = 7.6 Hz), 1.62 

(2H, m), 1.33 (4H, m), 0.92 (3H, t, J = 4.8 Hz); 13C NMR (300 MHz, CDCl3) δ 164.6, 159.4, 

146.3, 137.1, 135.8, 134.4, 132.9, 129.6, 128.1, 122.9, 122.1, 116.4, 111.4, 100.4, 55.4, 53.3, 
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49.7, 48.8, 39.8, 29.9, 21.5; HRMS (ESI) m/z, ([M + H]+, C22H23Cl3N4O): theoretical 

465.1016, observed 465.1015. 

 

 
2,4,6-trichloro-N-(2-(4-decyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C12). DCM (1 mL), 

EtOH (1 mL) and H2O (1 mL) were added into a vial. 1-dodecyne (39.0 µL, 182 µmol) and 

24 (49.4 mg, 178 µmol) were then added, followed by sodium ascorbate (17.7 mg, 89.3 

µmol) and 1 M CuSO4 (28.0 µL, 28.0 µmol). The reaction was stirred at RT for 5 h, DCM (6 

mL) and H2O (8 mL) were added and the H2O layer was extracted with DCM (2 x 8 mL). 

The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product was 

purified via flash column chromatography using a DCM/MeOH (100:1) mobile phase (Rf ~ 

0.6 2% MeOH/DCM) and isolated as an eggshell colored solid (72 mg, 88%). 1H NMR (400 

MHz, CDCl3) δ 7.83 (1H, s), 7.29 (1H, s), 4.50 (2H, t, J = 5.6 Hz), 3.99 (2H, dt, J = 5.6 Hz, 

5.2 Hz), 2.38 (2H, t, J = 7.6 Hz), 1.45 (2H, m), 1.24 (14H, m), 0.86 (3H, d, J = 6.8 Hz); 13C 

NMR (300 MHz, CDCl3) δ 164.5, 135.8, 134.5, 133.0, 128.2, 122.2, 100.0, 49.4, 39.8, 32.1, 

29.8, 29.8, 29.6, 29.5, 29.4, 25.5, 22.8, 14.3; HRMS (ESI) m/z, ([M + H]+, C17H19Cl3N4O): 

theoretical 459.1480, observed 459.1480. 

 

 
2,4,6-trichloro-N-(2-(4-heptyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C13). DCM (1 

mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 1-nonyne (32.0 µL, 195 µmol) 

and 24 (52.7 mg, 190 µmol) were then added, followed by sodium ascorbate (18.9 mg, 95.8 

µmol) and 1 M CuSO4 (28.5 µL, 28.5 µmol). The reaction was stirred at RT for 4 h, DCM (6 
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mL) and H2O (8 mL) were added and the H2O layer was extracted with DCM (2 x 8 mL). 

The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product was 

purified via flash column chromatography using a DCM/MeOH (99:1) mobile phase (Rf ~ 

0.4 2% MeOH/DCM) and isolated as a white solid (56 mg, 70%). 1H NMR (400 MHz, 

CDCl3) δ 7.83 (1H, s), 7.29 (1H, s) 4.50 (2H, t, J = 5.6 Hz), 3.99 (2H, dt, J = 5.6 Hz, 5.2 Hz), 

2.38 (2H, t, J = 7.6 Hz), 1.45 (2H, m), 1.26 (8H, m), 0.86 (3H, t, 6.8 Hz); 13C NMR (400 

MHz, CDCl3) δ 164.5, 148.2, 136.0, 134.5, 133.0, 128.3, 122.2, 49.4, 39.8, 32.0, 29.5, 29.4, 

29.2, 25.6, 22.8, 14.3; HRMS (ESI) m/z, ([M + H]+, C18H23Cl3N4O): theoretical 417.1010, 

observed 417.1014. 

 

 
2,4,6-trichloro-N-(2-(4-pentyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C14). DCM (1 

mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 1-heptyne (26.6 µL, 203 µmol) 

and 24 (56.3 mg, 203 µmol) were then added, followed by sodium ascorbate (19.2 mg, 96.9 

µmol) and 1 M CuSO4 (30.0 µL, 30.0 µmol). The reaction was stirred at RT for 17 h, DCM 

(6 mL) and H2O (8 mL) were added and the H2O layer was extracted with DCM (2 x 8 mL). 

The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product was 

purified via flash column chromatography using a DCM/MeOH (100:1) mobile phase (Rf ~ 

0.4 1% MeOH/DCM) and isolated as an off-white solid (62 mg, 86%). 1H NMR (400 MHz, 

CDCl3) δ  7.71 (1H, s), 7.29 (1H, s), 4.50 (2H, t, J = 5.6 Hz), 3.98 (2H, dt, J – 5.6 Hz, 5.2 

Hz), 2.40 (2H, t, J = 7.6 Hz), 1.47 (2H, m), 1.23 (5H, bm), 0.86 (3H, t, J = 6.8 Hz); 13C NMR 

(400 MHz, CDCl3) δ 164.5, 136.0, 135.9, 134.5, 133.0, 128.2, 49.4, 39.7, 31.6, 29.9, 29.1, 

25.6, 22.6, 14.2; HRMS (ESI) m/z, ([M + H]+, C16H19Cl3N4O): theoretical 389.0697, 

observed 389.0694. 
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N-(2-(4-butyl-1H-1,2,3-triazol-1-yl)ethyl)-2,4,6-trichlorobenzamide (C15). DCM (1 mL), 

EtOH (1 mL) and H2O (1 mL) were added into a vial. 1-hexyne (23.3 µL, 207 µmol) and 24 

(57.4 mg, 207 µmol) were then added, followed by sodium ascorbate (21.9 mg, 111 µmol) 

and 1 M CuSO4 (31.0 µL, 31.0 µmol). The reaction was stirred at RT for 16 h, DCM (6 mL) 

and H2O (8 mL) were added and the H2O layer was extracted with DCM (2 x 8 mL). The 

organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product was purified 

via flash column chromatography using a DCM/MeOH (100:1) mobile phase (Rf ~ 0.5 1% 

MeOH/DCM) and isolated as an off-white solid (22 mg, 67%). 1H NMR (400 MHz, CDCl3) 

δ  7.72 (1H, t, J = 5.6 Hz), 7.29 (1H, s), 4.50 (2H, t, J = 6.0 Hz), 3.98 (2H, dt, J = 5.6 Hz, 6.0 

Hz), 2.40 (2H, t, J = 7.6 Hz), 1.43 (2H, dt, J = 7.6 Hz, 7.2 Hz), 1.25 (2H, m), 0.86 (3H, t, J = 

7.6 Hz); 13C NMR (300 MHz, CDCl3) δ 164.5, 135.9, 134.5, 133.0, 128.2, 128.2, 49.4, 39.8, 

31.5, 25.2, 22.5, 14.0; HRMS (ESI) m/z, ([M + H]+, C15H17Cl3N4O): theoretical 375.0541, 

observed 375.0543. 

 

 
2,4,6-trichloro-N-(2-(4-isopentyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C16). DCM (1 

mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 5-methyl-1-hexyne (28.0 µL, 212 

µmol) and 24 (58.4 mg, 210 µmol) were then added, followed by sodium ascorbate (38.0 mg, 

192 µmol) and 1 M CuSO4 (38.0 µL, 38.0 µmol). The reaction was stirred at RT for 14 h, 

DCM (6 mL) and H2O (8 mL) were added and the H2O layer was extracted with DCM (2 x 8 

mL). The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product 

was purified via flash column chromatography using a DCM/MeOH (99:1) mobile phase (Rf 
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~ 0.3 1% MeOH/DCM) and isolated as an off-white solid (65 mg, 82%). 1H NMR (400 

MHz, CDCl3) δ 7.96 (1H, s), 7.27 (1H, s), 4.52 (2H, s), 4.00 (2H, s) 2.41 (2H, s) 1.50 (1H, 

m), 1.37 (2H, s), 0.88 (6H, d, 6.4 Hz; 13C NMR (300 MHz, CDCl3) δ 164.5, 136.0, 134.4, 

133.0, 128.3, 49.5, 39.7, 38.4, 27.8, 23.5, 22.5; HRMS (ESI) m/z, ([M + H]+, C16H19Cl3N4O): 

theoretical 389.0697, observed 389.0705. 

 

 
2,4,6-trichloro-N-(2-(4-(cyclopentylmethyl)-1H-1,2,3-triazol-1-yl)ethyl)benzamide 

(C17). DCM (1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 3-cyclopentyl-1-

propyne (24.8 µL, 190 µmol) and 24 (52.5 mg, 189 µmol) were then added, followed by 

sodium ascorbate (20.3 mg, 102 µmol) and 1 M CuSO4 (29.0 µL, 29.0 µmol). The reaction 

was stirred at RT for 16 h, DCM (6 mL) and H2O (8 mL) were added and the H2O layer was 

extracted with DCM (2 x 8 mL). The organic layer was dried over Na2SO4, filtered and 

reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH (100:1) mobile phase (Rf ~ 0.4 1% MeOH/DCM) and isolated as an off-white 

solid (52 mg, 69%). 1H NMR (400 MHz, CDCl3) δ 7.80 (1H, s), 7.28 (1H, m), 4.50 (2H, t, J 

= 5.6 Hz), 3.99 (2H, dt, J = 5.6 Hz, 5.2 Hz), 2.39 (2H, d, J = 7.6 Hz), 1.91 (1H, m), 1.64 – 

1.45 (6H, bm), 1.08 – 1.01 (2H, bm); 13C NMR (400 MHz, CDCl3) δ 202.2, 164.6, 135.9, 

134.6, 133.1, 128.2, 49.5, 40.0, 39.8, 32.7, 31.7, 29.9, 25.2; HRMS (ESI) m/z, ([M + H]+, 

C17H19Cl3N4O): theoretical 401.0697, observed 401.0700. 
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2,4,6-trichloro-N-(2-(4-cyclopentyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C18). DCM 

(1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. cyclopentylacetylene (22.4 

mg, 223 µmol) and 24 (61.8 mg, 238 µmol) were then added, followed by sodium ascorbate 

(37.0 mg, 187 µmol) and 1 M CuSO4 (34.0 µL, 34.0 µmol). The reaction was stirred at RT 

for 16 h, DCM (6 mL) and H2O (8 mL) were added and the H2O layer was extracted with 

DCM (3 x 8 mL). The organic layer was dried over Na2SO4, filtered and reduced in vacuo. 

The product was purified via flash column chromatography using a DCM/MeOH (100:1) 

mobile phase (Rf ~ 0.4 2% MeOH/DCM) and isolated as an off-white solid (68 mg, 78%). 1H 

NMR (400 MHz, CDCl3) δ 7.78 (1H, s), 7.25 (1H, s), 4.53 (2H, s), 4.02 (2H, s), 2.85 (1H, s) 

1.90 (2H, s), 1.64 (4H, m), 1.44 (2H, s); 13C NMR (300 MHz, CDCl3) δ 164.6, 135.9, 134.5, 

133.0, 128.2, 39.7, 32.9, 29.9, 25.1, 23.3, 14.3; HRMS (ESI) m/z, ([M + H]+, C16H17Cl3N4O): 

theoretical 387.0541, observed 387.0544. 

 

 
2,4,6-trichloro-N-(2-(4-cyclohexyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (C19). DCM (1 

mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. Cyclohexylacetylene (24.8 µL, 

192 µmol) and 24 (53.3 mg, 192 µmol) were then added, followed by sodium ascorbate (22.4 

mg, 113 µmol) and 1 M CuSO4 (29.0 µL, 29.0 µmol). The reaction was stirred at RT for 17 

h, DCM (6 mL) and H2O (8 mL) were added and the H2O layer was extracted with DCM (3 x 

8 mL). The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product 
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was purified via flash column chromatography using a DCM/MeOH (100:1) mobile phase 

(Rf ~ 0.5 2% MeOH/DCM) and isolated as an off-white solid (60 mg, 78%). 1H NMR (400 

MHz, CDCl3) δ  7.97 (1H, t, J = 5.2 Hz), 7.25 (2H, s), 4.50 (1H, t, J = 5.6 Hz), 4.00 (2H, dt, J 

= 5.6 Hz, 5.2 Hz), 2.37 (1H, m), 1.76 – 1.30 (5H, bm), 1.29 – 1.08 (7H, bm); 13C NMR (300 

MHz, CDCl3) δ 202.3, 164.6, 153.1, 135.9, 134.5, 133.0, 128.1, 121.1, 49.4, 39.9, 35.2, 32.9, 

29.9, 26.2, 26.1; HRMS (ESI) m/z, ([M + H]+, C17H19Cl3N4O): theoretical 401.0697, 

observed 401.0697. 

 

 
2,4,6-trichloro-N-(2-(4-((dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)ethyl) benzamide 

(C20). DCM (1 mL), EtOH (1 mL) and H2O (1 mL) were added into a vial. 

Cyclohexylacetylene (24.8 µL, 192 µmol) and 24 (53.3 mg, 192 µmol) were then added, 

followed by sodium ascorbate (22.4 mg, 113 µmol) and 1 M CuSO4 (29.0 µL, 29.0 µmol). 

The reaction was stirred at RT for 37 h, DCM (6 mL) and H2O (8 mL) were added and the 

H2O layer was extracted with DCM (3 x 8 mL). The organic layer was dried over Na2SO4, 

filtered and reduced in vacuo. The product was purified via flash column chromatography 

using a DCM/MeOH gradient (100:1 to 96:4) mobile phase (Rf ~ 0.3 4% MeOH/DCM), 

however the product was difficult to elute off of the column. DCM/NH3 (sat.) MeOH (9:1 to 

8:2) was added to flush product through the silica. All fractions were collected, evaporated in 

vacuo and recrystallized in CDCl3. The product was isolated as a white needle-shaped solid 

(18 mg, 22%). 1H NMR (400 MHz, CDCl3) δ 7.55 (1H, s), 7.22 (1H, s), 4.55 (2H, m), 3.99 

(2H, m), 3.47 (2H, s); 13C NMR (300 MHz, CDCl3) δ 164.547, 147.8, 143.4, 136.2, 134.3, 

133.0, 129.0, 128.4, 127.5, 125.5, 120.8, 49.8, 39.9, 35.9, 31.7, 31.3, 22.8, 14.3; HRMS 

(ESI) m/z, ([M + H]+, C14H16Cl3N5O): (inconclusive) theoretical 376.0500, observed 

301.1413, 361.2348, 405.2618, 537.3401. 
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N-(2-(4-(cyclohexylmethyl)-1H-1,2,3-triazol-1-yl)ethyl)-3,5-difluorobenzamide (D2). 

DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. 3-cyclohexyl-1-

propyne (28.5 µL, 197 µmol) and 25 (47.7 mg, 179 µmol) were then added, followed by 

sodium ascorbate (16.8 mg, 84.8 µmol) and 1 M CuSO4 (26.9 µL, 26.9 µmol). The reaction 

was stirred at RT for 7 h, DCM (6 mL) and H2O (8 mL) were added and the H2O layer was 

extracted with DCM (3 x 8 mL). The organic layer was dried over Na2SO4, filtered and 

reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH (96:4) mobile phase (Rf ~ 0.5 5% MeOH/DCM). The product was isolated as 

an off white solid (55 mg, 62%). 1H NMR (400 MHz, CDCl3) δ 8.08 (1H, s), 7.44 (2H, m), 

6.92 (1H, m), 4.56 (2H, d, J = 5.6 Hz), 3.99 (2H, m), 2.46 (2H, d, J = 7.2 Hz) 1.56 (5H, m), 

1.46 (1H, m), 1.09 (3H, m), 0.84 (2H, m); HRMS (ESI) m/z, ([M + H]+, C18H22F2N4O): 

theoretical 349.1841, observed 349.1845. 

 

 

 
N-(2-(4-(cyclohexylmethyl)-1H-1,2,3-triazol-1-yl)ethyl)cinnamamide (E2). DCM (500 

µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. 3-cyclohexyl-1-propyne (44.2 

µL, 306 µmol) and 26 (60.0 mg, 278 µmol) were then added, followed by sodium ascorbate 

(25.0 mg, 126 µmol) and 1 M CuSO4 (41.6 µL, 41.6 µmol). The reaction was stirred at RT 

for 19 h, DCM (4 mL) and H2O (6 mL) were added and the H2O layer was extracted with 
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DCM (3 x 8 mL). The organic layer was dried over Na2SO4, filtered and reduced in vacuo. 

The product was purified via flash column chromatography using a DCM/MeOH (97:3) 

mobile phase (Rf ~ 0.4 5% MeOH/DCM). The product was isolated as an off white solid (66 

mg, 70%). 1H NMR (400 MHz, CDCl3) δ 7.55 (1H, d, J = 15.6 Hz), 7.40 (2H, s), 7.21 (3H, 

m), 6.44 (1H, d, J = 15.6 Hz), 4.46 (2H, s), 3.82 (2H, s), 2.45 (2H, m), 1.57 (5H, m), 1.06 

(3H, m), 0.84 (2H, m); 13C NMR (400 MHz, CDCl3) δ 166.8, 147.0, 141.5, 134.8, 129.9, 

129.0, 128.0, 122.7, 120.5, 49.4, 39.7, 38.2, 33.5, 33.2, 26.5, 26.3; HRMS (ESI) m/z, ([M + 

H]+, C20H26N4O): theoretical 339.2186, observed 339.2188. 
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CHAPTER 4 

Substituted 1,4-Triazole Modulation of Bordetella bronchiseptica Biofilms 

 

4.1 Bacterial Biofilms 

Biofilms are surface attached communities of bacteria encased within a protective polymeric 

matrix.1 The elaborate organizational capabilities bacteria possess through the formation of 

biofilms gained appreciation only a few decades ago;2 yet it is currently estimated by the 

NIH that the majority (~80%) of the microbial biomass population exists within a biofilm 

state. These sessile communities are implicated as the basis for many persistent and chronic 

infections due to antimicrobial resistance and virulence factors conferred by their protective 

extracellular matrices.3, 4 Bacterial biofilm infections commonly develop on inert surfaces 

such as dead tissue or indwelling medical devices and upon maturation release planktonic 

bacteria with the same genetic traits to develop robust biofilms once attached to a free 

surface.2, 5 Although planktonic bacteria can be managed through conventional host defense 

mechanisms or antibiotic regimens, once they have colonized a surface and develop into a 

biofilm, it is extremely difficult to eradicate them. The propensity for biofilm formation and 

current evidence indicative of emerging antibiotic resistant strains of bacteria make biofilms 

an especially important target for chemical management. 

 

Bacteria communicate with each other through a chemical signaling process termed quorum 

sensing (QS).6 QS regulates gene expression as a function of bacterial population density by 

releasing chemical signaling molecules called autoinducers in a linear relationship to cellular 

density. Chemical communication through the release and detection of autoinducers controls 

a variety of physiological functions including virulence, motility and biofilm formation.6 

Upon attaining sufficient biomass to secrete and detect a threshold level of autoinducers, an 

alteration in gene expression initiates the coordinated formation of biofilms. The biofilm 

development cycle is depicted in Figure 28.  
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4.1.1 Anti-Biofilm Modulating Small Molecules 

Although biofilms are ubiquitous in nature, until recently there has been a paucity of small 

molecules known to modulate their formation. One molecular scaffold known to inhibit the 

formation of biofilms is based on naturally occurring QS signaling molecules, N-

acylhomoserine lactones (AHL).7 Although multiple synthetic libraries based off this 

scaffold have been synthesized,8, 9 none of them have been reported to disperse a pre-formed 

biofilm. Additional naturally occurring scaffolds demonstrated to inhibit biofilms include 

brominated furanones10 and ursene triterpenes;11 however, these small molecules are also 

unable to disperse an established biofilm. Representatives of these small molecules are 

illustrated in Figure 29. 

Figure 28. Stages of biofilm maturation. 1) Reversible attachement of bacteria to a surface. 2) Irreversible 
attachment. 3) Microcolony formation. 4) Mature biofilm. 5) Biofilm dispersion perpetuating the cycle. 



 173 

 
                Figure 29. Representative small molecules that inhibit biofilm formation. 

Reports of antifouling properties effected by bromopyrrole alkaloids isolated from marine 

sponges12 encouraged our laboratory to investigate the possibility of anti-biofilm modulation 

based on these architectures. A variety of libraries based on bromoageliferin13-15 and 

oroidin16-19 have been synthesized and successfully shown to inhibit and disperse established 

biofilms for a variety of bacterial pathogens highlighting the utility of the 2-aminoimidazole 

(2-AI) architectural unit. In addition, a small molecule from a library of 2-aminoimidazole-

triazoles (2-AIT) was synthesized by Steven Rogers and shown to inhibit and disperse 

bacterial biofilms across order, class and phylum.20  

 

 
    Figure 30. Representative 2-aminoimidazole containing small molecules. 

 

4.2 Bordetella Genus 

Bordetellae are small, gram-negative bacterial pathogens, which typically colonize the 

respiratory tracts of mammals.21 Bordetella pertussis is the causative agent for whooping 
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cough in humans,22 whereas Bordetella bronchiseptica produces a variety of respiratory 

disease pathologies (e.g. kennel cough, atrophic rhinitis) typically in domestic and farm 

animals.23 B. bronchiseptica does not express the virulence factor pertussis toxin 

characteristic of B. pertussis; however it does contain the genes to do so,24 thus emphasizing 

the intimate evolutionary relationship of these bacterial strains. Although B. bronchiseptica 

does not typically infect humans it has been shown to form biofilms that are highly resistant 

to a number of antimicrobial agents, including those which are prescribed clinically.25 

Considering the antibiotic resistance of these pathogens, and developing countries where 

vaccination against them is not prevalent, it is imperative to develop small molecules that can 

modulate anti-biofilm activity. Given the close relationship between these bacterial strains, B. 

bronchiseptica constitutes a safer alternative for exploring chemical control of biofilm 

modulation of the Bordetella genus in a laboratory setting. 

 

4.3 Library Design 

As part of a control screening for a library of 2-AITs, Steven Rogers screened 1,2,3-H-

triazole for biofilm inhibition against B. bronchiseptica (RB50) and discovered that 1,2,3-H-

triazole has an inhibitory concentration at 50% (IC50) of 100 µM against this bacterial strain. 

Given these promising inhibition data and the facile synthesis of triazoles through the 1,3-

dipolar cycloaddition reaction of terminal azides and alkynes, we sought to investigate the 

possibility of the triazole subunit as an architectural feature capable of modulating biofilm 

formation. Toward this end, a library of 1,4-substitued triazoles was synthesized by 

employing the Huisgen 1,3-dipolar cycloaddition reaction and screened for biofilm 

modulation against B. bronchiseptica.  
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Figure 31. 1,4-Substituted triazole library for biofilm modulation screens. 

 

The synthesis of 1,4-substitued triazoles is delineated in Chapter 3: Scheme 7 as many of 

these molecules were originally designed for osteoclast inhibition screening. However, 

additional 1,4-substituted triazoles (depicted in Figure 31) were synthesized and screened for 

their ability to modulate biofilm formation. 

 

4.4 Biofilm Screening Results 

Given the intimate relationship between environmental conditions and the propensity to form 

biofilms, assays for biofilm formation with the triazole library were first conducted under a 

variety of nutrient sources to identify compounds that were active regardless of media 

composition.  
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4.4.1 Nutrient Broth Mediated RB50 Screens 

The pilot screens of our triazole library were performed in Nutrient Broth (NB), given that 

this nutrient source hosted the 1,2,3-H-triazole inhibitory data Rogers achieved previously. 

Library screening at 100 µM against RB50 revealed the following biofilm modulation 

activity. 

 
          Table 6. RB50 biofilm inhibition results in NB at 100 µM (S.D. = standard deviation). 

Compound % Inhibition S. D. Compound % Inhibition S. D. 
A1 30 26 A3 4 55 
B1 56 18 B3 -88 30 
C1 60 32 C3 52 33 
D1 51 38 D3 43 7 
E1 8 10 E3 48 4 
A2 12 28 A4 -22 57 
B2 -285 45 B4 72 1 
C2 57 7 C4 63 1 
D2 36 1 D4 30 18 
E2 -28 9 E4 54 10 

 

The data presented in Table 6 for the initial RB50 inhibition screen is represented as the 

percent difference (e.g. percent inhibition of biofilm formation) where positive numbers 

indicate the percent at which molecules decreased the mass of RB50 in comparison to a 

bacteria only control. Negative numbers indicate molecules that increased the formation of 

RB50 biofilms at the absolute value of the indicated percent. This initial screen revealed 

molecules capable of inhibiting and promoting biofilm formation. B2 and B3 were shown to 

have a dramatic agonistic effect on RB50. A dose-response assay of B3 was performed 

(Figure 32), illustrating a noticeable effect of increased biofilm formation with increasing 

concentrations.  
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Figure 32. Dose response curve of B3 against RB50. 

 

Compounds C1, C2, C4 and B4 were also employed in dose-response assays given their 

promising inhibitory data at 100 µM; however, at this point repeated assays revealed RB50 

could no longer produce a biofilm in NB. Interestingly, biofilms were only formed when 

dosed with these small molecules, even at 1 µM concentrations. 

 

4.4.2 Stainer Scholte Mediated RB50 Screens 

Once RB50 could no longer establish a biofilm in NB, we attempted to induce biofilm 

formation using Mueller Hinton Broth (MHB). However, film establishment in this nutrient 

source was not consistent. Therefore, we employed the recommended media for RB50 

biofilm formation, Stainer Scholte Broth (SSB). Additionally, we discovered it was necessary 

to streak the RB50 cell line onto Bordet-Gengou Agar plates supplemented with 15% 

defibrinated sheep’s blood in order to promote the phenotype for biofilm formation (as 

opposed to NB Agar as done previously, also explaining the loss in biofilm establishment 

over time in NB). After we switched to this plating medium and inoculated RB50 in SSB, 
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very robust biofilms were established. With the successful establishment of biofilms using 

these conditions, we chose to re-subject our triazole library for biofilm modulation effects. A 

static inhibition assay was then performed with 100 µM of each library component as had 

been done previously in NB. The results of this screen are shown below in Table 7.  

 
Table 7. RB50 biofilm inhibition results in SSB at 100 µM (S.D. = standard deviation). 

Compound % Inhibition S. D. Compound % Inhibition S. D. 
A1 -11 22 A3 6 8 
B1 -2 14 B3 -7 12 
C1 13 1 C3 9 13 
D1 15 2 D3 6 17 
E1 8 1 E3 -2 17 
A2 5 2 A4 9 18 
B2 -53 3 B4 9 12 
C2 9 1 C4 18 18 
D2 -79 16 D4 -5 5 
E2 7 11 E4 2 26 

 

The substitution of nutrients shows a marked effect on the ability of our triazole library to 

modulate biofilm formation. With the aggressive biofilm establishment conferred by SSB, 

nearly all of the library members had a negligible effect on biofilm structure. The only library 

members able to elicit a noticeable response were B2 and D2, both of which increased the 

biomass of RB50. However, we clearly see partial antagonism at lower concentrations. The 

earlier screens employing NB also indicated an agonistic role for B2. We found these results 

to be promising, especially given that each of these molecules contained a cyclohexylmethyl 

pendant group. Dose response assays for each of these triazoles were performed are shown in 

Figure 33. 
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The dose response assays of B2 and D2; although indicative of increasing absorbances at 540 

nm (thus increasing bacterial biomass) at the higher concentrations tested, do not show the 

same propensity for increased biofilm formation as observed earlier in the full library screen.  

 

4.5 Conclusion 

We have synthesized a 1,4-substituted triazole library for the purpose of modulating B. 

bronchiseptica biofilms. This library was screened against the B. bronchiseptica wild-type 

strain RB50 in a variety of nutrient sources in order to identify small molecules capable of 

inhibiting or promoting biofilm formation. From these screens, we have identified compound 

B2 as a compound that will promote biofilm formation regardless of media employed.  

Therefore, this molecule represents a small molecule probe that can be employed to 

potentially deconvolute pathways of biofilm formation in B. bronchiseptica. 

 

4.6 Experimental 

All 1H NMR (400 MHz or 300 MHz) and 13C NMR (400 MHz or 300 MHz) spectra were 

recorded at 25.0 ºC on a Varian Mercury spectrometer. Chemical shifts (δ) are given in ppm 

relative to CDCl3; coupling constants (J) are in hertz. Abbreviations used are s = singlet, bs = 

broad singlet, d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of triplets, m = 

Figure 33. Dose response curves of B2 and D2 against RB50. 
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multiplet, and b = broad. Electrospray Ionization (ESI) exact mass measurements were 

carried out on an Agilent Technologies 6210 LC-TOF mass spectrometer. The sample matrix 

used was a H2O/MeOH (1:3) mixture with 0.1% formic acid. Silica gel (40 µm average 

particle size) was used for flash column chromatography. 

 

 
3,5-difluoro-N-(2-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)ethyl)benzamide (D1). 

DCM (500 µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. Methylpropargyl 

ether (3.55 µL, 70.7 µmol) and 25 (17.7 mg, 66.5 µmol) were then added, followed by 

sodium ascorbate (7.0 mg, 35 µmol) and 1 M CuSO4 (10.0 µL, 10.0 µmol). The reaction was 

stirred at RT for 16 h, DCM (3 mL) and H2O (4 mL) were added and the H2O layer was 

extracted with DCM (3 x 5 mL). The organic layer was dried over Na2SO4, filtered and 

reduced in vacuo. The product was purified via flash column chromatography using a 

DCM/MeOH gradient (100:1 to 96:4) mobile phase (Rf ~ 0.3 4% MeOH/DCM). The product 

was isolated as a sand colored amorphous solid (14 mg, 70%). 1H NMR (400 MHz, CDCl3) δ 

7.52 (2H, m), 7.33 (3H, bm), 6.94 (1H, m), 4.60 (2H, t, J = 4.8 Hz), 4.49 (2H, s), 3.99 (2H, d, 

J = 4.8 Hz), 3.61 (2H, m), 3.36 (3H, s); HRMS (ESI) m/z, ([M + H]+, C13H14F2N4O2): 

theoretical 297.1164, observed  297.1167. 

 

 
3,5-difluoro-N-(2-(4-phenethyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (D3). DCM (500 

µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. 4-phenyl-1-butyne (31.7 µL, 
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225 µmol) and 25 (49.7 mg, 187 µmol) were then added, followed by sodium ascorbate (17.4 

mg, 87.8 µmol) and 1 M CuSO4 (28.0 µL, 28.0 µmol). The reaction was stirred at RT for 16 

h, DCM (3 mL) and H2O (4 mL) were added and the H2O layer was extracted with DCM (3 x 

5 mL). The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product 

was purified via flash column chromatography using a DCM/MeOH (96:4) mobile phase (Rf 

~ 0.4 in 5% MeOH/DCM). The product was isolated as an off white solid (50 mg, 57%). 1H 

NMR (400 MHz, CDCl3) δ 8.09 (1H, s), 7.47 (2H, m), 7.24 (2H, m), 7.22 (2H, m), 7.10 (2H, 

m), 6.95 (1H, m), 4.54 (2H, t, J = 5.2 Hz), 3.97 (2H, dt, J = 5.2 Hz, 5.6 Hz), 2.96 (2H, m), 

2.91 (2H, m); HRMS (ESI) m/z, ([M + H]+, C19H18F2N4O): theoretical 357.1528, observed 

357.1524. 

 
3,5-difluoro-N-(2-(4-hexyl-1H-1,2,3-triazol-1-yl)ethyl)benzamide (D4). DCM (500 µL), 

EtOH (500 µL) and H2O (500 µL) were added into a vial. 1-octyne (14.6 µL, 99.2 µmol) and 

25 (26.0 mg, 99.2 µmol) were then added, followed by sodium ascorbate (9.0 mg, 45 µmol) 

and 1 M CuSO4 (14.9 µL, 14.9 µmol). The reaction was stirred at RT for 28 h, DCM (3 mL) 

and H2O (4 mL) were added and the H2O layer was extracted with DCM (3 x 5 mL). The 

organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product was purified 

via flash column chromatography using a DCM/MeOH gradient (100:0 to 98:2) mobile phase 

(Rf ~ 0.4 in 2% MeOH/DCM). The product was isolated as a white solid (29 mg, 88%). 1H 

NMR (400 MHz, CDCl3) δ 7.96 (1H, d, J = 5.2 Hz), 7.43 (2H, m), 6.94 (1H, m), 4.55 (2H, t, 

J = 5.6 Hz), 3.99 (2H, dt, J = 5.6 Hz, 5.2 Hz), 2.59 (2H, t, J = 8.0 Hz), 1.52 (2H, m), 1.25 

(6H, m), 0.86 (3H, m); HRMS (ESI) m/z, ([M + H]+, C17H22F2N4O): theoretical 337.1841, 

observed 337.1831. 
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N-(2-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)ethyl)cinnamamide (E1). DCM (500 

µL), EtOH (500 µL) and H2O (500 µL) were added into a vial. Methylpropargyl ether (15.3 

µL, 305 µmol) and 26 (60.0 mg, 278 µmol) were then added, followed by sodium ascorbate 

(27.0 mg, 136 µmol) and 1 M CuSO4 (41.6 µL, 41.6 µmol). The reaction was stirred at RT 

for 14 h, DCM (6 mL) and H2O (8 mL) were added and the H2O layer was extracted with 

DCM (3 x 6 mL). The organic layer was dried over Na2SO4, filtered and reduced in vacuo. 

The product was purified via flash column chromatography using a DCM/MeOH gradient 

(100:0 to 98:2) mobile phase (Rf ~ 0.4 in 2% MeOH/DCM). The product was isolated as a 

white solid (31 mg, 39%). 1H NMR (400 MHz, CDCl3) δ 7.54 (1H, d, J = 15.6 Hz), 7.49 

(1H, s), 7.41 (2H, m), 7.27 (2H, m), 6.90 (1H, m), 6.40 (1H, d, J = 15.6 Hz), 4.49 (2H, t, J = 

5.6 Hz), 4.46 (2H, s), 3.82 (2H, dt, J = 5.6 Hz, 5.2 Hz), 3.30 (3H, s); HRMS (ESI) m/z, ([M + 

H]+, C15H18N4O2): theoretical 287.1509, observed 287.1512. 

 

 
N-(2-(4-phenethyl-1H-1,2,3-triazol-1-yl)ethyl)cinnamamide (E3). DCM (1 mL), EtOH 

(1 mL) and H2O (1 mL) were added into a vial. 4-phenyl-1-butyne (71.5 µL, 506 µmol) and 

26 (100.0 mg, 463 µmol) were then added, followed by sodium ascorbate (42.0 mg, 212 

µmol) and 1 M CuSO4 (69.4 µL, 69.4 µmol). The reaction was stirred at RT for 18 h, DCM 

(6 mL) and H2O (8 mL) were added and the H2O layer was extracted with DCM (3 x 6 mL). 

The organic layer was dried over Na2SO4, filtered and reduced in vacuo. The product was 

purified via flash column chromatography using a DCM/MeOH gradient (99:1 to 97:3) 

mobile phase (Rf ~ 0.1 in 1% MeOH/DCM). The product was isolated as an off white solid 
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(149 mg, 93%). 1H NMR (400 MHz, CDCl3) δ 7.56 (1H, d, J = 15.6 Hz), 7.40 (2H, m), 7.24 

– 7.06 (7H, bm), 6.45 (1H, d, J = 15.6 Hz), 4.42 (2H, t, J = 5.6 Hz), 3.77 (2H, dt, J = 5.6 Hz, 

5.2 Hz), 2.89 (4H, bm); HRMS (ESI) m/z, ([M + H]+, C21H22N4O): theoretical 347.1866, 

observed 347.1868. 

 

 

 
N-(2-(4-hexyl-1H-1,2,3-triazol-1-yl)ethyl)cinnamamide (E4). DCM (1 mL), EtOH (1 

mL) and H2O (1 mL) were added into a vial. 1-octyne (74.9 µL, 509 µmol) and 26 (100.0 

mg, 463 µmol) were then added, followed by sodium ascorbate (43.0 mg, 217 µmol) and 1 M 

CuSO4 (69.4 µL, 69.4 µmol). The reaction was stirred at RT for 16 h, DCM (6 mL) and H2O 

(8 mL) were added and the H2O layer was extracted with DCM (3 x 6 mL). The organic layer 

was dried over Na2SO4, filtered and reduced in vacuo. The product was purified via flash 

column chromatography using a DCM/MeOH (97:3) mobile phase (Rf ~ 0.5 in 5% 

MeOH/DCM). The product was isolated as an off white solid (97 mg, 64%). 1H NMR (400 

MHz, CDCl3) δ 7.57 (1H, d, J = 15.6 Hz), 7.41 (2H, m), 7.27 (3H, m), 6.52 (1H, d, J = 15.6 

Hz), 4.74 (2H, s), 3.83 (2H, s), 2.57 (2H, s), 1.55 (2H, s), 1.19 (6H, m), 0.76 (3H, m); HRMS 

(ESI) m/z, ([M + H]+, C19H26N4O): theoretical 327.2179, observed 327.2182. 

 
Biofilm Inhibition Protocol 

B. bronchiseptica strain RB50 was received from the Wozniak Laboratory at Wake Forest 

University. The RB50 cell line was streaked onto either Nutrient Broth Agar plates or Bordet 

Gengou Agar plates supplemented with 15% definbrinated sheep’s blood and incubated for 

24 – 48 hours at 37 ºC. Single colonies were inoculated overnight in either Nutrient Broth, 

Mueller Hinton Broth or Stainer Scholte Broth with shaking at 220 rpm, 37 ºC overnight. The 
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following morning the cultures were diluted to an OD600 = 0.01 in the same media as the 

overnight culture. 1 mL of bacterial suspensions were aliquotted into 3 mL culture tubes and 

the library members (100 mM in DMSO) were individually introduced (1 µL/1 mL culture) 

to the suspensions and vortexed for a final concentration of 100 µM. A multichannel 

micropipet then dispensed 8 x 100 µL of treated bacterial suspensions into a full row of a 96-

well plate. Multiple bacteria and media only controls were also seeded into the remaining 

wells of the 96-well plate. The 96-well plate was covered in GLAD Press’n Seal® wrap, 

placed in a sealed chamber supplemented with a damp towel to prevent evaporation. The 

suspensions were subjected to static incubations at 37 ºC for a period of 24 hours. After 

incubation the planktonic bacteria was evacuated from the wells and they were copiously 

washed with water and allowed to air dry. A 0.1% aqueous solution of crystal violet stain 

(125 µL) was added to each of the wells and allowed to incubate for 30 min. After staining, 

the wells were copiously washed with water and allowed to dry. Then 200 µL of 95% ethanol 

was added to each of the wells and allowed to incubate for 5 min to dissolve film-bound 

crystal violet. 125 µL of the staining solution was then transferred into another 96-well plate 

and UV-Vis absorbances were measured at 540 nm on a Bio-Tek® ELx808 Absorbance 

Microplate Reader.  
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Current proposed mechanism for Cu(I) catalyzed 1,3-dipolar cycloaddition. 
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