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ABSTRACT OF THE DISSERATION 
 

Effects of a Holliday Junction-Binding Peptide on Mammalian Cells  
and the Inhibition of Salmonella Growth Inside Murine Macrophages 

 

 

by 

 

Leo Yi-Jong Su 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2009 
San Diego State University, 2009 

 

 

Professor Anca Segall, Chair 

 

 
 Several hexapeptides that inhibit bacterial phage lambda Integrase-mediated site 

specific recombination were previously identified through screening of combinatorial peptide 

libraries. The two most potent peptides bind to Holliday junctions, inhibit a number of 

Holliday junction and branched DNA- processing enzymes and exhibit broad spectrum 

antibacterial properties in vitro. It was unknown, however, whether these peptides can also 

inhibit the growth of bacterial pathogens inside mammalian host cells or what effects the 

peptides may have on the host cells.  



 xiii 

 Here, I showed that peptide wrwycr was concentrated in murine peritoneal 

macrophages and J774A.1 macrophage-like cells as well as in HeLa cells. The peptide 

inhibited the growth of Salmonella enterica serovar Typhimurium inside both J774A.1 cells 

and peritoneal macrophages, in a concentration-dependent manner. The peptide induces the 

SOS response in a dose-dependent fashion in intracellular Salmonella, implicating the 

accumulation of DNA damage as a mechanism of bacterial growth inhibition. This is 

consistent with, but does not prove that, peptide-dependent inhibition of DNA repair may 

inhibit the growth of intracellular bacteria. Peptide wrwycr caused low toxicity in the 

peritoneal macrophages, but greater toxicity in the J774A.1 cells.  

 Peptide wrwycr also caused concentration-dependent toxicity in HeLa cells, which 

was exacerbated by co-treatment with DNA-damaging agents. The peptide was at least 

somewhat synergistic both with etoposide, a topoisomerase II poison, and with hydroxyurea, a 

ribonucleotide reductase inhibitor, in accumulating apoptosis-independent DNA breaks in 

HeLa cells. The synergy strongly suggests that DNA repair intermediates are targets of 

peptide wrwycr. The phosphorylation of histone H2AX is commonly assayed as an indicator 

of double-strand DNA breaks. Treatment of HeLa cells with wrwycr induced a peptide 

concentration-dependent phosphorylation of histone H2AX, which was also enhanced with 

etoposide and hydroxyurea treatments. 

 Thus, accumulation of DNA breaks appears to be a common mechanism of peptide 

toxicity in bacterial and mammalian cells. Pending further toxicity studies in animal models, 

peptide wrwycr may be a promising antibiotic with a novel mechanism of action. Its 

preferential toxicity in fast-replicating cells and synergy with classical chemotherapeutics 

suggest that wrwycr may have potential use as a chemotherapeutic, particularly in 

combination therapies.



 

  1 

CHAPTER 1 

INTRODUCTION  

Holliday junction-binding peptide wrwycr 

Our lab previously identified several hexapeptides based on their ability to inhibit 

bacteriophage λ Integrase (Int)-mediated site-specific recombination (Cassell et al, 2000; 

Klemm et al, 2000; Boldt et al, 2004). One particularly potent peptide inhibitor, WRWYCR, 

has been characterized in depth. WRWYCR was shown to inhibit Int-mediated recombination 

by binding to the Holliday junction (HJ) intermediate, preventing its resolution (Cassell and 

Segall, 2003; Boldt et al, 2004; Kepple et al, 2005). Peptide WRWYCR is structure-selective. 

It recognizes and binds to the Holliday junction, and with reduced affinity, to branched DNA 

structures and does not require contact with proteins (Table 1-1) (Kepple et al, 2008). This 

enables it to inhibit a number of structurally and mechanistically unrelated proteins that 

process Holliday junctions or branched DNA structures that resemble Holliday junctions 

(Table 1-2) (Kepple et al, 2005; Gunderson and Segall, 2006; Bugreev et al, 2007; Rajeev et al, 

2007; Kepple et al, 2008).  

The physiological effects of the peptide on bacteria were examined by Carl 

Gunderson, a former doctoral student in the lab. Growth experiments demonstrated that 

WRWYCR and its d-stereoisomer, wrwycr, inhibit bacterial growth in a peptide-

concentration-dependent manner (Gunderson and Segall, 2006). MIC (minimal inhibitory 

concentration) assays showed that Gram-negative bacteria were less sensitive to the peptide 

(32-64 µg ml-1) than Gram-positive bacteria and Gram-negative LPS mutants (8-32 µg ml-1) 

(Table 1-3),  while viability assays revealed that the peptides are bacteriocidal at 1-2X MIC. 



2 
 

 

 

 

 

 

Table 1-1. Calculated Kd values of WRWYCR for different DNA substrates 

 

 

 

 

 

 

 

 

 

 

Table 1-2. Potency (IC50 values) for WRWYCR inhibition of HJ processing enzymes. 

 

 

 

 

 

 

 

a. IC50 values vary depending on the Int-mediated pathway inhibited.  
b. IC50 values vary depending on the RecG substrate. 
 
Table adapted from Kepple et al, 2005 and Gunderson et al, 2006. 
 

Comparison of affinities of peptide WRWYCR for various DNA structure substrates. 
Table adapted from Kepple et al, 2008. 
 

Substrate Kd (nM)
Holliday junction 14.3 ± 3.2
Completefork 63.5 ± 12.0
Lagging strand fork 79.2 ± 17.3
Leading strand fork 132 ± 32.8
Flayed fork 628 ± 107
Oligo 731 ± 134  

Protein IC50

λ Inta 5-20 nM
XerC,D 50 nM
RecGb 25-200 nM
RuvABC 64 nM
T7 endonuclease I 50 µM  
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Treatment of E. coli cultures with increasing concentrations of peptide resulted in 

increasing numbers of filamentous cells. DNA damage often results in the filamentation of E. 

coli cells due to the induction of the SOS response; therefore this observation suggested that 

the peptide-induced decrease in cell viability may be due to DNA damage. In addition to cell 

filamentation, peptide treatment also elicited a higher fraction of anucleate cells, suggesting 

interference with chromosome segregation. XerC and XerD, the bacterial site-specific 

recombinases responsible for resolving chromosome dimers, are inhibited by peptide wrwycr 

with an IC50 of 50 nM. However, xerC, xerD, or the double mutants were not resistant to 

peptide, suggesting that recombination at dif was not the only system generating peptide 

targets (see below for more on XerC and XerD).  

 

 

Table 1-3. Minimal inhibitory concentration (MIC) of peptide against bacterial pathogens, 
expressed in µg ml-1. 
 

 

 

 

 

 

 

 

 

 

 

 Table adapted from Gunderson et al, 2006. 

Strain Genotype  WRWYCR wrwycr
E. coli W3110 W3110 64 64
E. coli W3110 xerC 64 64
E. coli W3110 xerD 64 64
E. coli W3110 xerC xerD 64 64
S. enterica  Tm LT2 64 64
S. enterica  Tm Δ(galE- rfa- uvrB) 16 16
S. enterica  Tm galE::TN10d(attR,GnR) 32-64 32
S. enterica  Tm rfb 32 32
B. subtilis JH642 8 8
B. subtilis recA260 8 8
B. subtilis recA::KnR 4 4
S. aureus Clinical 32 32
S. aureus 25923 Wild type 32 64
S. aureus 33591 MRSA 32 32

peptide:
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To more directly assess DNA damage, the terminal deoxyribonucleotide transferase-

mediated dUTP nicked end labeling (TUNEL) assay was used. The TUNEL reaction labels 

broken DNA ends by attaching fluorescein-conjugated deoxyuridine triphosphate (dUTPs) to 

free DNA 3’ hydroxyl (3’OH) groups (Gavrieli et al, 1992). A positive correlation was 

observed between the concentration of peptide and the fraction of TUNEL-positive cells (cells 

with DNA damage). If the peptide binds to intermediates of DNA repair and inhibit their 

resolution, treatment with other DNA damaging agents would be expected to generate more 

targets for the peptide. Indeed, the peptide exhibited synergy with mytomicin C and ultraviolet 

light (UV) in accumulating DNA breaks. Together, these lines of evidence suggest that 

peptide wrwycr binds Holliday junctions in bacteria, preventing their resolution, resulting in 

DNA breaks and loss of viability. Very recent data using 2-dimensional gel electrophoresis 

analysis, pioneered by Bell and Byers (Bell and Byers, 1983) and Brewer and Fangman 

(Brewer and Fangman, 1988), has indeed shown that peptide treatment increases Holliday 

junctions (Medina-Cleghorn, Bossi and Segall, unpublished results). An extensive analysis of 

the effect of the peptide on mutants defective in distinct steps of homologous recombination, 

spanning double-strand end and  single-strand gap processing, strand invasion, and HJ 

resolution, was consistent with the hypothesis that HJs and other branched DNA repair 

intermediates are targets of the peptide (Gunderson and Segall, manuscript in prep.). This 

analysis also revealed that DSB processing is extremely important for the repair of peptide-

induced damage, since recBC mutants are much more sensitive to the peptide than recF or 

recJ mutants. Finally, recent evidence showed directly that tyrosine recombinase-mediated 

prophage excision is inhibited by the peptides, which accumulate HJ intermediates inside 

bacterial cells (Gunderson, Boldt and Segall, in press). 
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Recombination, DNA repair and Holliday junctions 

Holliday junctions are key intermediates in the fundamental process of DNA 

recombination. Recombination reactions occur in all organisms, participating in a variety of 

important biological processes. In fact, recombination (specifically homologous 

recombination) and DNA break repair are so intimately linked that it would be impossible to 

have any meaningful discussion of one without mentioning the other. In addition, 

recombination has prominent functions of generating genetic and immune diversity, in 

gametogenesis and in maintenance of genome integrity.  

 

Recombination and DNA repair in bacteria 

 During replication, the presence of lesions and nicks in the DNA template can result 

in the collapse of the replication fork due to the formation of gaps and double-strand breaks 

(DSBs) (see review by Kowalczykowski, 2000). It is estimated that between 3000 and 5000 

lesions occur in each bacterial cell per generation under normal aerobic growth conditions 

(Park et al., 1992). These stalled replication forks must be restarted if the cell is to survive. 

Several models propose the use of homologous recombination (HR) systems in the 

reactivation of stalled replication forks (Pâques and Haber, 1999; Cox et al, 2000; Postow et al, 

2001; McGlynn and Lloyd, 2001; Michel et al, 2004; Long and Kreuzer, 2008; Heller et al, 

2008). A summary of these proposed mechanisms is shown in Figure 1-1A. Based on the 

frequency-of-use, these pathways are the main function of the bacterial recombination system 

(Cox et al, 2000). Use of the homologous recombination system is not obligatory, however, 

for the restart of collapsed replication forks. For example, fork regression – forming a 4-way 

DNA “chicken foot” structure that resembles a Holliday junction, followed by template 

switching then branch migration (Figure 1-1B) can also restore a productive fork using a PriA-
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dependent pathway (McGlynn and Lloyd, 2001). A PriA-independent mechanism for the 

restoration of replication forks that are stalled as the result of a lesion on the leading strand 

template has also been proposed (Heller and Marians, 2006) (Figure 1-1B). 

 

The SOS response and some key players 

Because DNA damage often results in the collapse of replication forks, replication 

restart in bacteria is closely linked to DNA repair. The presence of DNA damage, as well as 

certain types of antimicrobial agents, induces the SOS response – named after the international 

distress signal – in bacteria (Miller et al, 2004). The SOS system encompasses a wide array of 

proteins that inhibit cell division and facilitate the repair of DNA damage (Khil and Camerini-

Otero, 2002; Friedberg et al, 1995).  

SulA inhibits cell division by binding to the FtsZ protein and is among the most 

tightly regulated SOS response proteins known (Courcelle, 2001). FtsZ polymerizes to form a 

ring along the plane of septation that is necessary for cell division. SulA binds to FtsZ 

monomers (Mukherjee, 1998) to inhibit their polymerization, thereby preventing cell division. 

At the completion of the necessary repairs, cell division arrest is released when SulA is 

degraded by the Lon protease. 

LexA is one of the key regulators of the SOS response (Friedberg et al, 1995). In the 

absence of inducing signals, LexA binds the promoter region of the regulon as a homodimer 

and represses the SOS response by preventing expression of inducible genes. DNA damage is 

processed by various pathways, depending on the nature of the damage, to generate single 

stranded DNA (ssDNA). RecA, the other key regulator of the response, binds preferentially to 

ssDNA to generate the nucleoprotein filament RecA*. The RecA* nucleoprotein filament 

functions as a co-protease to induce LexA autocleavage, resulting in the de-repression of the  
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Figure 1-1. Proposed mechanisms for the restart of replication forks that stalled when of 
encountering DNA lesions. (A) Upon encountering DNA lesions that affect both leading strand and 
lagging strand templates, the stalled fork is regressed to a 4-way junction. Upon removal of the 
lesions, the replication fork can be restored either by (1) the degradation or (2) branch migration of 
the regressed DNA. Alternatively, the 4-way junction can be (3) cleaved (denoted by the grey dashed 
line) by the Holliday junction resolvase, RuvC, to generate a double-stranded break (DSB). The DSB 
is processed to generate a single-stranded 3’ overhang. RecA-mediated strand invasion generates a 
Holliday junction, which can be resolved by either by branch migration or by the RuvABC 
resolvasome, to restore the replication fork. (B) Stalled replication fork due to a leision on the leading 
strand template can be resotred by 2 distinct mechanisms. The stalled fork can be (4) regressed by 
RecG, which then allows the leading strand to be extended by using the lagging strand as a template. 
Branch migration bypasses the lesion, enabling priA-dependent restart of the replication fork. 
Alternatively, (5) leading strand synthesis may restart, ahead of the lesion, leaving a single-stranded 
gap.  (C) Lesion on the lagging strand template can result in a single-stranded gap, if unrepaird. In 
this case, (6) the lesion is bypassed by extention of the lagging strand, using the leading strand as the 
template. The double Holliday Junction can be resolved, again, either by the resolvasome or by 
branch migration. Figure adapted from Cox et al, 2000; McGlynn and Lloyd, 2001; Heller et al, 2006. 
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SOS regulon and the expression of SOS-inducible genes. As the DNA damage is repaired and 

the level of RecA* drops, LexA remain intact and once again dimerizes to bind to the 

regulatory region, resetting the system.  

RecA, in addition to its role in activating the SOS response, is also the central enzyme 

in homologous recombination in E. coli. It is loaded on DNA by one of two major repair 

pathways – RecBCD or RecFOR (see below). In vitro, RecA has been shown to mediate both 

the alignment of homologous DNA and the catalysis of the strand-exchange reaction (Cox, 

2007). RecA may also participate in the restart of collapsed replication forks by promoting the 

regression of stalled forks (see review by Lusetti and Cox, 2002). RecA mutants are defective 

in homologous recombination and are hypersensitive to DNA damage. RecA is loaded on 

DNA by one of two major repair pathways, RecBCD or RecFOR. 

The RecB, RecC, and RecD proteins function together as a heterotrimer in the repair 

of double-stranded DNA breaks. The RecBCD complex contains helicase and nuclease 

activities, both of which are ATP-dependent. The result of these RecBCD activities is the 

generation of a 3’ single-stranded DNA tail onto which RecA is loaded, which is also 

stimulated by RecBCD. The RecA-coated single-stranded DNA can then go on to both 

activate the SOS response as well as invade a homologous DNA duplex.  Cells deficient in 

recB and recC are hypersensitive to DNA damage while recD mutants are hyper-

recombinogenic (reviewed by Kuzminov, 1999). 

The RecF, RecO, and RecR proteins constitute another set of DNA repair enzymes 

that effect the repair of single-stranded gapped DNA in bacteria. The RecFOR proteins 

recognize the ssDNA-dsDNA junctions present on gapped DNA and load RecA onto the SSB-

covered ssDNA, displacing SSB (single-stranded DNA binding protein) (Morimatsu and 

Kowalczykowski, 2003). RecFOR can also mediate double-strand break repair (DSBR) with 
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the help of the RecQ helicase and the RecJ exonuclease in RecBCD mutants (reviewed by 

Kowalczykowski, 2000).   

Strand exchange between two DNA molecules or between two different regions of a 

single DNA molecule leads to the formation of Holliday junctions, which must be resolved to 

allow proper chromosome segregation. The RuvA, RuvB, and RuvC proteins participate in the 

branch migration and resolution of Holliday junctions (Figure 1). RuvA opens the Holliday 

junction by binding to opposite arms of the junction (Parsons et al, 1995) RuvB provides the 

motor activity that branch-migrates the Holliday junction (Parsons et al, 1995; Roe et al, 1998). 

The RuvC endonuclease then binds on the side opposite of RuvA and cleaves the junction on 

opposing strands to create ligatable nicks (see review by West, 1996).  

RecG is a monomeric helicase thought to be involved in DNA repair and rescue of 

collapsed replication forks (reviewed by McGlynn and Lloyd, 2002). RecG, in an ATP 

hydrolysis-dependent manner, catalyses the regression of replication forks that collapse as the 

result of encounters with DNA lesions, forming the “chicken foot” intermediate (McGlynn 

and Lloyd, 2001). The “chicken foot” structure is proposed to be resolved by one of several 

RecG-dependent or RecG-independent pathways, leading to the restoration of the replication 

fork (Figure1). 

The homologous recombination system provides the primary mechanism in bacteria 

and one of two major mechanisms in eukaryotic cells (discussed below) of repairing double 

strand DNA breaks. Repair of DSBs is of utmost importance since as few as 2 to 3 unrepaired 

DSB can lead to the death of recombination competent cells (Krisch, 1976; Ulmer, 1979) 

while a single DSB is lethal in a recA mutant (Krasin and Hutchinson, 1977; Murialdo, 1988). 

By using the undamaged homologous DNA as a template, the homologous recombination 

repair pathway provides an error-free mechanism for repairing DSBs.   
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Site-specific recombination also plays crucial roles in maintaining genome integrity. 

An estimated 10-15% of growing E. coli generate chromosome dimers as the result of 

homologous recombination events during replication (Cornet et al, 1996; Steiner and Kuempel, 

1998; Pérals and Louarn, 2000) These chromosome dimers can best be resolved by a complex 

of the site-specific recombinases XerC and XerD which recombine two dif sites, one on each 

monomer, prior to cell division. Failure to resolve these chromosome dimers to monomers can 

lead to chromosome breakages upon cell division (reviewed by Lesterlin et al, 2004). 

 

Recombination and DNA repair in eukaryotic cells 

Though less well understood than the bacterial system, the eukaryotic DNA repair 

system is no less important for the survival of cells. As in the bacterial cells, collision between 

lesions in the DNA template and the replication fork can lead to the formation of gaps and 

double-strand breaks that result in the collapse of the replication fork. As many as 10 such 

lesions are thought to occur in each round of mitotic division in human cells (see review by 

Haber, 1999). While a single unrepaired DSB can kill a cell, deletions and translocations that 

result from improper DSBR can ultimately lead to genome instability (reviewed by Lees-

Miller and Meek, 2003). There are two major repair mechanisms believed to be responsible 

for dealing with DSBs and maintaining genome integrity in eukaryotic cells: non-homologous 

end joining (NHEJ), and homologous recombinational repair (HRR) (Figure 1-2) (Takata et al, 

1998; Lin et al, 1999; reviewed by Jasin, 2000 and Khanna and Jackson, 2001).  

 

Double-strand break repair by Non-homologous End Joining 

NHEJ requires no sequence homology and can repair breaks even when the DNA ends 

lack complementarity. It is generally accepted that NHEJ plays a more prominent role than 
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HRR in mitotic cells, particularly during the G0/G1 and early S phases when homologous 

sister chromatids are not available or readily accessible. NHEJ is also thought to be the more 

error prone of the 2 pathways, as it does not use an intact copy of DNA for repair and, when 

joining incompatible ends, may generate deletions and translocations. The canonical NHEJ 

pathway involves the coordinated activities of the core proteins KU, DNA-PKcs, XRCC4, and 

DNA ligase IV (Chu, 1997; Calsou et al, 1999; Chen et al, 20001; reviewed by Karran, 2000). 

XRCC and DNA ligase IV, through interactions with DNA-PKcs and KU, 

respectively, bind to the DNA-PK complex (Hsu, 2001) and promote association between the 

DNA ends. A gap-filling polymerase, such as Pol µ or Pol λ, would then fill in any gaps and 

DNA ligase IV seals the nicks. By directly ligating the ends of the two DSBs together, no 

Holliday junctions or branched DNA repair intermediates are generated during NHEJ (Figure 

1-2). In addition to the repair of DSBs, several key NHEJ proteins are also responsible for 

carrying out V(D)J recombination – an essential process in the generation of antibody 

diversity (recent review by Wetering and Chen, 2008). 

 

Double-strand break repair by homologous recombination 

 Unlike NHEJ, HRR requires the presence of homologous sequence from the 

sister chromatid or homolog and is considered to be error-free. Because of the need for a 

source of homology, HRR is generally thought to be most important in meiotic cells and in the 

late S and G2 phases (reviewed by Valerie and Povirk, 2003). Though HRR has not been 

completely elucidated, it has become clear that a large number of proteins are involved in the 

process. 

The initial step of HRR is thought to be the recognition, binding and resection of the 

DSB by the MRN complex. The MRN complex, composed of Mre11, Rad50, and Nbs1 (Xrs  
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Figure 1-2. Repair of DSB by NHEJ and HR. Cartoon illustration depicting the basic 
mechanistic difference between NHEJ and HR in the repair of DSB. By directly 
ligating the ends of two double-stranded DNA breaks, NHEJ produces no Holliday 
junction or branched repair intermediates. HRR, on the other hand, generates Holliday 
junctions that must be resolved to complete DSB repair. 
Figure taken from Khanna and Jackson, 2001. 
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in yeast), plays a key role in aligning DNA ends in NHEJ (Huang, 2002) and is essential for 

HRR (Petrini and Stracker, 2003). Additional nucleases may be involved in generating the 3’ 

overhangs thought to be required for HRR based on bacterial and yeast models. The resulting 

3’ single strand overhang is coated by RPA (replication protein A), the human homolog of the 

bacterial SSB. Rad51, the human homolog of RecA, is then loaded onto the RPA coated 

ssDNA to form a nucleoprotein complex and initiate strand exchange (reviewed by Shinohara 

and Ogawa, 1999). Formation of the Holliday junction intermediate as a result of the strand 

exchange is another major characteristic difference between HRR and NHEJ (Figure 1-2).    

 

Antimicrobial peptides 

Antimicrobial peptides (AMPs) are found in virtually all organisms, from plants to 

animals and even bacteria and fungi (Hancock and Lehrer, 1998; Bulet et al, 2004; Hilpert et 

al, 2008). To date, over 1200 antimicrobial peptides have been characterized and cataloged 

(Wang and Wang, 2004; http://aps.unmc.edu/AP/main.html, accessed 10/26/08). Most 

antimicrobial peptides are cationic, amphiphilic, and composed of 12-50 amino acids (Hilpert 

et al, 2008). The best-studied cationic antimicrobial peptides are the cationic antibacterial 

peptides (Faber, 2005). Most of these peptides are thought to be membrane active; they kill 

bacteria by permeabilizing the cytoplasmic membrane of the bacteria (Hilpert et al, 2008). 

Examples of this class of AMPs include melittin (Matsuzaki et al, 1997), defensins (Wimley et 

al, 1994) and cecropin (Christensen et al, 1998). The aggregate, the barrel-stave, the carpet, 

and the toroidal pore models are among the most popular proposed mechanisms of microbial 

membrane permeabilization (Brogden, 2005; Jenssen et al, 2006). There are some 

antimicrobial peptides, however, that have intracellular rather than or in addition to membrane 

targets. Mersacidin, for example, inhibits cell wall synthesis (Brotz et al, 1998) while 
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indolicidin is able to inhibit both protein and DNA synthesis (Subbalakshmi and Sitarm, 1998). 

In addition to their direct antimicrobial effects, some antimicrobial peptides, such as defensins, 

also play an intricate role in modulating both the innate and adaptive immune system (Yang et 

al, 2002). The human α-defensins, for example, boast the regulation of complement activation 

and the augmentation of cytokine production among their many functions (Oppenheim et al, 

2003).  

Among the allures of antimicrobial peptide research is the possible discovery and 

development of new antibiotics. One reason that makes the idea of developing new antibiotics 

from antimicrobial peptides particularly attractive, is the lower incidence of pathogens 

developing resistance to these peptides compared to conventional antibiotics (Yeaman and 

Yount, 2003; Hancock and Sahl, 2006; Matsuzaki, 2008). In addition to their antimicrobial 

properties, some antimicrobial peptides have also been shown to have anti-cancer effects 

(reviewed by Papo and Shai, 2005). 

 

Project objectives 

 Having established the bactericidal effects of the peptide, we were intrigued by the 

possibility of the peptide as a novel class of antibiotic – one that targets DNA repair structures, 

such as Holliday junctions. Since these DNA intermediates are generated in multiple pathways 

of DNA repair, we expected and have observed that spontaneous resistance arises at a very 

low frequency (J. Patelzick and A. Segall, unpublished results). In addition, no single non-

essential gene deletion in E. coli confers resistance to the peptide (S. Orchard and A. Segall, 

unpublished results). Thus the peptide may be a lead for a very attractive new drug. 

Our first question was to determine whether the peptide can inhibit the growth of 

bacteria within mammalian cells. If so, the next question was whether the peptide’s 
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mechanism of action against intracellular pathogens is the same as its in vitro mechanism – by 

binding DNA repair intermediates to prevent their resolution. The other question that needed 

to be addressed, with regard to the potential therapeutic application of peptide wrwycr, is 

whether the peptide is toxic to mammalian host cells at effective antibacterial concentrations, 

and if the peptide is toxic to the mammalian cells, what is the mechanism of toxicity?  If the 

peptide also inhibits DNA repair in mammalian cells, will it be particularly potent against fast 

replicating cells – such as tumor cell, where DNA repair intermediates are likely to arise with 

greater frequency, making it suitable for use as a chemotherapeutic? These are the questions I 

have addressed in my dissertation research. 
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CHAPTER 2 

ANTIBACTERIAL EFFECTS OF WRWYCR

  

Introduction 
 

Soon after the introduction of antimicrobials as drugs, clinicians and researchers 

began noticing the emergence of drug-resistant bacterial pathogens. Since then, the problem 

has become progressively worse, with organisms acquiring multiple resistances to many of the 

drugs currently available.  

At a time when the need for new antibiotics is greater than ever, the development of 

such agents, by large biotechnology and pharmaceutical companies, is actually on the decline. 

The high cost of discovering and developing new antibiotics (Dimassa et al, 2003) coupled 

with the lower profit potential than other types of drugs, have driven many large 

pharmaceutical companies to cut back or even eliminate their new antibiotics research 

programs (Gilbert and Edwards, 2002; Shlaes and Moellering, 2002; Powers, 2003; Projan, 

2003; Spellberg et al, 2004). The end result is an alarming trend of steady decline in the 

number of new antibiotics approved by the United States Food and Drug Administration 

(FDA) over the last three decades. In the 1990s, 22 new antibacterial agents were approved by 

the FDA, down from the 29 new antibacterial agents approved in the 1980s. Since the turn of 

the new millennium, only 9 new antibacterial agents have been approved by the FDA 

(Extending the cure policy brief 6, May 2008). Of these 9 new antibacterials, only 3 have 

novel mechanisms of action.  
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In this study we examine the antibacterial activity of a previously identified Holliday 

junction-binding peptide, wrwycr, on intracellular bacterial growth. Like most antimicrobial 

peptides, wrwycr is short (12 amino acids for the active homodimer), cationic, and 

hydrophobic. Unlike most AMPs, however, this peptide appears to target DNA structures 

rather than the membrane. Previously, the broad spectrum bacteriocidal activity of peptide 

wrwycr had been demonstrated in vitro. Here we looked at the ability of wrwycr to inhibit the 

growth of Salmonella Typhimurium inside murine macrophage and macrophage-like cells. 

Salmonella enterica is a facultative intracellular bacterial pathogen that can cause a 

variety of diseases in a wide range of hosts. The best studied Salmonella is Salmonella 

enterica serovar Typhimurium (STm). For the purpose of this chapter, Salmonella refers to 

Salmonella enterica serovar Typhimurium. STm infection in humans generally causes 

gastroenteritis but in mice causes systemic infections, a model for typhoid fever (review by 

Jones and Falkow, 1996). Salmonella penetrates the host intestinal mucosa primarily at the 

Peyer’s patches in the small intestine (Carter and Collins, 1974; Hohmann et al, 1978) by 

forcing the non-phagocytic epithelial cells to take up the bacteria through extensive 

cytoskeletal actin reorganization that results in the formation of ruffles on the cell surface 

(Finlay et al, 1991; Francis et al, 1993; Méresse et al, 2001). After the epithelial barrier is 

breached, complement pathways and phagocytic cells such as macrophages are the host’s next 

line of defense against the invading bacteria. Salmonella, however, is adapted to survive and 

replicate within special membrane-bound compartments within the macrophages called 

phagosomes, also known as Salmonella-containing vacuoles. The ability to survive within the 

macrophage plays a crucial role in Salmonella virulence (Fields et al, 1986).  

 Although the exact mechanism of how phagocytes kill or inhibit the growth of 

Salmonella remains unclear, reactive oxygen species (ROS) and reactive nitrogen species 
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(RNS) are thought to play an important part (Buchmeier et al, 1993; De Groote et al, 1997; 

Shiloh et al, 1999; Nicholson et al, 1999; Rosenberger and Finlay, 2002). Production of ROS 

and RNS are triggered by stimuli such as bacterial lipopolysacharide (LPS) and the response is 

enhanced by pro-inflammatory cytokines such as interferon gamma (IFN- γ) (Ding et al, 1988; 

Lorsbach et al, 1993; Lowenstein et al, 1993; Xie et al, 1993; Ables et al, 2001. For a recent 

review on the innate immune response of macrophages to bacterial pathogens, see 

Rosenberger and Finlay, 2003). The membrane-bound NADPH phagocyte oxidase (phox) 

catalyzes the transfer of a single electron from molecular oxygen (O2) to NADPH, generating 

superoxide (O2•–). Superoxide can subsequently be converted into a number of reactive 

oxygen species, including hydrogen peroxide (H2O2) and hydroxyl radicals (•OH) (Figure 2-1). 

Inducible nitric oxide synthase (iNOS) catalyzes the conversion of arginine to citrulline, 

generating nitric oxide (NO•) in the process (Figure 2-2). Like superoxide, nitric oxide can 

also be processed to generate a number of derivatives (Figure 2-1) (for a review, see Fang, 

1997). Superoxide and nitric oxide radicals can also react to form peroxinitrite (OONO–), a 

particularly potent oxidant and antimicrobial (see review by Miller and Britigan, 1997). ROS 

have been shown to be important in the initial killing (first 6-24 hours) of bacteria during an 

infection while RNS are necessary for the sustained inhibition of bacterial growth (Vasquez-

Torres et al, 2000; Foster et al, 2003). In addition to the oxidative assaults, acidification of the 

phagosome and lysosomal hydrolytic enzymes acquired from phagosome-lysosome fusion are 

also thought to contribute to the killing of intracellular bacteria (Oh et al, 1996).  

 Salmonella employs a variety of strategies to avoid killing by macrophages. The 

Salmonella-containing vesicle begins to acidify shortly after formation. The change in pH is 

detected by the Salmonella PhoP-PhoQ two-component regulatory system and leads to the  
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Figure 2-1. Generation of reactive oxygen and nitrogen species. Potential interactions between 
the reactive oxygen and nitrogen intermediates generated by the phagocyte oxidase (phox) and 
nitric oxide (NO) synthase, respectively, as part of the phagocytic cell’s repertoire against 
microbial pathogens. Extracellular refers to the phagosomal compartment while intracellular 
refers to the microbial cytosol. DNIC, dinitrosyl iron complexes; Fe, iron; GSH, glutathione; 
GSNO, S-nitrosoglutathione;H2O2, hydrogen peroxide; HOCl, hypochlorous acid; HOONO, 
peroxynitrous acid; MPO, myeloperoxidase; NAD, nicotinamide adenine dinucleotide; NO•, 
nitric oxide; NO2•, nitrogen dioxide; N2O3, dinitrogen trioxide; N2O4, dinitrogen tetroxide; O2, 
molecular oxygen •OH, hydroxyl; OONO2, peroxynitrite; RSNO, S-nitrosothiol. 
Figure taken from Fang, 1997. 
 

Figure 2-2. Production of nitric oxide in mammalian cells. Nitric oxide synthase catalyzes two 
sequential reactions to generate nitric oxide and L-citrulline from L-arginine. 
Figure taken from MacMicking et al, 1997. 
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expression of a number of virulence genes, including those that delay and attenuate further 

acidification of the phagosome (Alpuche Aranda et al, 1992). Other genes induced protect 

against and effect repair of the oxidative damages caused by the ROS and RNS.  

Using the Salmonella pathogenicity island 2 (SPI-2) encoded type III secretion system 

(TTSS), Salmonella injects a number of virulence proteins into the host cytoplasm to alter host 

cell processes (see review by Holden, 2002). Among these virulence proteins is SpiC, itself 

encoded within the SPI-2 pathogenicity island, which interferes with trafficking events in the 

host cell and is essential for virulence (Uchiya et al, 1999). SpiC protects Salmonella from the 

antibacterial effects of the lysosomal hydrolytic enzymes by inhibiting the fusion of lysosomes 

and Salmonella-containing vesicles (Uchiya et al, 1999). SpiC may also, in concert with other 

SPI-2 encoded virulence proteins, protect Salmonella from ROS by preventing the recruitment 

of phox-containing vesicles to the membrane of Salmonella-containing vesicles (Galloise et al, 

2001).   

Salmonella possesses four superoxide dismutases (SODs), enzymes that convert 

superoxides to hydrogen peroxide, to protect against their oxidative damaging effects. The 

Mn- and Fe- cofactored cytosolic superoxide dismutases are encoded by the sodA and sodB 

genes, respectively; the Cu- and Zn- cofactored periplasmic superoxide dismutases are 

encoded by sodCI and sodCII, respectively (see review by Vazquez-Torres and Fang, 2001; 

Golubeva and Slauch, 2006). SodA has been shown to protect against early oxidative killing 

by J774 macrophages (Tsolis et al, 1995) while the periplasmic SODs protect against the 

effects of both phox and iNOS and play an important role in Salmonella virulence (DeGroote 

et al, 1997; Fang et al, 1999). Once the reactive superoxides have been transformed to 

hydrogen peroxide, either spontaneously or enzymatically, they can be detoxified completely 
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to water by catalases – although catalase activity is not required for Salmonella survival in 

macrophages nor for virulence in mice (Buchmeier et al, 1994). 

Despite the actions of the abovementioned and other virulence proteins, Salmonellae 

are susceptible to DNA damage induced by ROS, RNS, and hydrogen peroxide. Recent 

studies suggest that base-excision repair (BER) may play a role in Salmonella pathogenesis 

(Suvarnapunya et al, 2003) by enhancing survival within macrophages (Suvarnapunya et al, 

2005). However, recombination appears to be the primary mechanism for the repair of these 

DNA damages and is essential for survival within macrophages – Salmonella recombination 

mutants (recA and recBCD) were sensitive to killing by macrophage-like cells capable of 

mounting an oxidative burst (Buchmeier et al, 1993; Cano et al, 2002). RecA-dependent DNA 

repair has also been shown to be more important than catalase activity for virulence in mice 

(Buchmeier et al, 1995). 

 

Results 
 
Entry of wrwycr into macrophage and macrophage-like cells  

The ability of wrwycr to enter the host cells was examined in order to determine 

whether the peptide may be effective against intracellularly growing pathogens. This was 

accomplished by using confocal laser microscopy to visualize peptides labeled with Liss-

rhodamine at the N-terminus. Although these modified peptides are 10-20X less potent at 

inhibiting lambda recombination (J. Boldt and A. Segall, unpublished results), they were 

useful as tracers for localization studies. J774A.1 cells and peritoneal macrophages were 

incubated with rhodamine-labeled peptide for various lengths of time, then analyzed by 

microscopy to assess peptide uptake. The labeled peptide first became visible in J774A.1 cells 

at approximately 5 minutes. The fluorescence increased with increasing time of incubation, 
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reaching maximum intensity by 4 hrs (Figure 2-3, panels B-D). In contrast, rhodamine-labeled 

wrwycr entered the peritoneal macrophages more poorly, and was only visible inside 

peritoneal macrophages when treated with a 10-fold higher peptide concentration (Figure 2-3, 

panels E and F). To address the possibility that rhodamine facilitated the uptake of the peptide, 

we tested the uptake of rhodamine-labeled phalloidin (TRITC-phalloidin). Phalloidin is a non-

membrane-permeable mushroom toxin that binds filamentous actin, and is similar in size to 

our peptide. Incubation of J774A.1 cells with TRITC-phalloidin did not result in the labeling 

of the cytoskeleton (Figure 2-4, panels A and B).  Peripheral cellular staining was evident 

when TRITC-phalloidin was co-incubated with 100 µM wrwycr (Figure 2-4D), suggesting 

that high peptide concentrations may affect membrane permeability in some way. 

The effects of temperature and endocytosis inhibitors on peptide uptake were tested to 

investigate the basic mechanism of uptake. Lowering the incubation temperature from 37OC to 

4OC reduced the uptake of rhodamine-labeled peptides to non-detectable levels (Figure 2-5, 

panels A and B), suggesting that peptide entry is an active process. To assess the role of 

endocytosis in peptide uptake, the PI3K (phosphoinositide 3-kinase) inhibitor wortmannin was 

used to prevent early endosomal vesicle fusion (Simonsen et al, 1998). Co-treatment with 100 

nM of wortmannin also reduced the intracellular levels of peptide, implicating endocytosis as 

a mode of peptide entry (Figure 2-5, panels C and D). 

A high performance liquid chromatography (HPLC)- based method was also used, to 

directly measure unlabeled peptide inside cells. Peptide wrwycr standards typically elute off 

the column around 17.5 minutes for peptide monomers, while the peptide dimers emerge 

roughly 0.25 minutes later at 17.75 minutes (Appendix A1, Figure 1). Consistent with earlier 

observations, addition of the reducing agent dithiothreitol (DTT) abolishes the 17.75 minute  
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Figure 2-3. Uptake of rhodamine-labeled peptide. J774A.1 cells were either incubated with (A) no 
peptide, with 0.5 µM rhodamine-wrwycr for (B) 3 min, (C) 5 min, or (D) with 1 µM rhodamine-
wrwycr for 4 hr. Cells and labeled peptide were visualized using confocal microscopy. Peritoneal 
macrophages were incubated for 5 hours with either (E) 1 µM or (F) 10 µM labeled peptide. 
Images were obtained using confocal laser microscopy. The image shown in each panel represents 
an optical slice near the center of the cell. White arrowheads indicate the nuclei. 
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Figure 2-4  
Figure 2-4. Effect of wrwycr on plasma membrane permeability. J774A.1 cells were incubated with 
0.5 µM TRITC-labeled phalloidin either in (A) media alone, (B) media containing the equivalent 
concentration of the peptide solvent (1%) DMSO, (C) 10 µM wrwycr, or (D) 100 µM wrwycr. Panel 
(E) shows cellular staining by TRITC-labeled phalloidin after the cell membrane was permeabilized 
with methanol. Images were obtained using confocal laser microscopy. The image shown in each panel 
represents an optical slice near the center of the cell. White arrowheads indicate the nuclei. 
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Figure 2-5. Effect of temperature or wortmannin on peptide uptake. J774A.1 cells were incubated 
with 10 µM rhodamine-labeled wrwycr at either (A) 37°C or (B) 4°C for 4 hr, then visualized using 
confocal microscopy. J774A.1 cells were treated with 10 µM rhodamine-labeled wrwycr for 5 hr 
either in the presence (C) or in the absence (D) of 100 nM wortmannin, then visualized using 
confocal laser microscopy. The image shown in each panel represents an optical slice near the center 
of the cells. White arrowheads indicate the nuclei. 
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peak and increases the 17.5 minute peak as the peptide dimers are converted to monomers 

(Appendix A1, Figure 1). 

To determine the uptake of unlabeled wrwycr, cell lysates were prepared following 24 

hour incubation with unlabeled peptide at 37oC. The amount of peptide present in each sample 

was determined by integrating the areas under the peaks at 17.5 and 17.75 minutes and 

comparing to a standard curve. The standard curve was constructed by using the total 

(monomer + dimer) areas under the curve from 4 known amounts of peptide standard, from 

0.2 to 20 nmoles (Figure 2-6). Intracellular peptide concentrations were calculated by dividing 

the total peptide in each sample by the number of cells per sample as well as the cell volume. 

The average volume of a J774A.1 cell is 1 picoliter (Closs et al, 1999); the typical volume of 

murine peritoneal macrophages was assumed to be the same.  

Consistent with the microscopy data, higher amounts of total peptide were detected in 

the J774A.1 cells than in peritoneal macrophages (Table 2-1). Unexpected, however, were the 

extremely high intracellular peptide concentrations found in both cell types. Intracellular 

peptide concentrations were 144- to 208-fold higher than the input peptide concentrations in 

J774A.1 cells and 50- to 165-fold higher than the input peptide concentrations in peritoneal 

macrophages (Table 2-1). There was a positive correlation between the overall intracellular 

peptide concentration and the peptide dimer to monomer ratio in J774A.1 cells (Table 2-1). In 

peritoneal macrophages, the peptide dimer to monomer ratios were similar at both 2.5 and 7.4 

mM intracellular peptide concentrations. As the intracellular peptide concentration increased 

to 24.8 mM, the peptide dimer to monomer ratio rises to 11.4 – similar to that observed in 

J774A.1 cells. The ramification of the peptide monomer and dimer distributions in the two cell 

types will be discussed later in the chapter. 
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Figure 2-6. Standard curve used to determine peptide quantity based on the area under the curve. 
0.2 nmole, 1 nmole, 10 nmoles, and 20 nmoles of wrwycr standard were run through the HPLC 
and the total areas under the curves (monomer + dimer) are plotted against each respective peptide 
quantity.  
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The peptide concentrations in the extracellular media were 20% to 36% of the input 

concentrations and were similar between J774A.1 cells and peritoneal macrophages. For the 

most part, the peptide dimer to monomer ratios in the media were similar between the two cell 

types, and remained unchanged from the input peptide solution. In the initial treatment 

solutions, the ratios of peptide dimer to monomer ranged from approximately 3:1 to 6:1. The 

spent media from the 50 µM and 100 µM treatments of both J774A.1 cells and peritoneal 

macrophages remained in this range.  With 150 µM peptide treatment, however, the peptide 

dimer to monomer ratio in media from J774A.1 cells decreased slightly, to 2.5; the ratio in the 

media from peritoneal macrophages more than doubled, to 13.8. The reason for this change in 

the peptide dimer to monomer ratio is not known. 

 

 

Table 2-1. HPLC analysis of intracellular wrwycr concentration. 
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6.721.00.77.4100
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Since the intracellular peptide concentration was calculated based on the number of 

cells at the beginning of the experiment, this poses a potential problem for the analysis of 

J774A.1 cells. Since cell numbers were not determined at the end of the experiment, 

replication and death of the cells were not taken into account. Under conditions that are more 

conducive to cell replication (i.e., 24-hour incubation at 37OC and low peptide concentration), 

the calculated intracellular peptide concentration is likely to be an overestimation. At high 

peptide concentration, where cells are more likely to die than replicate, actual intracellular 

concentrations may have been underestimated. These caveats do not apply to the peritoneal 

macrophages, since they do not replicate in culture and are only marginally sensitive to the 

peptides (discussed below). 

Matrix Assisted Laser Desorption Ionization – Time Of Flight Mass Spectrometry 

(MALDI-TOF MS) was employed to confirm the identity of the peptide wrwycr-dependent 

peaks. HPLC fractions were collected at 12-second intervals, in UV-transparent plates, as the 

cell lysates were eluted from the HPLC column. The fractions suspected to contain the peptide 

were analyzed by mass spectrometry. MALDI-TOF MS analysis showed two prominent peaks 

that correspond to the expected molecular weights for the peptide monomer (968 Da) and 

dimer (1933 Da) (Figure 2-7).  

HPLC was used to quantify the amount of wrwycr taken up by J774A.1 cells in 5 

hours at 4OC to verify the effect of low temperature on peptide uptake that was observed by 

microscopy. Surprisingly, with both 50 and 100 µM peptide treatments, there was virtually no 

difference in the amount of peptide internalized by cells incubated at 37OC compared to those 

incubated at 4OC. With 150 µM peptide treatment, however, there was twice as much peptide 

in the 37OC lysate as in the 4OC lysate (Table 2-2). This is in stark contrast to the microscopy 

results, where lowering the incubation temperature to 4OC abolished all intracellular staining  
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Figure 2-7. MALDI-TOF mass spectroscopy confirmation of peptide identity. Shown is a sample 
MALDI-TOF MS trace from a HPLC fraction suspected to contain peptide wrwycr. The first peak, 
with a mass of 968.44, matches the expected mass of a single wrwycr peptide. The second peak, at 
1933.73, is consistent with the expected mass of 2 peptide monomers linked through a disulfide 
bond.  
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by the rhodamine-labeled peptides. Even more surprising was that when the peptide 

incubation period was extended to 24 hours, with 50 µM treatment, nearly seven times as 

much peptide was found in cells incubated at 4OC compared to those at 37OC (Table 2-2). The 

differences in intracellular peptide concentration between the two incubation temperatures 

decreased with increased peptide treatment concentrations. 

 

 

Table 2-2. Effect of temperature on wrwycr uptake by J774A.1 cells.  

 

 

 

 

 

 

 

 

 

 

Salmonella and wrwycr co-localized in J774A.1 cells  

To determine whether the peptide and Salmonella reach the same subcellular locations 

(compartments) or if they are segregated inside the host cells, we used the rhodamine-labeled 

peptide in conjunction with a strain of Salmonella 14028s (SDT1416) that constitutively 

expressed GFP (Green fluorescence protein). Micrographs revealed the overlap of GFP-

expressing STm with rhodamine-labeled peptide inside J774A.1 cells (Figure 2-8). This  
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Figure 2-8. Co-localization of peptide and Salmonella. J774A.1 cells were infected with GFP-
expressing Salmonella (SDT1416) at an MOI of 5, then incubated with 50 µM rhodamine-
labeled wrwycr (red). Shown are sequential confocal z-series images of optical slices of infected 
J774A.1 cells for 2 separate fields of view (A-D and E-H). Salmonella that did not co-localize 
with peptide appear green (black arrowheads) in all optical slices, while those bacteria that have 
taken up the peptide appear yellow (white arrowheads) in all optical slices. Salmonella that co-
localize with, but did not take up, the peptide appear green in some optical slices and yellow in 
others (arrow).  
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suggests that the peptide should be able to reach the bacteria inside J774A.1 cells and exert its 

antibacterial effects.  It is important to note, however, that some of the Salmonella did not co-

localize with the labeled peptide. In fact, the co-localization patterns between Salmonella and 

the labeled peptide can be divided into three general categories. The Salmonella that had taken 

up the labeled peptide appeared yellow throughout the range of focal planes that span the 

entire thickness of the bacteria, while those that were segregated from the labeled peptide 

appeared green in all focal planes. The Salmonella that was surrounded by, but did not take up, 

the labeled peptide appeared either yellow or green, depending on the focal plane. When the 

focal plane was near the center of the bacteria, they appeared green. When the focal plane was 

near the edge of the Salmonella, the green fluorescence from the bacteria overlapped with the 

red fluorescence from the surrounding peptide, causing the bacteria to appear yellow. 

Approximately half of the intracellular Salmonella had taken up labeled peptide, while another 

third colocalized but had not taken up the peptide. 

 

wrwycr and WRWYCR inhibit Salmonella growth in J774A.1 cells  

In order to test the susceptibility of intracellularly growing Salmonella to peptide, 

J774A.1 cells were infected with STm for 1 hr, washed, and treated with gentamicin to kill the 

bacteria that did not invade. Following the gentamicin treatment, the cells were grown in the 

presence or absence of peptide. The peptide concentrations used were near or slightly higher 

than the MIC values previously determined (Gunderson and Segall, 2006). Initial tests 

confirmed that the d-isoform peptide had a greater effect on bacterial growth than the L-

isoform (Figure 2-9), presumably due to its resistance to degradation. These preliminary 

experiments also showed the antibacterial effects after 24-hour peptide treatments to be more 

pronounced than after 12-hour treatments (data not shown). Therefore, all subsequent 
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experiments were carried out for 24 hours, using the D-isoform of the peptide. We observed a 

peptide-dependent 74% and 96.8% reduction in the number of bacteria recovered with 50 and 

100 µM peptide treatments, respectively, relative to the untreated samples (Figure 2-10). 

From these observations, it was apparent that wrwycr inhibited Salmonella growth in 

tissue culture cells and that the peptide’s antibacterial activity is stable in the presence of 10% 

fetal bovine serum (FBS). However, the very high number of bacteria recovered (in some 

cases >108 cfu/ml in untreated samples; data not shown) suggested that significant bacterial 

growth had occurred in the media and hence the peptide might be exerting its effect only 

extracellularly rather than intracellularly. High bacterial numbers were still detected even after 

3 washes of the infected tissue culture cells. In order to differentiate between intracellular and 

extracellular bacterial growth inhibition, the assay was modified to include gentamicin in the 

media throughout the experiment. This served to limit extracellular STm growth, ensuring that 

any peptide-dependent growth inhibition effect observed occurred intracellularly. 

Figure 2-9. Effects of (L-)WRWYCR and (D-)wrwycr on Salmonella growth. J774A.1 
cells were infected with STm 14028s at an MOI of 1 and incubated with either 
WRWYCR or wrwycr at the indicated concentrations for 12 hours. Shown are the 
average and standard errors of colony counts. Viable colony counts were determined by 
lysing the J774A.1 cells to recover the bacteria, then plating them on LB plates.     
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Figure 2-10. Effects of wrwycr on Salmonella growth in J774A.1 cells. J774A.1 cells were infected 
with STm 14028s at an MOI of 1 then incubated with either 50 µM or 100 µM wrwycr, without 
gentamicin, for 24 hours. Peptide effects were normalized to the DMEM (no peptide) controls. 
Shown are the averaged bacterial growth inhibition and standard errors. The p-values shown are the 
results of Wilcoxon exact 1-tailed tests. *  indicates statistical significance with p<0.05. 
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wrwycr inhibits intracellular Salmonella growth in J774A.1 cells and peritoneal macrophages  

The continued presence of gentamicin in the media resulted in a small reduction of the 

peptide’s bacterial growth inhibitory effects, which decreased from 74% inhibition to 68.5% 

with 50 µM peptide treatment and from 96.8% to 85.1% with 100 µM peptide treatment 

(Figure 2-11). Since peptide wrwycr is dissolved in DMSO (dimethyl sulfoxide), a solvent 

which can affect cell growth at high concentrations, the effects of DMSO on bacterial growth 

were also tested. DMSO appeared to exhibit dose-dependent enhancement of bacterial growth. 

These effects, however, were not statistically significant. The peptide inhibited intracellular 

bacterial growth in a concentration-dependent manner. Although peptide treatments 

significantly reduced Salmonella growth relative to the untreated samples, they did not reduce 

the bacterial numbers below that of the initial inoculum, suggesting that the peptide is 

bacteriostatic rather than bacteriocidal inside host cells or that intracellularly, the bacteria are 

exposed to an insufficient amount of (active) peptide due to differential localization. Due to 

the cytotoxic effects (discussed later in this section and the Discussion section), peptide 

concentrations higher than 100 µM were not tested in J774A.1 cells.  

J774A.1 macrophage-like cells resemble inactivated macrophages and are very 

permissive for Salmonella growth. Since wrwycr was able to enhance their limited ability to 

inhibit intracellular Salmonella growth, we tested whether wrwycr can similarly enhance the 

bacterial growth inhibition ability of thioglycolate-elicited murine peritoneal macrophages, 

which are activated for killing responses. While the peptide still exhibited dose-dependent 

inhibition of bacterial growth, it was less potent in the peritoneal macrophages than in the 

J774A.1cells. Bacterial growth was reduced by 34% and 45% with 50 µM and 100 µM 

peptide treatments, respectively. Equivalent concentrations of DMSO did not significantly 

affect intracellular bacterial growth.  Treatment with 150 µM wrwycr yielded a 72.3% 
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reduction in bacterial growth compared to the DMEM treated cells (Figure 2-12). Relative to 

the 1.5% DMSO treatment, which resulted in significantly higher bacterial growth than the 

DMEM treatment, 150 µM wrwycr reduced intracellular Salmonella growth by nearly 83%. 

The peptide also appears to be bacteriostatic in the peritoneal macrophages, as none of the 

peptide treatments reduced bacterial numbers below that of the initial inoculum. 

 

Inferring DNA damage from the bacterial SOS response  

Having demonstrated that peptide wrwycr is capable of inhibiting Salmonella growth 

in tissue culture cells, as it does in test tubes, we wanted to test whether the mechanism of 

inhibition is also the same. We used a reporter-based assay, using a Salmonella strain 

(AT14028s Φ(sulA+-lacZY+)111, aka G785, was a generous gift from Dr. James Slauch, 

University of Illinois) carrying the lacZ gene driven by the sulA promoter, to infer DNA 

damage. The fluorogenic substrate C12FDG allowed the identification of bacteria that have 

induced the SOS response, using flow cytometry, by assaying β-galactosidase (β-gal) activity. 

The lipophilic 12-carbon moiety helps the otherwise non-membrane permeable FDG 

(fluorescein di-β-D-galactopyranoside) to penetrate the cell membrane. Once inside the cell, 

the galactopyranosides are cleaved by β-galactosidase, liberating the fluorescein molecules. 

The fluorescein is trapped inside cells, presumably through the interactions of the long carbon 

chain with the lipid-bilayer. 

In order to evaluate the usefulness of the C12FDG substrate and to determine the best 

incubation time, mitomycin C (MMC), a DNA crosslinking agent known to induce the SOS 

response, was added to Salmonella cultures for 3 hours during the exponential growth phase to 

induce DNA damage. STm were then incubated with the C12FDG substrate for various 
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Figure 2-11. Effects of wrwycr on intracellular Salmonella growth in J774A.1 cells. J774A.1 cells 
were infected with STm 14028s at an MOI of 1 then incubated with either 50 µM wrwycr (d8), 100 
µM wrwycr or with equivalent concentrations of the peptide carrier, DMSO for 24 hours. Fifteen 
µg/ml gentamicin was included in the peptide treatments to prevent extracellular bacterial growth, 
ensuring the peptide effects observed were due to the inhibition of intracellular Salmonella growth. 
DMSO and peptide effects were normalized to the DMEM (no peptide) controls. Shown are the 
averaged bacterial growth inhibition and standard errors. The dashed line represents the initial 
inoculum at T=0 hrs. The p-values shown are the results of Wilcoxon exact 1-tailed tests.  
*  indicates statistical significance with p<0.05. 
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Figure 2-12. Effects of wrwycr on intracellular Salmonella growth in peritoneal macrophages. 
Peritoneal macrophages were infected with STm 14028s at an MOI of 1, then incubated with the 
indicated concentrations of wrwycr for 24 hours. Fifteen µg/ml gentamicin was included in the 
peptide treatments to prevent extracellular bacterial growth. Viable colony counts were 
determined by lysing the macrophages to recover the bacteria and then plating them on LB 
plates. DMSO and peptide effects were normalized to the DMEM (no peptide) controls. Shown 
are the averaged bacterial growth inhibition and standard errors. The dashed line represents the 
inititial inoculum at T=0 hrs. The p-values shown are the results of Wilcoxon exact 1-tailed tests. 
*indicates statistical significance with p<0.05. 
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durations and analyzed by flow cytometry. Greater than 60% of AT14028s Φ(sulA+-

lacZY+)111 cells were positive for β-gal activity following the 0.5 µg/ml MMC treatment 

(Figure 2-13). By comparison, less than 1% of the cells that were either not treated with MMC 

or did not carry the sulA+-lacZ construct (G488) were positive for β-gal activity (Figure 2-13). 

In order for the Salmonella to efficiently take up C12FDG, 0.2 mM EDTA was added to the 

C12FDG solution to destabilize the outer membrane. At this concentration, EDTA by itself did 

not induce the SOS response (data not shown). 

The ability of wrwycr to induce FDG fluorescence using this assay, in vitro, was also 

tested. With 50 µM and 100 µM wrwycr treatments, the fraction of β-gal-positive cells peaked 

after 2-hours incubation with the C12FDG substrate and decreased to near zero by 3 hours. 

With 150 µM peptide treatment, the fraction of β-gal-positive cells was highest after 1-hour 

incubation with C12FDG, then steadily, decreased to zero by 3 hours (Figure 2-14). 

 

wrwycr effects on intracellular bacterial DNA damage  

 To test whether peptide treatments accumulated DNA damage in intracellular bacteria, 

as manifested by the induction of the SOS response, we performed the invasion assay using 

the G785 strain. The bacteria collected from the murine cells were incubated with C12FDG and 

analyzed on the flow cytometer for induction of the SOS response. The peptide effect on 

bacterial growth was tested in parallel by taking a small aliquot from each sample for colony 

count determination. While the colony count results were consistent with earlier findings, the 

SOS-induction results were inconclusive (see appendix A-2 for more discussion).   

 

 

 



                                                                                                                                   42  

 

 

 

Figure 2-13. FDG fluorescence as a measure of the SOS response. Expression of β-
galactosidase from the sulA promoter due to SOS induction causes the cells to appear 
green by converting C12FDG to FDG. Treatment of Salmonella G785 (AT14028s 
Φ(sulA+-lacZY+)111) with 0.5 μg/ml MMC resulted in the expression of β-galactosidase 
(red triangle). G488, which do not carry the lacZ construct, and G785 not treated with 
MMC do not express β-galactosidase (diamonds). 
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Figure 2-14.  Treatment with wrwycr induces the SOS response in Salmonella. Salmonella 
G785 were incubated with the indicated concentrations of wrwycr for 4 hours, then 
resuspended in 33 µM C12FDG with 0.2 mM EDTA. Aliquots were taken at 1 hour intervals 
and analyzed by flow cytometry. Maximum FDG signal was detected at 2 hours incubation 
with the substrate.   
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Effects of wrwycr on intracellular bacterial growth and DNA damage at 10 MOI   

Use of antibodies against Salmonella LPS revealed that up to 97% of the particles 

from cell lysates that were considered to be bacteria, based on their forward and side scatter 

properties, were in fact not bacteria. At the risk of altering the stoichiometry of bacteria to 

peptide, the MOI was increased by 10 fold to increase the number of intracellular bacteria and 

facilitate our analysis. Time points were taken at 4 and 24 hours post infection to track the 

changes in both bacterial numbers and the induction of the SOS response.  

 At 4 hours post infection, intracellular Salmonella in cells grown in the absence of 

treatments had increased by 8 fold, with about 1.1% of them having induced the SOS response 

(Figure 2-15, panels A and C). Neither Salmonella growth nor SOS induction were affected by 

0.5% DMSO nor 50 µM wrwycr treatments. Treatments with 1% DMSO had no effect on 

bacterial growth but did result in a smaller fraction of SOS-positive bacteria increased growth; 

1.5% DMSO treatment resulted increased bacterial growth and decreased SOS induction. One 

hundred µM peptide treatment resulted in significant increase of SOS-positive Salmonella and 

decrease in growth, when compared to the 1% DMSO treatments but not the DMEM control. 

Treatment with 150 µM wrwycr resulted in significantly less intracellular Salmonella growth 

and greater SOS induction, compared to both the DMSO and DMEM treatments.  

By 24 hours post infection, intracellular Salmonella in cells grown in the absence of 

treatments had increased by over 244 fold, a more than 30 fold increase since the 4 hour time 

point (Figure 2-15B). On average, only 0.6% of these bacteria were SOS-positive. Once again, 

the Salmonella grew more in 1% and 1.5% DMSO-treated host cells with fewer activating the 

SOS response. Treatments with 100 µM and 150 µM peptide inhibited intracellular 

Salmonella growth by at least 99% (Figure 2-15B). These treatments also resulted in  
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Figure 2-15. Effects of wrwycr (d8) on intracellular Salmonella growth and SOS induction in 
J774A.1 cells are more pronounced with higher MOI. J774A.1 cells were infected with Salmonella at 
an MOI of 10, then incubated with the indicated treatments for either 4 hours or 24 hours. Fifteen 
µg/ml gentamicin was included in the treatments to prevent extracellular bacterial growth. Panels (A) 
and (B) show the colony counts of intracellular Salmonella from J774A.1 cells at 4 and 24 hours 
post-infection, respectively. The fraction of SOS-positive bacteria is shown in (C). For all panels, 
each data point shown represents the colony counts obtained from a single well, with the means 
indicated by the horizontal bars. The p-values shown are the results of Wilcoxon exact 1-tailed tests. 
*  indicates statistical significance with p<0.05. 
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significantly higher fractions of SOS-positive Salmonella (Figure 2-15C). Despite >99% 

decrease in growth, the peptide treatments did not reduce bacterial levels much below that of 

the initial inoculum. 

 

wrwycr toxicity towards J774A.1 cells and peritoneal macrophages   

To determine whether the peptide effects are direct on bacteria or indirect due to their 

toxicity to the host cells, we assessed the effect of the peptides on eukaryotic cells using the 

MTT metabolic assay as an indicator of their viability. In the MTT assay, in which the yellow 

MTT (thiazolyl blue tetrazolium bromide) compound is reduced to a purple formazan 

derivative by lactate and succinate dehydrogenases (Mosmann, 1983). Compared to DMEM, 

50 µM treatment did not reduce J774A.1 cell metabolic activity (Figure 2-16A). Surprisingly, 

0.5% DMSO treatment resulted in a borderline-significant increase of nearly 29%. While 100 

µM wrwycr treatment resulted in a 17.3% decrease in J774A.1 cell metabolic activity 

compared to DMEM, virtually the same effect was observed with 1% DMSO treatment – the 

amount of peptide solvent present at 100 µM wrwycr. The peritoneal macrophages were much 

less sensitive to the peptide. Up to 100 µM wrwycr and 1.5% DMSO had no significant effect 

on peritoneal macrophage metabolic activity (Figure 2-16B). Treatment with 150 µM, 

however, resulted in a significant increase of 18% in the metabolic activity of peritoneal 

macrophages (Figure 2-16B). This may indicate a peptide-dependent reduction in the cells’ 

respiratory activities (see Discussion). 

While the MTT reduction assay showed that wrwycr, at 100 µM, has detrimental 

effects on the overall metabolic activity of J774A.1 cells, it is unclear whether 17% of the 

cells died and were therefore metabolically inactive or if there was a 17% decrease in the 

metabolic activity in all cells. The increase in the metabolic activity of peritoneal macrophage 
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with peptide treatment also raises the question whether the full extent of the peptide toxicity to 

J774A.1 cells is being masked by the increased metabolic activity of a subpopulation of cells.  

To address these questions, we tested the viability of individual cells rather than 

populations of cells. This was accomplished by staining peritoneal macrophages and J774A.1 

cells using the Invitrogen Live/Dead Viability/cytotoxicity Kit for mammalian cells and 

analyzing each cell individually with a flow cytometer. The Live/Dead Viability/Cyotoxicity 

kit discriminates between live and dead cells based on both membrane integrity and enzymatic 

activity. Live cells have functional esterases that cleave the non-fluorescent membrane-

permeant calceinAM compound to produce the green fluorescent molecule calcein; their intact 

membranes keep out the membrane-impermeant fluorescent red dye, ethidium homodimer 

(Figure 2-17C). Dead cells, on the other hand, allow entry of ethidium homodimer but lack 

active esterases to generate calcein (Figure 2-17B).  

Treatment of J774A.1 cells with 100 µM wrwycr resulted in 35% cell death, a larger 

effect than seen with the MTT reduction assay. Peritoneal macrophages were much less 

sensitive to the peptide, just as the MTT reduction assay suggested (Table 2-3). Cells that were 

positive for both Calcein and ethidium homodimer were in the earlier stages of death; they 

were not able to recover when they were re-plated in peptide-free media. 
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Table 2-3. Effect of wrwycr on murine macrophage and macrophage-like cell viability. 

Cells were stained using the Live/Dead kit for mammalian cells (Invitrogen) after 24-hour peptide 
treatment, then analyzed for viability by flow cytometry. 
 
NT= not tested. 

% Live cells % Dead cells
J774A.1 cells:

DMEM 95.6 ± 1.0 1.7 ± 0.8
0.5% DMSO NT NT

50 µM wrwycr 93.0 ± 0.2 4.3 ± 0.3
1% DMSO NT NT

100 µM wrwycr 58.9 ± 5.0 35.3 ± 4.6

Peritoneal mФ:
DMEM 94.1 ± 1.1 4.3 ± 0.6

0.5% DMSO 94.8 ± 03 3.2 ± 0.1
50 µM wrwycr 94.2 ± 0.5 3.2 ± 0.6

1% DMSO 93.9 ± 0.3 3.5 ± 0.5
100 µM wrwycr 94.4 ± 0.4 3.1 ± 0.2

1.5% DMSO 94.9 ± 0.6 3.3 ± 0.6
150 µM wrwycr 87.9 ±4.1 9.2 ± 4.6  
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Figure 2-16.  Effects of wrwycr on host cell viability, as determined by the MTT reduction assay. 
(A) J774A.1 cells and (B) peritoneal macrophages were grown in 96-well plates and treated with 
the indicated concentrations of wrwycr and DMSO for 24 hours. Following treatment, cells were 
allowed up to 3 hours to convert MTT to formazan, which is measured by absorbance (OD 575). 
The effects of the treatments were normalized to the untreated (DMEM). Shown are the averaged 
effects of the treatments on cell viability and the standard errors. The p-values shown are the 
results of Wilcoxon exact 1-tailed tests. *  indicates statistical significance with p<0.05. 
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Figure 2-17.  Sample dot plots from flow cytometric analysis of wrwycr effects on J774A.1 cell 
viability using the Live/Dead kit. Following 24 hour incubation with the appropriate treatments, 
J774A.1 cells were stained with the Live/Dead kit and analyzed by flow cytometry. (A) Cells not 
stained with the Live/Dead stain do not auto-fluoresce. (C) Live cells appeared green based on 
their ability to generate Calcein from Calcein-AM and to keep out ethidium homodimer. (B) Dead 
cells were unable to process Calcein-AM and were stained red with ethidium homodimer. (D) 
Following 24 hour incubation with peptide wrwycr, we observed J774A.1 cells that were stained 
green, red, as well as those that were double-stained.  
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Discussion  

In this chapter, I examined the uptake of peptide wrwycr by murine cells and its 

effects on both the bacterial pathogen Salmonella and the murine host cells.  

 

Peptide uptake 

Peptide wrwycr readily entered J774A.1 murine macrophage-like cells at low 

micromolar concentrations within minutes. Entry into peritoneal macrophages was much less 

efficient; up to 10 times higher concentration of rhodamine-labeled-peptide was needed to see 

intracellular staining. Uptake of labeled peptide by J774A.1 cells was greatly reduced, but not 

eliminated, by the endocytosis inhibitor wortmannin. It is possible that the peptides also 

entered cells by increasing plasma membrane permeability, using mechanisms similar to those 

of other cationic antimicrobial peptides such as melittin (Christensen et al, 1988; Matsuzaki et 

al, 1997; reviewed by Brogden, 2005).  

While the rhodamine-labeled peptide was useful in providing the initial uptake data 

that suggested the peptide’s ability to enter murine macrophages, it possesses two significant 

limitations. One problem is that the microscopy-based approach does not lend itself well to 

quantitating the amount of peptide internalized. The second major drawback of the labeled 

peptide is that its behavior may not be an accurate reflection of the unlabeled peptide. For 

these reasons, we used HPLC for quantifying unlabeled peptide internalized in cells. HPLC 

analysis revealed that the intracellular peptide concentrations were several hundred times 

higher than the input concentrations, suggesting that the peptide must be concentrated in the 

cells. Fifty, 100, and 150 nmoles of peptide are present in 1 ml of the 50, 100, and 150 µM 

peptide treatments, respectively. Typically, the amount of total peptide recovered (in the lysate 

+ spent media) at the end of the 24 hour incubation at 37OC ranged from 7 to 65 nmoles, 



                                                                                                                                   52  

 

accounting for approximately 14 to 43% of the total peptide added (data not shown). The rest 

of the peptide was most likely bound to membranes or sequestered in various vesicles and lost 

in the cell debris pellet. Degradation of the side chains, rather than the peptide backbone (since 

I used a D-peptide), may be another explanation for some of the peptide loss.   

The HPLC and the microscopy data agreed that peptide wrwycr enters J774A.1 cells 

more readily than peritoneal macrophages at 37OC. The greater endocytosis/pinocytosis may 

be a reflection of the rapidly-proliferating nature of the J774A.1cells. However, while no 

rhodamine-labeled peptide was visible in J774A.1 cells when incubated for 5 hours at 4OC, 

HPLC analysis showed the uptake of unlabeled peptide to be essentially unaffected at the 

lower temperature. This discrepancy suggests that the properties and uptake of the labeled and 

unlabeled peptides may be quite different. Using HPLC analysis after 24 hour peptide 

treatment, more peptide was found in cells incubated at 4OC than those at 37OC (Table 2-2). 

One possibility is that the cell membrane integrity was compromised during the extended 

incubation at 4OC, thus allowing more peptide to enter the cell. A trypan blue dye exclusion 

assay, however, showed this not to be the case in HeLa cells. Another possible explanation is 

that at 37OC wrwycr is removed from the cell by temperature-dependent efflux pump(s), 

which are inactive at 4OC, allowing the peptide to accumulate over time. 

That the ratio of peptide dimer to monomer increases with the concentration of 

peptide treatments, and thus overall intracellular peptide concentration, suggests that peptide 

dimers are reduced to monomers at a finite rate inside the cells. One explanation for the lower 

dimer:monomer ratio, with 50 µM and 100 µM peptide-treatments, in peritoneal macrophages 

than J774A.1 cells is that the peritoneal macrophages reduce peptide dimers to monomers with 

greater efficiency than J774A.1 cells. A more likely explanation is that both cell types have 

similar capacity in reducing peptide dimer to monomer, but a lower proportion of dimer was 
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found in the peritoneal macrophages because they took up less peptide at these concentrations 

than J774A.1 cells. This latter explanation is supported by the similar dimer:monomer ratio 

found in the two cell types with 150 µM peptide-treatment, when the peptide is abundant in 

both (Table 2-1). The peptide distribution was not uniform throughout the cell. In both the 

nucleus and cytoplasm there are areas of peptide punctations as well as regions with no 

peptide staining. We do not yet know what these areas are, but the punctate appearance of the 

peptide inside the cells suggests it may be sequestered into vesicles. The general distribution 

pattern of the peptide, however, was reminiscent of that of cytochrome C oxidase (Nakagawa 

and Miranda 1987; Varlamov et al, 2002), suggesting that the peptide may accumulate in or 

around the mitochondria. 

 

Peptide effect on Salmonella growth inside murine macrophages  

Peptide wrwycr exhibited dose-dependent inhibition of Salmonella growth in both 

J774A.1 cells and peritoneal macrophages, while the peptide solvent DMSO increased 

bacterial growth. While wrwycr, at the highest concentrations tested, reduced intracellular 

Salmonella growth by 85% in J774A.1 cells and 83% in peritoneal macrophages compared to 

DMEM controls, it did not significantly reduce bacterial numbers below the initial inoculum. 

This indicates that the peptide is effectively bacteriostatic against intracellular Salmonella, in 

contrast to its bacteriocidal activity in vitro (Gunderson and Segall, 2006). This may be due to 

an ineffective dose of peptide being able to reach the bacteria. Since the intracellular peptide 

concentration is at least 20 times the in vitro bacteriocidal concentration, it suggests that most 

of the intracellular peptide is not available to the Salmonella. 

The potency of peptide wrwycr against Salmonella in the murine peritoneal 

macrophages was less than in J774A.1 cells. We had, in fact, expected to see greater peptide 
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killing of Salmonella in peritoneal macrophages than in the J774A.1 cells due to their greater 

oxidative burst response upon stimulation by Salmonella (Chadfield and Olsen, 2001). The 

reasons for the anticipated increase in peptide potency were two-fold. First, we expected the 

greater oxidative response to result in greater bacterial DNA damage, leading to an increased 

concentration of repair intermediates and thus more peptide targets (Gunderson and Segall, 

2006); indeed, treatment of E. coli with hydrogen peroxide and peptide yields synergistic 

killing (Y. Xu and A. Segall, unpublished results). Second, a more oxidized environment 

should favor formation of dimers, the most active form of the peptide (Boldt et al, 2004).  

Several factors may have contributed to the deviation from our original expectation. 

The main reason, however, was that the peptide did not enter peritoneal macrophages as 

efficiently as it did J774A.1 cells. When the bacterial growth inhibition effects were 

normalized to the intracellular peptide concentration, peptide wrwycr was indeed more potent 

against Salmonella growth in peritoneal macrophages than in J774A.1 cells. 

 To address a potential mitochondrial contamination issue (see appendix A-2 for more 

discussion), we used antibodies against Salmonella LPS to discriminate bacteria from 

mitochondria. Use of the antibodies confirmed our suspicion that a large portion (up to 97% in 

some cases) of what were considered to be bacteria, based on their forward and side scattering 

properties, may not in fact be bacteria (Data not shown). As expected, the percentage of 

contaminating debris was greater with treatment conditions that inhibited Salmonella growth. 

In light of this, we repeated the invasion assay with a 10-fold higher MOI to ameliorate the 

effects of these contaminating particles – at the risk of altering the ratio of peptide to bacteria. 

We were concerned that decreasing the peptide to bacteria ratio may diminish the peptide’s 

antibacterial effect. So far, however, the higher initial bacterial numbers do not appear to 
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attenuate peptide potency. In fact, peptide wrwycr’s effects on both intracellular Salmonella 

growth and SOS induction were more pronounced at this higher MOI. 

At 4 hours post infection, peptide treatments resulted in dose-dependent decreases in 

Salmonella growth and parallel increases in SOS induction, while DMSO treatments increased 

bacterial titer and decreased SOS induction, compared to media-treated cells. In the absence of 

peptide wrwycr, essentially all the intracellular Salmonella had terminated the SOS response 

by 24 hours post infection. The decrease in SOS-positive bacteria, coupled with increasing 

numbers – >30-fold increase since the 4-hour time point – in bacterial numbers indicates that 

the intracellular Salmonella were able to recover from the host cells’ initial oxidative insults. 

Therefore the termination of the SOS response is likely due to the successful repair of the 

DNA damage rather than the death of the bacteria. The presence of peptide wrwycr resulted in 

concentration-dependent reduction in bacterial growth and increase in the fraction of SOS-

positive bacteria. Presumably the accumulation of DNA damage led to the eventual death of 

the bacteria. These results provide support for our hypothesis, that inhibition of DNA repair is 

a mechanism of in vivo bacterial growth inhibition by peptide wrwycr. Given the inhibition of 

β-galactosidase activity and the quenching of green fluorescence by wrwycr (see appendix A-

2 for discussion), it is likely that these results underestimate the actual magnitude of SOS 

induction. This is not to say, however, that we have ruled out all other possible mechanisms of 

intracellular bacterial growth inhibition. 

 

Effect of wrwycr on murine host cells 

One of the difficulties of working with this model system is that Salmonella grows 

faster outside than inside the murine host cells. If not controlled, the growth of extracellular 

bacteria would quickly drown out any intracellular effects. Our solution was to include low 
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concentrations of gentamicin in the media to inhibit extracellular Salmonella growth. This, 

however, raises the question of whether the peptide is directly inhibiting the growth of 

intracellular bacteria or if the peptide is killing the host cells and releasing the Salmonella into 

the media, where they are killed by gentamicin. 

It is unlikely that the antibacterial effect of peptide wrwycr is solely a consequence of 

host cell toxicity, since there was no significant decrease in J774A.1 cell viability at 50 µM 

peptide concentration, while the intracellular bacterial growth decreased significantly. Peptide 

treatments, up to 150 µM, did not significantly decrease peritoneal macrophage viability but 

reduced intracellular Salmonella growth by up to 93% - relative to its solvent equivalent 

control. The peptide concentration-dependent increases in the fraction of intracellular 

Salmonella that induced the SOS response also provides evidence that wrwycr has a direct 

effect on the bacteria. However, it can not be ruled out that host cell toxicity may contribute to 

the overall antibacterial effects of wrwycr in J774A.1 cells, since 100 µM peptide treatment, 

which killed up to 35% of the host cells, also resulted in significantly greater reduction in 

bacterial growth.  

 Peptide toxicity to the murine cells was initially assessed by the MTT reduction assay, 

a common test of cell viability in the antibiotic development field. Since this assay is based on 

the conversion of MTT to formazan by lactate and succinate dehydrogenase, it is really a 

measure of the metabolic activity rather than viability per se. As such, it can not reveal 

whether the peptides are causing reduction of metabolic activity or loss of viability in J774A.1 

cells. Furthermore, if wrwycr stimulates the metabolic activity of some of the J774A.1 cells as 

it does in the peritoneal macrophages, it could mask the loss of MTT reduction activity of the 

dead cells, thus reporting an artificially low peptide toxicity. 
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We do not know the reason for the increase in peritoneal macrophage metabolic 

activity at 150 µM peptide treatment. One possibility is that the peptide somehow influences 

signaling cascades within the host cells (e.g., Tjabringa et al, 2003; reviewed by Ramanathan 

et al, 2002), leading to greater metabolic activity. Alternatively, the peptide may increase 

membrane permeability and/or uptake thus facilitating the procurement of nutrients and/or 

growth factors that improve cellular functions. The stimulatory effect of the peptide also raises 

the question of whether the increase in bacterial growth inhibition is due directly to the 

peptide’s antimicrobial activity or indirectly to an increase in the killing capacity of the 

macrophages. Although the stimulation of macrophage activity may contribute to the overall 

effect, it is unlikely to be the primary mode of peptide-dependent bacterial growth inhibition. 

If it were, one would expect a correlation between increased metabolic activity and greater 

bacterial growth inhibition, which was not seen. There was a peptide dose-dependent decrease 

in bacterial growth, from 50 µM to 150 µM peptide treatments, but only the 150 µM peptide 

treatment resulted in a significant increase of MTT reducing activity in the peritoneal 

macrophages.  

Flow cytometry and the Live/Dead Viability/Cyotoxicity kit were used to address 

whether the peptide treatments resulted in the loss of viability of individual cells or the 

reduction of metabolic activity of a population of cells. The Live/Dead analysis revealed 

greater cell death than the MTT assay, indicating that wrwycr is cytotoxic to J774A.1 cells. 

Consistent with the MTT results, wrwycr was not toxic to peritoneal macrophages.  

Nuclear entry and interference with the repair of endogenous DNA damage may be 

the basis of the peptide’s toxicity in mammalian cells (Chapter 3, ms. in preparation; S. Patra 

and A. Segall, unpublished data). Rapidly replicating cells have higher levels of endogenous 

DNA damage, and should therefore be more sensitive to the toxic effects of the peptide. This 
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may be another factor why the peptide is more toxic to J774A.1 cells than the peritoneal 

macrophages. Slower and reduced entry into the nucleus may also spare the host cells from the 

peptide’s predominant toxic effects. This is supported by the greater toxicity of peptides with 

9 N-terminal arginines added, a tag which promotes permeability in mammalian cells (Futaki 

et al, 2001). These further modified peptides enter cells and concentrate in the nucleus 

extremely efficiently, and are much more cytotoxic than the “native” peptides (Chapter3; D. 

Fujimoto, and A. Segall, unpublished data). Reducing nuclear permeability without decreasing 

the binding activities towards branched DNA repair intermediates should decrease the toxicity 

of these antibiotics and enhance their usefulness.  

Performing the invasion assay using a peptide-resistant strain of Salmonella would 

have been the simplest way to test the causal relationship between wrwycr and growth 

inhibition. Peptide wrwycr would have no effect on the bacteria, so any reduction in growth 

observed can be attributed to host cell toxicity or some other indirect consequence of the 

peptide; the absence of growth inhibition, on the other hand, would support the direct 

inhibition of bacterial growth by the peptide. Unfortunately, so far no single gene mutation has 

been found to confer resistance against the peptide (see below for more discussion). The lack 

of a peptide-resistant mutant necessitates more elaborate ways to test causality. One way is to 

couple the peptide, through a Ruthenium(II) bipyridal complex, to a biotin derivative – such as 

biotin-LC-hydrazide. The Ruthenium(II) bipyridal complex functions as a caging complex that 

is photolabile to 470 nm light, to which the biotin and peptide wrwycr can be attached through 

their amine groups (Zayat et al, 2006). Rhodamine is approximately the combined weight of 

the Ruthenium complex and biotin, when conjugated to wrwycr, it reduced the peptide’s 

ability to inhibit recombination by 20-fold. By complexing wrwycr to Ruthenium bipyridal 

and biotin, there should be enough added bulk to hinder peptide binding to DNA targets. The 
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additional weight should not be detrimental to peptide uptake, however. In fact, biotin has 

been shown to enhance peptide uptake by both mammalian cells (Chen et al, 1995) and 

Salmonella Typhimurium (Walker and Altman, 2005). Once the complex has been taken up, 

exposure to 470 nm (visible) light liberates the peptide wrwycr, allowing it to bind to DNA 

repair intermediates. We expect treatment with the caged peptide, in the absence of 470 nm 

light, to have no inhibitory effect on intracellular Salmonella growth. Exposure to 470 nm 

light, however, should liberate the peptide from the caging complex, allowing it bind to DNA 

repair intermediates and inhibit Salmonella growth. One caveat is that the presence of the 

caging complex may alter the subcellular localization of the peptide. 

Peptide wrwycr’s activity in inhibiting intracellular Salmonella growth makes it a 

promising lead compound for a novel class of antibiotics, one that targets DNA repair. Our 

data suggest that the peptide will be effective against many bacterial pathogens, particularly 

against gram positive pathogens, given its lower MIC values (8-32 µg/ml) values against S. 

aureus, Bacillus, Lactococcus and Group A Streptococcus, L. monocytogenes, and 

Mycobacterium marinum (Gunderson and Segall, 2006; data not shown; C. Gunderson, I. 

Naili, and A. Segall, unpubl. results; G. Broussard and D. Ennis, unpubl. results). The peptide 

binds to branched DNA molecules, with the highest affinity for Holliday junctions (Kd = 12 

nM) and 5-10X lesser affinities for complete or partial replication forks (those that have only 

the leading or the lagging strand) (Kepple et al, 2005; Kepple et al, 2008). Such structures are 

expected to arise when replication forks collapse by encountering double-strand breaks, nicks 

or gaps, covalent protein-DNA intermediates such as those during abortive topoisomerase 

reactions, and interstrand crosslinks (Cox et al, 2001; Michel et al, 2004). Presumably because 

these branched DNA structures arise in several independent ways and because the peptide 

does not depend on peptide uptake systems for transport (Gunderson and Segall, 2006; 
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Orchard and Segall, unpublished results), spontaneous mutants that become resistant to the 

peptide are very rare, fewer than 1 in 1010 (J. Patelzick and A. Segall, unpublished results). 

Even if they arise, bacterial mutants defective in DNA repair would be hypersusceptible to 

killing by the immune system (Buchmeier et al, 1993; Buchmeier et al, 1995; Cano et al, 

2002). The main disadvantage of the peptide’s targets is that DNA repair intermediates in 

bacteria may be similar enough to those in the mammalian host to cause toxic side effects. 

However, as discussed above, inefficient nuclear transport and chromatin structure itself may 

protect eukaryotic host cells; these features may be improved upon when designing future 

generations of these antimicrobial compounds in order to increase the difference in toxicity 

between bacteria and mammalian cells.  

 

 

 

 

Chapter 2, in part, is being prepared for submission for publication of the materials as 

it may appear.  Su, Leo Y., Naili, Ilham, Hall, Dana L, Segall, Anca M. The dissertation 

author was the primary investigator and author of this paper. 
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CHAPTER 3 

EFFECTS OF WRWYCR ON MAMMALIAN 

CELLS 

Introduction 
 

Like bacteria, mammalian cells also experience frequent DNA damage and collapsed 

replication forks. Many of these events are thought to be repaired by similar mechanisms as 

those in bacteria. As such, they may have similar repair intermediates that could be targets for 

wrwycr, although close eukaryotic homologs of the RecG helicase or the RuvABC enzymes 

have not been identified. However, in addition to being enclosed by the nuclear envelope, the 

organization of the eukaryotic chromosome is also quite different from its bacterial 

counterpart. Eukaryotic DNA is organized into nucleosomes, basic units composed of DNA 

wrapped around a core of histone proteins, and higher order structures. Two copies of each of 

the 4 types of histone proteins, H2A, H2B, H3, and H4, make up the octameric histone core. 

The flexible amino termini of histone proteins, the histone tails, are subject to a number of 

modifications such as acetylation, methylation, and phosphorylation, that are crucial to 

essential DNA metabolic processes including synthesis, transcription, and repair (for a recent 

review see Bártová et al, 2008).  

 H2AX, a variant of the H2A family of histone proteins, also has a carboxy terminal 

tail that is phosphorylated at serine 139 in response to double-stranded DNA breaks (Rogakou 

et al, 1998). Phosphorylation of H2AX by the phosphoinositide (PI)-3 family of protein 

kinases, specifically ATM, ATR, and DNA-PK, is an essential step in the recruitment of repair  
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factors to the site of DNA damage (Paull et al, 2000; Refer to chapter 1 for a short summary 

on the various eukaryotic repair pathways). 

HeLa cells, derived from a cervical carcinoma in 1951 (Gey et al, 1952), were used to 

further study the effects of peptide wrwycr on mammalian cells. HeLa cells have been a staple 

in the research of mammalian cell processes (see Masters, 2002 for a perspective on HeLa 

cells) and were chosen over the J774A.1 cells for these experiments in large part because of 

the wide body of work on DNA repair that has been compiled using them.  

If peptide wrwycr is able to enter the nucleus of HeLa cells, we hypothesized it can 

bind to and inhibit the resolution of DNA repair intermediates, as it does in bacteria, in vitro. 

Our strategy for testing this hypothesis was to look whether synergy exists between wrwycr 

and DNA damage-inducing agents, using a variety of assays. The cell’s attempt to repair the 

damage should result in increased peptide targets, leading to greater peptide effects at 

concentrations of the individual compounds that would have little or no effect. 

 The two DNA damaging-agents used were etoposide and hydroxyurea. They both 

generate DSBs, but by distinct mechanisms. Etoposide (aka VP-16) is a topoisomerase II 

poison that stabilizes the covalent protein-DNA complex following DNA cleavage, leading to 

the formation of DSBs (Chen et al, 1984; Tanabe et al, 1991; reviewed by Van Maanen et al, 

1998; Treszezamsky et al, 2007). Approved by the FDA in 1983, etoposide is used in the 

treatment of a wide variety of cancer types and continues to be one of the most widely 

prescribed anticancer drugs (reviews by Hande, 1998; Holden, 2001; Baldwin and Osheroff, 

2005). Etoposide treatment has been shown to activate cell cycle check points (Montecucco et 

al, 2001; Costanzo et al, 2003) and to induce DNA repair by both NHEJ as well as 

recombination-dependent pathways (Adachi et al, 2003; Lundin et al, 2003; Adachi et al 2004; 

Malik et al, 2006;  reviewed by Montecucco, 2006 and Fan et al, 2008). Cells defective in 
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recombination repair, including those with mutations in RPA, BRCA1, BRCA2, and Rad51, 

are hypersensitive to etoposide treatment (Hansen et al, 2003; Binz et al, 2004; Treszezamsky 

et al, 2007). NHEJ appears to play a larger role in the repair of etoposide-induced DNA breaks 

in mammalian cells (Valerie and Provik, 2003). NHEJ-deficient cells that lack ARTEMIS, Ku 

70/80, and especially DNA Ligase IV, are hypersensitive to etoposide (Adachi et al, 2003; 

Adachi et al, 2004; Iraimoudi et al, 2005; Kurosawa et al, 2008).  

Hydroxyurea is a ribonucleotide reductase inhibitor (reviewed by Yarbro, 1992). 

Ribonucleotide reductase catalyzes the reduction of ribonucleotides to deoxyribonucleotides, a 

rate-limiting reaction in DNA synthesis (Thelander and Reichard, 1973; Wright, 1983). 

Inhibition of ribonucleotide reductase prevents the replenishment of the deoxyribonucleotide 

(dNTP) pool in cells and in consequence this shortage results in the stalling of replication 

forks. Hydroxyurea (HU) treatment results in ATR-dependent phosphorylation of H2AX 

(Ward and Chen, 2001; Ward et al, 2004). Both HR and NHEJ are used in the repair of HU-

induced DSB (Saintigny et al, 2001; Lundin et al, 2002; Lundin et al, 2003). 

 

Results 
 
Entry of wrwycr into HeLa cells  

 We began analysis of the cytotoxic effects of wrwycr on mammalian cells by 

examining its ability to enter HeLa cells. Initial experiments were accomplished by using 

confocal laser microscopy to visualize peptides labeled with Liss-rhodamine at the N-terminus. 

HeLa cells were incubated with labeled peptide for various lengths of time, washed, and fixed, 

then viewed with a confocal microscope. Z-series images were analyzed to assess peptide 

entry into the cells. The labeled peptide first became visible in HeLa cells between 10 and 30 

minutes (Figure 3-1, panels B and C). Fluorescence intensity increased with increasing time of 
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incubation. Maximum fluorescence was observed by approximately 5 hrs, when the interior of 

the HeLa cells was brightly stained with the labeled peptides (Figure 3-1D). The distribution 

of peptides inside the cells, however, was not uniform: there were punctuate regions of intense 

staining as well as regions with minimal staining. The peptides also appear to accumulate 

primarily in the cytoplasm. The cells were counterstained with PicoGreen, a DNA-specific 

dye, to verify that the large dimmer stained area near the center of the cell was indeed the 

nucleus (Figure 3-1). Rhodamine-labeled phalloidin was used to determine whether the 

rhodamine was facilitating the entry of wrwycr into HeLa cells (see Chapter 2 for discussion 

on the use of phalloidin). Incubation of HeLa cells with TRITC-phalloidin did not result in the 

labeling of the cytoskeleton (Figure 3-2A).  Cellular staining was evident when TRITC-

phalloidin was co-incubated with wrwycr (Figure 3-2, panels B and C). The intensity of 

staining was dependent on the peptide concentration, suggesting that high peptide 

concentrations may affect membrane permeability and/or uptake.  

Reducing the incubation temperature from 37OC to 4OC resulted in a noticeable 

decrease in the level of internalized rhodamine-labeled peptides (Figure 3-3, panels A and B), 

suggesting that peptide uptake is an active process. However, treatment with up to 1 µM of the 

PI3K inhibitor wortmannin did not significantly reduce the uptake of labeled peptides (Figure 

3 panels C and D), evidence against endocytosis as a major mechanism of peptide uptake by 

HeLa cells. 

HPLC was used to detect and quantify the uptake of unlabeled peptide by HeLa cells 

(see Chapter 2, in prep. for manuscript, for discussion on the use of HPLC for quantitating 

peptide). To determine the uptake of unlabeled wrwycr, cells were incubated with unlabeled 

peptide for 24 hours at either 4OC or 37OC. After removing the peptide-containing media, 

which was saved for analysis, cell lysates were prepared and analyzed on the HPLC to 
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Figure 3-1. Uptake of rhodamine-labeled peptide. HeLa cells were either incubated with (A) no 
peptide, or with 1 µM rhodamine-wrwycr for (B) 10 min., (C) 30 min., or (D) 5 hours, then 
counterstained with the DNA-specific dye, PicoGreen. Cells and labeled peptide were visualized 
using confocal microscopy. The TRITC channel shows the location of the labeled peptides while 
the FITC channel shows the cell nuclei, counter-stained with PicoGreen. The image shown in each 
panel represents an optical slice near the center of the cell. 
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Figure 3-2.  Effect of wrwycr on plasma membrane permeability. HeLa cells were incubated with 
0.5 µM TRITC-labeled phalloidin either in (A) media alone, (B) 10 µM wrwycr, or (C) 100 µM 
wrwycr. Panel (D) shows cellular staining by TRITC-phalloidin after the plasma membrane was 
permeabilized with methanol. Images were obtained using confocal laser microscopy. The image 
shown in each panel represents an optical slice near the center of the cell. 
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determine the amount of peptide present. Integration of the peaks that correspond to the 

elution times for the peptide monomer and dimer were performed to determine the areas under 

the curve. The total area was compared to a standard curve – constructed by using the total 

(monomer + dimer) areas under the curve from 4 known amounts of peptide standard, from 

0.2 to 20 nmoles (Figure 2-7) – to calculate the amount of peptide present in each sample. 

Intracellular peptide concentrations were determined by dividing the total peptide in each 

sample by the number of cells per sample and the cell volume. The average volume of a HeLa 

cell is 2.5 picoliters (Wharton and Goz, 1978).  

After 24-hour incubation with 50 µM and 100 µM wrwycr at 37OC, the peptide was 

concentrated in HeLa cells to 350 μM and 910 μM concentrations, respectively (Table 3-1). 

With 50 µM treatment, the intracellular peptide was found primarily in the monomeric form.  

 

 

Table 3-1. HPLC analysis of intracellular wrwycr concentration in HeLa cells. 

50 0.4 0.5 12.6 5.5
100 0.9 0.9 35.7 6.9
150 NT NT NT NT
50 <0.01 n/a 13.8 5.1
100 6.2 11.9 32.1 4.4
150 12.3 12.8 40.6 3.8

Media
Concentration, 

µM
Dimer: 

Monomer

37oC

4oC

Incubation 
temperature

Input 
concentration, 

µM
Concentration, 

mM
Dimer: 

Monomer

Intracellular

 
 
 
 
 
 
 
 
 

 

NT = not tested 
n/a = not applicable 
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With 100 µM treatment, approximately equal amounts of intracellular peptide monomers and 

dimers were found.  When the incubation temperature was lowered to 4OC, no evidence of 

intracellular peptide was found in HeLa cells treated with 50 µM peptide. This is consistent 

with the microscopy data that showed a decrease in uptake of labeled-peptide at 4OC.  

However, there was a large increase in intracellular peptide when the cells were treated with 

higher concentrations of peptide. When treated with 100 µM and 150 µM wrwycr, 

intracellular peptide concentrations were 6 mM and 12 mM, respectively (Table 3-1). One 

possibility is that prolonged incubation at 4OC may have compromised the integrity of the 

plasma membrane, allowing large amounts of peptide to accumulate in the cells. Trypan blue 

dye exclusion assays, however, showed no increase in intracellular dye following 24 hour 

incubation at 4OC – with or without peptide treatment (Figure 3-4). 

 

wrwycr exhibits dose-dependent toxicity towards HeLa cells   

Knowing the peptides can enter HeLa cells, we examined the peptides’ potential 

cytotoxic effects on these cells, using the MTT reduction assay. This assay is based on the 

ability of lactate and succinate dehydrogenases present in live cells to reduce the yellow-

colored MTT to the purple-colored compound formazan (Mosmann, 1983). Although 

technically a measure of cell metabolic activity, the MTT reduction assay is commonly used 

as a general test of cell viability. Peptide wrwycr reduced HeLa cell metabolic activity in a 

dose-dependent manner (Figure 3-5; Table 3-2). Fifty µM wrwycr did not significantly reduce 

HeLa cell metabolic activity while 100 µM, 150 µM and 200 µM peptide-treatments 

significantly reduced HeLa cell metabolic activity by 13.5%, 26.4% and 45.7%, respectively.  



69 

  

TRITC
channel

Transmitted
channel

A

B

C

D

 

Figure 3-3.  Effect of wortmannin or temperature on peptide uptake. Hela cells were incubated 
with 10 µM rhodamine-labeled wrwycr at either (A) 37oC or (B) 4oC for 5 hours, then 
visualized using confocal microscopy. Hela cells were treated with 10 µM rhodamine-labeled 
wrwycr for 5 hours either in the absence (C) or presence (D) of 1 µM wortmannin, then 
visualized using confocal microscopy. The image shown in each panel represents an optical 
slice near the center of the cells. 
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1% DMSO1.5% DMSODMEM  

50 M wrwycr 150 M wrwycr 100 M wrwycr  

methanol permeabilized37oC 5 hours 37oC 24 hours

A 

B C D 

Figure 3-4 Effect of temperature on HeLa cell membrane integrity. (A)Twenty-four hour 
incubation at 4OC, with and without wrwycr, causes morphological changes in HeLa cells, as 
compared to (B) 5 hour and (C) 24 hour incubation at 37OC but does not compromise their 
membrane integrity. In contrast, (D) HeLa cells with their membrane permeabilized by methanol 
readily take up the trypan blue dye and appear blue throughout. 



71 

  

Figure 3-5.  Effect of wrwycr on HeLa cell viability (metabolic activity), as determined by the 
MTT reduction assay. Untreated (DMEM) cells and cells treated with either etoposide or 
cycloheximide, alone, were each set to be 100% viability. The effects of the peptide, either alone or 
in conjunction with one of the 2 drugs, were normalized to their respective no-peptide controls. 
Each data point shown represents the average of 7 independent experiments and the standard error. 
The p-values shown are the results of the Wilcoxon exact 1-tailed test. 
 

DMEM vs peptide

etoposide vs etoposide + peptide

peptide vs etoposide + peptide
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DMEM +etoposide +cycloheximide

@50 µM wrwycr @100 µM wrwycr @150 µM wrwycr @200 µM wrwycr

0.0900 0.0084 0.0003 0.0003

0.0084 0.0003 0.0003 0.0003

0.0641 0.0641 0.0055 0.0265

0.0900 0.0003 0.0003 0.0003

0.2279 0.0641 0.1297 0.2279

0.1043 0.5000 0.0265 0.0487

p-values
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There was a slight increase in the intracellular wrwycr dimer:monomer ratio when the peptide 

treatment concentration was increased from 50 µM to 100 µM. This increase in 

dimer:monomer ratio with increased peptide treatment concentration in HeLa cells is 

consistent with observations in J774A.1 cells and peritoneal macrophages (see Chapter 2). The 

higher levels of peptide dimer, which is the active form of the peptide, likely also contributes 

to the increased peptide toxicity at higher concentrations. 

 

 

Table 3-2. Percent decrease in HeLa cell viability (metabolic activity). 
 

 

 

 

 

 

 

 

Etoposide potentiates the cytotoxic effects of wrwycr  

To infer whether peptide wrwycr exerts its cytotoxic effects by interacting with DNA 

repair intermediates, the peptide’s effect on HeLa cell metabolic activity were tested either 

alone or in the presence of either etoposide or cycloheximide. Etoposide is a topoisomerase 

poison that induces DNA breaks. Cycloheximide is a protein synthesis inhibitor that should 

have no direct effect on DNA integrity. If the peptide binds to DNA repair intermediates, we 

should see increased peptide toxicity with etoposide, but not cycloheximide, co-treatment. To 

determine the appropriate drug concentrations to use, serial dilutions of each drug were tested. 

a. Statistically higher (p<0.05) than the no peptide control. 
b. Statistically higher (p<0.05) than peptide treatment alone. 

50 M 100 M 150 M 200 M

media 3.8 13.5a 26.4a 45.7a

 +1.3 M etoposide 17.5a 26.4a 51.9a,b 61a,b

 + 126 nM cycloheximide 7.8 25.7a 40a 50.2a

Treatment
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We looked for drug concentrations that produced clear, but relatively low, reductions in cell 

metabolic activity. With 1.6 µM etoposide and 111 nM cycloheximide treatments, HeLa cell 

metabolic activity was reduced by 14% and 11%, respectively (Figure 3-6). For our analysis, 

the effects of the peptide and drug co-treatments were normalized to the drug treatments alone. 

Relative to etoposide treatment alone, wrwycr co-treatments significantly reduced cell 

metabolic activity by 17.7% (at 50 µM) and 61% (at 100 µM). Relative to cycloheximide 

treatment alone, co-treatments with peptide concentrations of 100 µM and higher also 

significantly reduced HeLa cell metabolic activity across the range of peptide concentrations, 

cycloheximide and peptide co-treatments were not significantly more toxic than peptide 

treatments alone, while etoposide and peptide co-treatments were (Figure 3-5; Table 3-2). See 

below for more discussion on the use of etoposide and cycloheximide. 

Etoposide’s potentiation of the cytotoxic effects of higher peptide concentrations is 

consistent with the hypothesis that wrwycr binds DNA repair intermediates. The absence of 

this potentiation at lower peptide concentrations suggests that there is a threshold that must be 

reached before wrwycr can effectively bind the DNA-repair-targets generated by etoposide. 

Unexpectedly, cycloheximide appeared to be protective against peptide toxicity. This effect 

could be similar to the well-known protective effect of chloramphenicol with respect to 

quinolone sensitivity in bacteria (Zhao et al, 2006). The MTT reduction assay, however, is a 

very general viability test that reports on the metabolic activity of cells and provides no 

insights into DNA damage. 
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A  

 

 

etoposide 

 

cycloheximide 

 

B 

Figure 3-6. Effects of etoposide and cycloheximide on HeLa cell viability, as determined by the 
MTT assay. HeLa cells were grown overnight in 96-well plates then treated with serially-diluted 
(A) etoposide and (B) cycloheximide for 24 hours. Following treatment, cells were allowed up to 
3 hours to convert MTT to formazan, which is measured by absorbance (OD 575). Each bar 
represents the average OD from 3 individual wells. The error bars indicate the standard deviations.   
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Etoposide also potentiates peptide-dependent DNA breaks 

The TUNEL assay was employed to directly assess peptide and drug effects on DNA 

breaks. HeLa cells were incubated with 100 µM wrwycr, 1.3 µM etoposide, 126 nM 

cycloheximide, either alone or in combination, for 24 hours. Following treatment, the cells 

were labeled with the TUNEL reaction and analyzed using flow cytometry. To account for the 

possibility that the DNA breaks detected may be due to apoptosis, either a caspase family 

inhibitor or a mock inhibitor were added to the treatments (see below for more discussion).  

Treatment with 100 µM wrwycr yielded 13% TUNEL-positive cells (Figure 3-7A). 

Treatment with the etoposide and hydroxyurea (HU), and  cycloheximide each resulted in 

fewer than 2% TUNEL-positive cells. When treated with both peptide and cycloheximide, 

nearly 16% of the cells became TUNEL-positive, roughly what would be expected if the 

effects of the two treatments were additive. When treated with the peptide in conjunction with 

either etoposide or HU, roughly 60% and 80% of the cells, respectively, were TUNEL-

positive. In both cases, the effects were much higher than would be expected if the effects 

were simply additive (~15%). These data provide further support for our model that peptide 

wrwycr is able to interact with DNA repair intermediates and accumulate DNA breaks in 

mammalian cells. 

 

Peptide-dependent DNA breaks were not due to apoptosis   

A major characteristic of apoptosis is the enzymatic degradation of DNA into roughly 

200 bp nucleosome-lenth fragments. In fact, the TUNEL assay is most commonly used to 

detect these DNA breaks as a means of identifying apoptosis. Therefore, it was important to 

determine whether the DNA damage observed was due to the direct action of the peptide and 

drug treatments or if it was the consequence of apoptotic events triggered by peptide and/or 
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Figure 3-7.  Effects of peptide treatment on DNA breaks in HeLa cells. HeLa cells were incubated 
with the indicated treatments for 24 hours. The cells were then labeled for DNA breaks by the 
TUNEL reaction and quantitated using a flow cytometer. (B) The general caspase inhibitor z-VAD-
fmk (dark symbols) and a mock inhibitor z-FA-fmk (light symbols) were used in conjunction with 
the various treatments to determine whether apoptosis contributes significantly to the accumulation 
of DNA breaks. Each data point shown represents a single treatment well, with the mean indicated 
by the horizontal bar. Since there was no difference between the z-VAD-fmk- and z-FA-fmk- 
treated groups, except in the case of the apoptosis control (400 mM sorbitol), the results from the 2 
groups were pooled together for each peptide and/or etoposide, hydroxyurea, or cycloheximide 
treatment (A). The p-values reported, in both panels A and B, are the results of the Wilcoxon exact 
2-tailed test. 
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drug treatments. This question was addressed using two different approaches, as described 

below.  

Caspases are a family of cysteine-aspartic acid-proteases that carry out many of the 

proteolytic events essential for apoptosis (recent review by Li and Yuan, 2008). First, the 

general caspase inhibitor z-VAD-fmk, which irreversibly inhibits all known members of the 

caspase family (Slee et al, 1996), was used to assess the contribution of apoptotic events to the 

TUNEL signals detected. Cells were administered the peptide/drug treatments with either the 

z-VAD-fmk caspase inhibitor or the mock inhibitor, z-FA-fmk (Gottron et al, 1997), added. 

With 400 mM sorbitol treatment, which induces apoptosis by osmotic shock, nearly 80% of 

cells incubated with the mock inhibitor were TUNEL-positive, while fewer than 10% of the z-

VAD-fmk inhibitor-treated cells were TUNEL-positive (Figure 3-7B). However, no 

significant difference was seen between the two compounds with any of the peptide and/or 

drug treatments. This strongly suggests that the TUNEL signals detected were due to the direct 

action of the peptide and/or drugs and not the result of apoptotic cleavage of DNA. 

To verify the above findings, we also looked at the activity of one of the downstream 

effector caspases, caspase-3. Caspase-3 is synthesized as an inactive pro-caspase, which 

becomes activated through proteolytic modifications by initiator caspases during apoptosis 

(Cohen, 1997). The synthetic substrate, Ac-DEVD-AFC, when cleaved by active caspase-3 at 

the aspartic acid (D), releases the fluorogenic compound AFC (7-amido-4-

trifluoromethylcoumarin). The level of fluorescence detected is proportional to the caspase-3 

activity. The basal level of caspase-3 activity, in media-treated cells, was 1.3 relative 

fluorescence units per microgram of protein (RFU/µg). Controls for apoptosis (400 mM 

sorbitol) and DNA breaks (51 µM etoposide) each produced >32 RFU/µg, a >24-fold increase 

in fluorescence (Figure 3-8). Of all the peptide treatments, the co-treatment of 100 µM wrwycr  
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Figure 3-8.  Effect of peptide treatment on caspase-3 activity in HeLa cells. HeLa cells were tested 
for caspase-3 activity to verify whether the indicated treatments induce apoptosis. After 24 hours of 
treatment, cell lysates were prepared and incubated with a synthetic caspase-3 substrate, Ac-
DEVD-AFC. Caspase-3 activity was determined by the amount of fluorescence generated as a 
result of the liberation of the fluorogenic AFC form the acetyl-(Ac) group, normalized to the total 
protein content of each sample – as determined by the Bradford assay. Each bar represents the 
average RFU/µg from 3 independent samples. The error bars indicate the standard deviations.  
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and 10 mM HU produced the greatest caspase-3 activity in HeLa cells, at 5.7 RFU/µg – less 

than 4.5-fold increase compared to untreated cells. Again, this confirmed that most or all of 

the DNA damage detected was a direct consequence of the treatments rather than a secondary 

effect due to induction of apoptosis.  

 

Peptide and DNA-damaging agents induce formation of γ-H2AX   

The H2AX isoform of the H2A histone protein is phosphorylated at serine 139, 

forming γ-H2AX, in response to double strand DNA breaks (Rogakou et al, 1998). It is 

thought that DNA repair proteins are recruited to foci of γ-H2AX. The formation of γ-H2AX 

is commonly used as a measure of DNA damage response. We tested the effects of wrwycr on 

HeLa cell double strand DNA breaks using antibodies against phosphorylated H2AX and 

performing Western blots. The presence of total H2AX (phosphorylated + unphosphorylated) 

was used as a control for total protein loaded. As expected, 24-hour treatment with 126 nM 

cycloheximide yielded no detectable levels of γ-H2AX (Figure 3-9; Panel A lane 4 and Panel 

B lane 5). Relative to the positive control for DNA breaks, 51 µM etoposide (Figure 3-9, 

Panel A lane 5 and Panel B lane 6), the treatment with 1.3 µM etoposide (Figure 3-9; Panel A 

lane 3, Panel B lane 4) or 10 mM HU alone (Figure 3-9 Panel A lane 5, Panel B lane 6) 

resulted in low to moderate levels of γ-H2AX, respectively. Neither 100 µM nor 150 µM 

peptide treatment generated detectable levels of γ-H2AX (Figure 3-9 Panels A and B, lane 2; 

Panel C, lane 1).  Co-treatment with 100 µM wrwycr increased H2AX phosphorylation 

compared to 1.3 µM etoposide and 10 mM hydroxyurea treatments alone (Figure 3-9A, lane 6 

vs lane 3, lane 8 vs lane 5). With 150 µM wrwycr, similar enhancement of HU-induced H2AX 

phosphorylation was observed (Figure 3-9B, lane 9 vs lane 6), whereas the enhancement of 

etoposide-induced H2AX phosphorylation was less pronounced (Figure 3-9B, lane 7 vs lane  
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Figure 3-9.  Assessing the effects of peptide treatment on γ-H2AX formation in Hela cells, by 
Western analysis. Hela cells were lysed after 24 hour incubation in the indicated treatments and 
analyzed for the presence of γ-H2AX by Western blotting. Total H2AX levels serve as loading 
control. 
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4). Treatment with 5 µM etoposide alone resulted in greater H2AX phosphorylation (Figure 3-

9C, lane 3) than with 1.3 µM etoposide, to roughly the same level as with hydroxyurea 

treatment (Figure 3-9C, lane 4). However, co-treatment with 100 µM wrwycr did not result in 

a marked increase in γ-H2AX formation for either etoposide or HU. 

 

Peptide wrwycr enhances  formation of γ-H2AX induced by DNA-damaging agents  

The Western blot data seemed to provide more evidence that wrwycr-dependent 

phosphorylation of H2AX was enhanced by HU or etoposide, but not cycloheximide. 

However, Western blots are not very quantitative and the determination of subtle increases in 

H2AX phosphorylation is somewhat subjective. To enable better quantitation as well as 

achieve greater sensitivity, a FITC (fluorescein isothiocyanate)-conjugated antibody against γ-

H2AX was used to assess H2AX phosphorylation by flow cytometry.  

 On average, 5% of the media-treated HeLa cells were γ-H2AX-positive (Figure 3-

10A). Treatments with 0.5%, 1%, and 1.5% DMSO, as well as 126 nM cycloheximide, did not 

significantly increase γ-H2AX formation. Treatments with 100 and 150 µM wrwycr resulted 

in significant increases of 920% and 893%, in the fraction of γ-H2AX-positive cells, 

compared to their respective DMSO equivalents. Significant increases of 189% and 326% 

were observed with 1.3 µM etoposide and 10 mM HU treatments, respectively (Figure 3-10A). 

Although 50 µM peptide treatment produced a similar (> 300%) increase in the fraction of γ-

H2AX-positive cells, the results were statistically insignificant, probably due to the extremely 

small sample size (n=2).  

Treatment of HeLa cells with 50 µM wrwycr produced nearly 22% γ-H2AX-positive 

cells (Figure 3-10B). Co-treatment with 50 µM peptide and 126 nM cycloheximide resulted in 

a slight decrease in the fraction of γ-H2AX-positive cells compared to peptide treatment alone 
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(Figure 3-10B, red  vs red ). The addition of 1.3 µM etoposide resulted in a 122% increase 

in the fraction of γ-H2AX-positive cells relative to peptide treatment alone, while 10 mM 

hydroxyurea produced a 234% increase (Figure 3-10B, red  vs red + and red ). Again, the 

results were insignificant, presumably due to the extremely small sample size. The clear visual 

differences, however, suggest that future repetitions of the assay at these peptide and drug 

concentrations will yield statistically significant differences. 

Treatment with 100 µM wrwycr produced 51% γ-H2AX-positive cells (Figure 3-10C). 

Addition of 126 nM cycloheximide resulted in a modest, but statistically significant, 31.5% 

decrease in the fraction of γ-H2AX-positive cells. With 10 mM HU, there was a borderline-

significant 44% increase in γ-H2AX-positive cells. Co-treatment with 1.3 µM etoposide 

produced a significant 52% increase in the fraction of γ-H2AX-positive cells (Figure 3-10C). 

Treatment with 150 µM wrwycr alone produced 49% γ-H2AX-positive cells. Co-treatments 

with cycloheximide caused a slight reduction, while etoposide and hydroxyurea co-treatments 

caused an increase in the fraction of γ-H2AX-positive cells (Figure 3-10D). These differences 

were not statistically significant, however. The γ-H2AX levels induced by peptide treatment 

alone were so large that the addition of etoposide or HU may not produce detectable further 

increases. 

 To ensure that the observed peptide-dependent increases in etoposide- and 

hydroxyurea- induced H2AX phosphorylation were not due to solvent effects or non-specific 

peptide interactions, the effect of peptide wkhyny on γ-H2AX formation was tested. Peptide 

wkhyny is another peptide previously identified based on its ability to inhibit site-specific 

recombination, but is up to 100 times less potent than wrwycr, does not bind to free HJ, and is 

a very poor inhibitor of RecG (Cassell and Segall, 2003; Boldt et al, 2004; Kepple et al, 2005) .  

Treatment with 100 µM and 150 µM wkhyny produced 3.7% and 2.1% γ-H2AX-positive cells, 
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Figure 3-10. Peptide wrwycr treatment induces γ-H2AX formation in Hela cells, as analyzed by flow 
cytometry. After 24 hour incubation in the indicated treatments, HeLa cells were incubated with 
fluorescein-conjugated antibodies to probe for the presence of γ-H2AX, then analyzed on the flow 
cytometer. Panel (A) shows the effects of individual treatments of cycloheximide (CHX; ), 
hydroxyurea (HU; ), etoposide (VP-16; ), and increasing concentrations of DMSO ( ) and peptide 
wrwycr ( ). Panel (B) compares the effects of individual treatments versus co-treatments of 50 µM 
wrwycr with cycloheximide ( ), hydroxyurea ( ), and etoposide ( ). Panel (C) compares the effects 
of individual treatments versus co-treatments of 100 µM wrwycr with cycloheximide ( ), 
hydroxyurea ( ), and etoposide ( ). Panel (D) compares the effects of individual treatments versus 
co-treatments of 150 µM wrwycr with cycloheximide ( ), hydroxyurea ( ), and etoposide ( ). Each 
data point shown represents the data collected from a single well, with the means indicated by the 
horizontal bars. The p-values reported are the results of Wilcoxon exact 1-tailed tests. 
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Figure 3-11. Treatments with wkhyny do not induce γ-H2AX formation in HeLa cells, as analyzed 
by flow cytometry. After 24 hour incubation in the indicated treatments, HeLa cells were incubated 
with fluorescein-conjugated antibodies to probe for the presence of γ-H2AX, then analyzed on the 
flow cytometer. Treatment with either 100 µM wkhyny ( ) or 150 µM wkhyny ( ) do not induce γ-
H2AX formation. Co-treatments of hydroxyurea with either 100 µM wkhyny ( ) or 150 µM wkhyny 
( ) do not result in higher levels of γ-H2AX formation than with treatment by hydroxyurea alone 
( ). Similarly, co-treatments of etoposide with either 100 µM wkhyny ( ) or 150 µM wkhyny ( ) do 
not result in higher levels of γ-H2AX formation than with treatment by etoposide alone ( ). Each 
data point shown represents the data collected from a single well, with the means indicated by the 
horizontal bars.  
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respectively. Co-treatments with wkhyny and either etoposide or hydroxyurea did not increase 

H2AX phosphorylation over drug treatments alone (Figure 3-11). 

 

Discussion 

In this chapter, we investigated peptide wrwycr’s mechanism of action by determining 

its cytotoxic effects on HeLa cells. In particular, we examined the effects of the peptide on 

HeLa cell DNA damage and looked for evidence of synergy with DNA damaging agents. 

Before testing the cytotoxicity of the peptide, however, its ability to enter the cells was 

assessed. Rhodamine-labeled peptide wrwycr readily entered HeLa cells at low micromolar 

concentrations. Labeled peptide localized primarily in the cytoplasm, with non-uniform 

distribution. The distribution pattern of the peptide was similar to that of the mitochondrial 

cytochrome C oxidase, suggesting that the peptide may accumulate in or around the 

mitochondria (Nakagawa and Miranda 1987; Varlamov et al, 2002). Endocytosis likely 

contributes only minimally to the uptake of wrwycr by HeLa cells, since treatment with up to 

1 mM of the endocytosis inhibitor wortmannin had little effect on peptide uptake.  

The use of HPLC permitted both the detection and quantitation of unlabeled peptide.  

Under most conditions, only 25% to 37% of the peptide initially added to each well was 

recovered – either in the lysate or the media. The peptide that was not accounted for was most 

likely bound to membranes or sequestered in various subcellular compartments and lost in the 

cell debris pellet. Degradation of the side chains, rather than the peptide backbone (since I am 

using a D-peptide), may be another explanation for some of the peptide loss.    

With 50 µM peptide treatment, HPLC analysis revealed that uptake by HeLa cells is 

greatly reduced when incubated at 4OC compared to 37OC. This is consistent with the 

microscopy data, where the cells were incubated with 1 µM rhodamine-labeled peptide. At 
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higher peptide concentrations, however, a very different phenomenon was observed. 

Treatment with 100 µM peptide at 4OC yielded an intracellular peptide concentration over 9 

times that of the intracellular peptide concentration when incubated at 37OC. Due to the high 

toxicity, uptake of 150 µM wrwycr at 37OC was not tested. At 4OC, however, treatment with 

150 µM peptide produced an intracellular peptide concentration of 12 mM, double that of 100  

µM peptide treatment. One explanation is that, at lower peptide concentrations, the 

permeability of the cell membrane to the peptide is low and thus active transport is the 

primary mechanism by which peptide wrwycr is internalized. When incubated at 37OC, 

peptide uptake may be nearly offset by temperature-dependent efflux pumps that remove 

peptide from the cell, resulting in the low intracellular peptide concentration. At 4OC, active 

transport is greatly reduced or even eliminated, hence no detectable amounts of peptide 

accumulated in the cells. However, higher concentrations of peptide may increase the 

permeability of the HeLa cell plasma membrane through cooperative interactions between 

peptides (Figure 3-2), allowing the peptide to enter the cells passively; once there, the peptides 

are likely to be sequestered by binding to subcellular targets, which would explain their being 

concentrated inside cells. When the cells are incubated with 100 µM or higher concentrations 

of wrwycr at 37OC, some of the peptide is removed from the cell by the temperature-

dependent efflux pumps once it enters the cell through both active and passive mechanisms. 

When incubated with the same concentrations of peptide at 4OC, the peptide can still enter the 

cells passively but the efflux pumps are no longer able to remove the intracellular peptide 

from the cells, resulting in high intracellular peptide concentrations.  

The intracellular peptide concentration is calculated based on the number of cells at 

the beginning of the experiment. Since cell numbers were not determined at the end of the 

experiment, replication or death of the cells was not taken into account. This poses a 
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potentially significant problem for the analysis of HeLa cells because they are both very fast-

replicating and quite sensitive to the peptide, particularly at 37OC. With 50 µM peptide 

treatment, the intracellular peptide concentration may be overestimated, since some replication 

may have taken place. On the other hand, the intracellular concentration with 150 µM peptide 

treatment at 37OC is almost certainly an underestimate, due to the cytotoxic effects of the 

peptide on the cells. 

Although commonly used as a measure of cell viability and proliferation (Plumb, 

2004; Burton, 2005; Wang et al, 2006), the MTT reduction assay is really a measure of cell 

metabolic activity – specifically lactate and succinate dehydrogenase. Using the MTT assay, 

peptide wrwycr exhibited dose-dependent reduction in metabolic activity to HeLa cells 

(Figure 2-5, Table 3-2). We tested the metabolic inhibitory effect of wrwycr in the presence of 

a DNA damaging agent, the topoisomerase poison etoposide, to infer if the peptide is exerting 

its effects by binding to DNA repair intermediates. Topoisomerase poisons generate DNA 

breaks by stabilizing the covalent topoisomerase-DNA intermediate and preventing the 

religation of the DNA. If wrwycr is inhibiting the growth and/or metabolic activity of HeLa 

cells by binding DNA repair intermediates, we would expect to see synergy between etoposide 

and peptide treatments. As a control, the protein synthesis inhibitor cycloheximide was used. 

Since cycloheximide has no known direct effect on DNA integrity, it should not be synergistic 

with wrwycr. 

Consistent with our hypothesis, co-treatments with etoposide and 150 µM or200 µM  

wrwycr were more toxic than peptide treatments alone or co-treatments with cycloheximide; 

co-treatments with cycloheximide and wrwycr were no more toxic than peptide treatments 

alone. That the increase in toxicity of etoposide and 50 µM and 100 µM co-treatments, relative 

to peptide treatments alone, were only borderline-significant can be explained if the uptake of 
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wrwycr is non-linear, and if there is an uptake threshold concentration between 50 µM and 

100 µM. At these concentrations, there may be enough intracellular peptide to bind to the 

endogenous DNA repair intermediates, but not to the additional targets generated by etoposide 

treatment. If this is the case, then not surprisingly toxicity due to peptide and etoposide co-

treatments and peptide and cycloheximide co-treatments were only different at peptide 

concentrations greater than 100 µM. Sukanya Patra is investigating cytotoxicity in several 

different ways, including the Live/Dead assay (see Chapter 2 for discussion on this assay). Her 

results suggest that peptide wrwycr, at 100 µM and 150 µM concentrations, indeed decreases 

viability in several tumor cell types, including HeLa cells (S. Patra and A. Segall, unpublished 

results). 

To look more specifically at the peptide effects on DNA breaks in HeLa cells, the 

TUNEL reaction was used to test for synergy between peptide and DNA damaging agents. In 

addition to using etoposide and cycloheximide, the effects of the ribonucleotide reductase 

inhibitor HU were also tested. The repair of stalled replication forks uses a distinct pathway 

from that for double-strand-breaks, but generates similar repair intermediates that are in vitro 

targets for the peptide.  

Treatment with 100 µM peptide produced 13% TUNEL-positive cells. Etoposide, HU, 

and cycloheximide by themselves each produced minimal (<2%) TUNEL-positive cells. Since 

cycloheximide does not cause DNA damage, we expected the combined effect of 

cycloheximide and peptide treatments to be, at most, additive. This was indeed what we saw. 

In contrast, co-treatment with wrwycr and etoposide or hydroxyurea each resulted in a higher 

fraction (>3X) of TUNEL-positive cells than would be expected if the effects were additive. 

The fact that treatment with peptide and either DNA-damaging drug produced synergistic 

effects with respect to DNA breaks while treatment with peptide and cycloheximide resulted 
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in additive effects provide further support for wrwycr trapping DNA repair intermediates in 

mammalian cells. Before we could come to this conclusion, however, we had to be sure that 

the DNA breaks detected by the TUNEL assay were the direct consequence of the peptide and 

drug treatments rather than DNA degradation due to the activation of apoptotic pathways. 

The general caspase family inhibitor z-VAD-fmk was used to determine whether the 

DNA breaks detected were due to apoptosis. Caspases are a family of proteases that are 

essential for apoptosis. The caspase inhibitor should reduce the fraction of TUNEL-positive 

cells if the peptides are inducing DNA breaks via apoptosis, as was seen in the case of the 

sorbitol treatment. In contrast, the caspase inhibitor failed to reduce the level of TUNEL-

positive cells, indicating the contribution of apoptotic pathways to DNA breaks is negligible in 

the case of our treatments (Figure 3-7). The caspase inhibitor results were verified with a 

caspase-3 activity assay. Except for the apoptotic controls, no other treatment elicited a 

marked increase in caspase-3 activity (Figure 3-8). These results provide strong evidence that 

the accumulation of DNA breaks is indeed a mechanism of toxicity of peptide wrwycr on 

mammalian cells.  

 The TUNEL reaction labels all free DNA 3’ hydroxyl regroups. To more specifically 

examine the peptide effects on dsDNA breaks, we looked at the level of H2AX 

phosphorylation, a common measure of the DSBR response. Up to 100 µM wrwycr treatment, 

there was a peptide dose-dependent increase in the fraction of γ-H2AX-positive cells. 

Treatments with equivalent concentrations of DMSO and wkhyny, a very weak Holliday 

junction- and branched DNA-binding peptide, did not induce H2AX phosphorylation. These 

data indicate that wrwycr, presumably due to its binding of Holliday junctions and branched 

DNA structures, results in the accumulation of dsDNA breaks in HeLa cells. I did not, 

however, determine the mechanism of peptide activity through synergy with DNA-damaging 
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agents. More than 50% of the cells became γ-H2AX-positive when treated with 100 µM or 

150 µM wrwycr alone, the concentrations used the most based on the previously discussed 

assays. However, these concentrations were too high for determining synergy in H2AX 

phosphorylation. When the effects of etoposide and HU on H2AX phosphorylation (15% and 

20%, respectively) were added to the peptide effects, they appear to reach the upper detection 

limit of the assay, making it impossible to detect any greater-than-additive effects of the 

combination treatments. To test synergy, testing the effects of lower peptide concentrations 

(e.g., 25 µM and 75 µM) will be necessary. While co-treatments of 50 µM wrwycr with 

etoposide and hydroxyurea appeared to be synergistic, the results were not statistically 

significant, presumably due to the small sample size. Testing lower peptide concentrations 

should allow us to test synergy between peptide and DNA-damage inducers and yield a dose-

response-curve with a larger number of concentrations. 

We may be able to more definitively address whether wrwycr inhibits DSB repair in 

eukaryotic cells by tracking the disappearance of γ-H2AX foci following treatment with a 

DSB-inducing agent such as γ-rays, in the presence and absence of peptide. Although the 

exact relationship between DNA repair and the disappearance of γ-H2AX remains 

controversial, it is generally noted that γ-H2AX signals decrease with increased time for repair 

after the initial DNA insult (recent review by Srivastava et al, 2008). If peptide wrwycr indeed 

binds to DNA repair intermediates, its presence should result in the persistence of γ-H2AX 

signals. It would be important to test several time points to track the change in γ-H2AX signal 

with each of our treatments. One recent report indicated that the disappearance of γ-H2AX 

only correlates with DNA damage repair when there are low levels of damage, typically fewer 

than 150 double strand breaks per genome (Bouquet, 2006). Therefore, we need to ensure that 

our treatments do not generate more than 150 DSBs, in order to best observe the kinetics of γ-
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H2AX formation and disappearance. Microscopy can be used to count the number of foci that 

form in each cell following treatments, since γ-H2AX foci and DSBs exist in a 1:1 ratio 

(Sedelnikova, 2002). Another test of the ability of the peptide’s ability to inhibit repair is to 

directly monitor intermediates of DSBR in eukaryotic cells using 2-dimensional gel 

electrophoresis. Yeast would have been the easiest model system for performing these analysis, 

since they have high rates of homologous recombination in meiosis and methods for tracking 

such intermediates have been developed (Schwacha and Kleckner, 1994; Schwacha and 

Kleckner, 1995; Allers and Lichten, 2000, Allers and Lichten, 2001). Unfortunately, our 

peptide enters yeast cells much less efficiently than it does mammalian cells (data not shown), 

and such assays would have to be done by expressing the peptide inside yeast from a tightly 

controlled promoter. A promising system might be expression of the peptide as a fusion with 

ubiquitin, for example, and relying on endogenous ubiquitin hydrolase to release the active 

peptide. This system has been successfully used to label the peptide in bacteria for nuclear 

magnetic resonance (NMR) studies (M. Rideout and A. Segall, unpublished results). 

 

 

 

 

 

Chapter 3, in part, is being prepared for submission for publication of the materials as 

it may appear. Su, Leo Y., Patra, Sukayna, Segall, Anca M. The dissertation author was the 

primary investigator and author of this paper. 



 

  93 

CHAPTER 4 

DISCUSSION AND FUTURE DIRECTIONS

  

 The initial goals of the project were straight forward: assess the potential of wrwycr as 

an antibiotic by determining whether it can inhibit the growth of intracellular bacterial 

pathogens and whether it has toxic effects on the eukaryotic host cells. We have shown that 

peptide wrwycr was able to inhibit the growth of both intracellular and extracellular bacteria 

in cell culture. It inhibited the growth of Salmonella in J774A.1 cells, a permissive 

macrophage-like cell line, as well as in activated macrophages collected from murine 

peritonea. Peptide wrwycr inhibited intracellular Salmonella growth in a peptide 

concentration-dependent manner in both host cell types. While the peptide was somewhat 

toxic to the host cells at high concentrations (see below for more discussion), the modest level 

of toxicity was unlikely to entirely account for the decrease in bacterial growth. These results 

suggest that wrwycr may be worth pursuit as an antimicrobial, particularly given its novel 

target. A reservation is that the peptide-dependent growth inhibition was not seen in host cells 

pre-treated with IFN-γ, whose effect was dominant. This raises the question whether the 

peptide would be useful in a physiological setting. Only direct experiments in animal models 

will answer that question. 

Much remains to be done in understanding the antimicrobial activities of wrwycr 

against intracellular bacteria. We have demonstrated a correlation between Salmonella growth 

inhibition and the induction of the bacterial SOS response with peptide treatment. However,  

we have not defined the exact mechanism by which the peptide inhibits Salmonella growth 
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inside mammalian cells (see Chapter 2 for more discussion). In addition, we have only 

rudimentary knowledge concerning the uptake and distribution of the peptide within the 

mammalian cells. We have shown that peptide wrwycr is able to get into all three of the cell 

types tested (peritoneal macrophages, J774A.1 and HeLa cells), however the mechanisms of 

uptake as well as the distribution of the peptide appear to differ among the cell types. The 

reduction of peptide uptake by J774A.1 cells by wortmannin suggests that endocytosis 

contributes significantly to peptide uptake in these cells. The lack of inhibition by wortmannin 

in HeLa cells, on the other hand, suggests that the peptide must rely on endocytosis-

independent pathways for internalization into HeLa cells, perhaps through the destabilization 

or permeabilization of the plasma membrane as seen with other cationic antimicrobial peptides 

(Shai, 1999; Brogden, 2005; Foged et al, 2008). 

While wrwycr’s ability to inhibit Salmonella growth is a promising proof-of –

principle for a novel type of antimicrobial, one that targets DNA repair intermediates, the 

small therapeutic window may be a serious drawback against its potential as an antibiotic. At 

the peptide concentrations necessary to reduce Salmonella growth by >90% in J774A.1 cells 

(100 µM) and peritoneal macrophages (150 µM), respectively, wrwycr reduced J774A.1 and 

peritoneal macrophage viability by approximately 30% and 10%, respectively. Given their 

lower in vitro MICs (Table 1-3), we expect wrwycr to be able to efficiently inhibit the growth 

of gram positive pathogens, particularly extracellular pathogens, at peptide concentrations that 

cause little or no toxicity to the host cells. Testing the ability of wrwycr to safely reduce 

bacterial growth in animal models will be more telling of its potential as a therapeutic 

compound and is the logical extension of this project. So far we have obtained promising 

results on wrwycr’s ability to reduce Streptococcus pyogenes growth using a mouse skin 

infection model (I. Naili and A. Segall, unpublished results).   
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While peptide wrwycr’s toxic effects on mammalian cells may ultimately prevent its 

use as an antibiotic, it may instead be exploited for use as a chemotherapeutic agent, either 

independently or in conjunction with traditional chemotherapeutic agents. Similar to the 

murine peritoneal macrophages and J774A.1 macrophage-like cells, wrwycr accumulated in 

the nucleus of HeLa cells to a lesser extent than in the cytoplasm. However less peptide 

entered HeLa cells and the mechanism appeared to be different, as mentioned above. The 

reliance on [wortmannin-sensitive] endocytosis may have contributed to the lower peptide 

amounts accumulated in HeLa cells compared to the J774A.1 cells. Although HeLa cells took 

up much less peptide than J774A.1 cells (910 µM in HeLa cells vs. 20.8 mM in J774A.1 cells 

at 100 µM wrwycr treatment), they appear to be more sensitive to its cytotoxic effect; I 

observed similar reductions in viability, as determined by the MTT assay,  in HeLa cells 

(~20%) and J774A.1 cells (~30%) despite differences in both the overall amount of peptide 

internalized and the ratios of active (dimer) to inactive (monomer) peptide (~1:1 in HeLa cells 

vs. 3:1 in J774A.1 cells).  

It is possible that the relative fraction of peptide in the nucleus versus the cytoplasm is 

higher in HeLa cells. That is, despite having less overall intracellular peptide than J774A.1 

cells, more of the intracellular peptide in HeLa cells may accumulate in the nucleus. This 

difference was not apparent from the microscopy, presumably due both to the sensitivity of the 

method and the differences in the behaviors of labeled compared to unlabeled peptides. To test 

this hypothesis, separation of  the nuclear and the cytosolic fractions of the cell lysate by 

differential centrifugation followed by analysis of  the peptide content of each fraction by 

HPLC needs to be done.  

Another explanation for the greater sensitivity of HeLa cells to wrwycr than J774A.1 

cells is the significantly faster replication rate of HeLa cells. HeLa cells have a doubling time 
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of approximately 20.5 hours (Kuhlmann, 1968) while the doubling time of J774A.1 cells is 

about 2 days (Möller et al, 2000). Given that in mammalian cells up to 10 replication forks 

require recombinational repair per cell cycle (reviewed by Pâques and Haber, 1999), HeLa 

cells should generate more peptide targets simply by virtue of going through more rounds of 

mitotic division in a 24-hour period. It would be reasonable to think that the repair of the 

replication errors that arise as the result of the increased rate of synthesis would generate even 

more repair intermediates, targets for the peptide. The low peptide-sensitivity of peritoneal 

macrophages, as described, and of the slow-growing IMR90 lung fibroblasts (S. Patra and A. 

Segall, unpublished results) provides further support for this idea.  

For the purpose of being a chemotherapeutic, the toxicity of the peptide may be 

enhanced with the addition of a N-terminal 9-arginine- (R9-) tag, which has been shown to 

promote nuclear entry of proteins (Futaki et al, 2001). Preliminary results from MTT viability 

assays showed wrwycr with the R9 tag (R9-wrwycr) to be more toxic than the untagged 

version (Figure 4-1). Reduction in HeLa cell viability was over 40% with 50 µM R9-wrwycr, 

compared to just under 12% for unmodified wrwycr at the same concentration. Microscopy 

experiments using a related peptide, R9-tagged-KWWCRW, labeled with fluorescein (FITC-

R9-KWWCRW) showed that the peptide accumulated in the HeLa cell nucleus, particularly 

the nucleolus (Figure 4-2).  

Based on the results summarized above, the potential usefulness of the peptide as an 

antibiotic may be increased, and the therapeutic window widened, by reducing nuclear uptake 

and improving co-localization with bacterial pathogens. Should that prove to be unfeasible, 

however, the higher toxicity of the peptide against rapidly replicating cells makes it promising 

for use as a potential chemotherapeutic agent. In addition to its intrinsic selectivity against 
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fast-growing cells, its synergy with classical chemotherapeutics makes it particularly attractive 

for use in combination therapy. 
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Figure 4-1. Effect of R9-wrwycr on HeLa cell viability, as determined by the MTT reduction assay. 
HeLa cells were grown in 96-well plates overnight then treated with the indicated concentrations of R9-
wrwycr for 24 hours. Following treatment, cells were allowed up to 3 hours to convert MTT to 
formazan, which is measured by absorbance (OD 575). Each data point shown represents OD reading 
obtained from a single well, with the means indicated by the horizontal bars.  
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FITC channel Transmitted channel 

Figure 4-2. Uptake of fluorescein-labeled R9-KWWCRW. HeLa cells were incubated with 1µM 
fluorescein-labeled R9-KWWCRW for 4 hours. Cells and labeled peptide were visualized using 
confocal microscopy. Shown is an optical slice near the center of the cell. The R9- tag helps the 
peptide accumulate in the nucleoli (white arrowheads) of HeLa cells. 
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 CHAPTER 5 

MATERIALS AND METHODS  

Bacteria   

Salmonella enterica serovar Typhimurium (STm) strains:  

G488 is the pathogenic ATCC 14028s strain of STm (obtained from Ferric Fang). 

SDT1416 was constructed by the transformation of ATCC strain 14028s with the pFPV25.1 

plasmid encoding a constitutively-expressed, bacterial-adapted high fluorescence GFP driven 

by the ribosomal RNA (rrn) promoter (Valdivia and Falkow, 1996).  

G785 (AT14028s Φ(sulA+-lacZY+)111) carries a chromosomal copy of the lacZ gene driven 

by the sulA promoter in an otherwise sulA+ background (strain obtained from J. Slauch, 

University of Illinois). 

The MIC of wrwycr against SDT1416 was determined according to the NCCLS protocol for 

broth microdilutions (Ferraro, 2000) to be 64 µg/ml (Gunderson and Segall, 2006).  

 

Mammalian cells  

Macrophage and macrophage-like cells 

The murine macrophage-like cell line J774A.1 was grown in 10 ml DMEM (Invitrogen) 

supplemented with 10% heat-inactivated FBS (BioWhittiker) at 37°C with 5% CO2. Cells 

were grown in 225 cm2 flasks (Corning) with vented caps and passaged when cell density 

reached ~80%. To passage the cells, the media was removed and the cells were washed with 

10 ml of 1 mM EDTA in 1X PBS. Cells are incubated with trypsin solution (0.5% trypsin with 



101 

  

0.2 mM EDTA in 1X PBS) for 10 minutes at 37°C with 5% CO2 to release them from the 

tissue culture flask. 

To harvest peritoneal macrophages, 8-12 week-old female BALB/c mice were injected in the 

peritoneal cavity with 1 ml of 4% thioglycolate to induce macrophage proliferation and were 

sacrificed 4 days later. The thioglycolate solution was prepared by dissolving thioglycolate 

powder in water, boiling, then autoclaved for sterilization.  

Peritoneal macrophages were harvested by washing the peritoneal space with 10 ml of DMEM 

(no FBS) and collecting the effluent. Cells were centrifuged for 5 minutes at 4OC (Sorvall RT 

600D) at 700 RPM then resuspended in 10 ml DMEM + 10% FBS with 1X penicillin and 

streptomycin (Invitrogen). Cells were counted using a hemocytometer and plated at the 

appropriate densities. All relevant federal guidelines and institutional policies concerning the 

use and handling of animals, as outlined in APF#  were strictly followed. 

 

HeLa cells 

HeLa cells were grown in 10 ml DMEM (Invitrogen) supplemented with 10% heat-inactivated 

FBS (BioWhittiker) at 37°C with 5% CO2. Cells were grown in 225 cm2 flasks (Corning) with 

vented caps and passaged when cell density reached ~80%. To passage the cells, the media 

was removed and the cells were washed once with 10 ml of 1 mM EDTA in 1X PBS. Cells 

were then incubated with fresh 1 mM EDTA solution for 2 minutes at room temperature. Most 

(~9.5 ml) of the EDTA solution was removed and the cells were incubate in the remaining 

solution at 37OC with 5% CO2 for 10 minutes to release them from the growing surface. 
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Peptide uptake   

Analysis by microscopy   Cells were seeded in 4-well (LabTek-II) chamber slides at 200,000 

cells per well and incubated at 37°C in 5% CO2 overnight to allow adhesion. The media was 

removed and replaced with fresh DMEM containing N-terminal fluorescently-labeled peptides 

(Sigma Genosys) and incubated for the indicated length of time. The media was removed after 

incubation and the cells were washed 3 times with 1X PBS, then fixed with 4% para-

formaldehyde for 30 minutes. After removing the para-formaldehyde and washing the cells 

once more with 1X PBS, the chambers were detached from the slide. One hundred µl of 

SlowFade® (Invitrogen Molecular Probes) was added to each slide to minimize photo-

bleaching. Each slide was then inverted onto a coverslip. Series of images were collected 

using a Leica TCS SP2 confocal microscope.  

 

Analysis by HPLC and MALDI-TOF  J774A.1 cells and murine peritoneal macrophages were 

seeded in 6-well tissue-culture plates at 300,000 cells per well and incubated at 37°C in 5% 

CO2 to allow adhesion. The media was replaced with 1 ml fresh DMEM with peptide and 

incubated for an additional 24 hours. Cells were washed 3 times with ice cold 1X PBS. Cell 

extracts were made by lysing the cells with 100 µl lysis buffer (0.71% NP-40, 71mM Tris (pH 

7.5), 0.71mM EDTA, 212 mM NaCl) per well and physical scraping. Large cell debris were 

removed from the extract by centrifuging the samples for 1 minute at 16.2 rcf in a table-top 

microfuge. The samples were fractionated by reverse phase chromatography and analyzed on 

a HPLC (Beckman Coulter System Gold BioEssential 126/168) for the presence and 

abundance of the peptide. Samples were manually injected onto a 300 µl loading loop and ran 

onto a Phenomonex Jupiter 4 micron Proteo 90Å C12 column, then eluted with 0.1% TFA 

(trifluoroacetic acid) in 100% acetonitrile at a flow rate of 1 ml per minute. The acetonitrile 
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gradient was 0-30% from 5 to 13.5 minutes, 30-45% from 13.5 to 28.5 minutes, and up to 

100% from 28.5 to 60 minutes. Fractions were collected from 6 to 25 minutes at 0.2 minute 

intervals in a UV-transparent 96-well microtiter plate and subsequently analyzed on a 

SpectraMax plate reader (Molecular Devices, Sunnyvale, California) at 280 nm. Samples with 

the highest absorbances in the 17-19 minute range (the expected elution time for the pure 

peptide) were suspected to contain the peptide wrwycr. The identity of the peptide was 

confirmed by MALDI-TOF analysis of the fractions of interest (performed at the Scripps 

Center for Mass Spectrometry, La Jolla). Peptide concentrations were determined by first 

obtaining the total peptide amount per sample by calculating the area under the peptide peaks, 

using the integration function of the HPLC’s 32 Karat software (Beckman Coulter, Fullerton, 

California) and comparing to a standard curve. Once the total peptide quantity per sample was 

determined, the intracellular peptide concentration was calculated by dividing that amount by 

the number of cells per sample (300,000) and the typical cell volume (1 pl per cell for 

macrophages, Closs et al, 1999; 2.5 pl per cell for HeLa cells, Wharton and Goz, 1978). 

 

Salmonella invasion assay  The invasion assay was adapted from the gentamicin protection 

assay (Schlosser-Silverman et al, 2000). J774A.1 and peritoneal macrophage cells were 

seeded into 24-well flat-bottom tissue culture plates at 200,000 cells per well in 500 µl 

DMEM + 10% FBS, then incubated overnight at 37°C with 5% CO2. J774A.1 cells were 

released from the growing surface either by physical scraping or trypsinizing with 1% trypsin 

(Invitrogen Corp.), 2mM EDTA, in 1X PBS. One hundred µl of 1:1000 dilution of STm 

SDT1416 overnight culture was added to each well to achieve a M.O.I. of between 1 and 2. 

For later experiments, as indicated, 100 µl of 1:10 dilution was used to achieve a M.O.I of 10. 

After allowing invasion for one hour, the Salmonella-containing media was removed. The 
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cells were washed 3 times with 1X PBS, then were given fresh DMEM containing 100 µg/ml 

gentamicin (Sigma Corp.). The cells were incubated in the gentamicin solution for 1 hour to 

kill extracellular Salmonella. The media was then removed and replaced with fresh DMEM 

with or without peptide and/or 15 µg/ml gentamicin. T= 0 hour samples were collected and 

plated at this time (see below), while the rest of the samples were incubated an additional 24 

hours at 37°C in 5% CO2. The media was then removed and the cells were washed with 500 µl 

1X PBS. Cells were incubated with 500 µl of 1% Triton X-100 in PBS at room temperature 

for 5 minutes to lyse the macrophages. An additional 500µl of 1X PBS was then added to each 

well and the samples were collected, diluted, plated on LB agar plates, incubated overnight at 

37°C and counted. 

 

Co-localization of Salmonella and wrwycr  J774A.1 cells were seeded in 4-well (LabTek-II) 

chamber slides at 200,000 cells per well and incubated at 37°C in 5% CO2 overnight to allow 

adhesion. Cells were infected with SDT1416, as described above, at a M.O.I. of 5. After 1 

hour incubation with 100 µg/ml gentamicin to kill the extracellular bacteria, the cells were 

incubated with 50 µM rhodamine-labeled wrwycr in DMEM with 15 µg/ml gentamicin for 3 

hours at 37°C in 5% CO2. The peptide-containing media was removed and the cells were 

washed 3 times with 1X PBS then fixed with 4% para-formaldehyde for 10 minutes. After 

removing the para-formaldehyde and washing the cells once more with 1X PBS, the chambers 

were detached from the slide. One hundred µl of SlowFade® (Invitrogen Molecular Probes) 

was added to the slide to minimize photo-bleaching. The slide was then inverted onto a 

coverslip. Series of images were collected using a Leica TCS SP2 confocal microscope. 
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DNA damage in Salmonella  J774A.1 cells and peritoneal macrophages were infected with 

Salmonella G785, treated with peptide, and the bacteria were recovered as described for the 

invasion assay. The bacteria were resuspended in 100 µl 33 µM C12FDG (Invitrogen), 50 

µg/ml ampicillin, 0.2 mM EDTA in MHB (Muller Hinton Broth) and incubated at 37oC for 2 

hours. For later experiments, as indicated, antibodies (20 µl of 1:3000 primary antibody + 20 

µl 1:40 secondary antibody; see below) were added during the last 30 minutes of the 

incubation. Each sample was then diluted with 500 µl of 1X PBS and analyzed on the 

FACSAria cell sorter (Becton Dickinson, San Jose, California). Four controls were used for 

setting the gates on the flow cytometer. Salmonella G488 and G785 (2 each) were sub-

cultured 1:100 from overnight cultures and grown for 2 hours. One set of (G488 and G785) 

cultures was resuspended in fresh MHB while the other set was resuspended in 1 ml MHB + 

0.5 µg/ml mitomycin C (MMC) and incubated for an additional 3 hours in a 37OC shaking 

incubator. All cultures were then incubated with the C12FDG solution, as described above, for 

flow cytometry analysis. G785 gown in the presence of MMC served as the positive control 

for FDG fluorescence (measured in the FITC channel) due to DNA damage. The other 3 

cultures served as negative controls for non-specific fluorescence and auto-fluorescence. The 

primary antibody (a generous gift from Dr. Giacalone at Vaxiion Therapeutics, San Diego) 

was collected by cardiac puncture, from female Balb/C mice 28 days after peritoneal injection 

with 2.5 X 106 Salmonella  LT2 aroB mutant. The secondary antibody was a R-phycoerythrin-

conjugated goat anti-mouse antibody from Invitrogen. 
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Cell viability   

MTT reduction assay  

[Eukaryotic] Cells were seeded in 96-well plates at 40,000 cells per well and incubated 

overnight at 37°C in 5% CO2 in 500 µl DMEM + 10% FBS. The media was removed and 

replaced with fresh DMEM containing the appropriate treatments. The cells were treated for 

24 hours. Following treatment, 20 µl of a 4 mg/ml MTT (thiazolyl blue tetrazolium bromide, 

obtained from Sigma Chemicals) solution in 1X PBS was added to each well. The cells were 

incubated with the MTT solution at 37°C in 5% CO2 for up to 3 hours to allow reduction of 

MTT. One hundred µl of lysis buffer (20% SDS in 1:1 water:DMF, 2% glacial acetic acid, 2% 

1M hydrochloric acid) was added to each well and incubated at 37oC overnight to aid in dye 

dispersion. The optical density of the reactions was read at 575 nm the following day using a 

Molecular Devices SpectraMax Plus plate reader. 

 

Analysis by flow cytometry using LiveDead Kit  

Cells were seeded in 6-well tissue-culture plates at 300,000 cells per well in 1 ml DMEM + 

10% FBS and incubated at 37°C in 5% CO2 to allow adhesion. The media was replaced with 1 

ml fresh DMEM with specified doses of peptide or DMSO and incubated for an additional 24 

hours. Cells were released from the plate by trypsinizing, then treated with the Live/Dead® 

Viability/Cytotoxicity kit for mammalian cells (Invitrogen) according to the manufacturer’s 

instructions and analyzed on the FACSAria cell sorter (Becton Dickinson, San Jose, 

California). Three controls were used for setting the gates on the flow cytometer. Cells grown 

in DMEM with no other treatment served were incubated with Calcein-AM only as the 

positive control for live cells (Calcein fluorescence detected in the FITC channel); they were 

incubated with 1XPBS as the unstained control. Cells incubated in 70% ethanol for 5 minutes 
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at room-temperature, to permeabilize the cell membrane, served as the positive control for 

dead cells (ethidium homodimer fluorescence detected in the PE-Texas Red channel). 

   

DNA damage in HeLa cells 

TUNEL assays  DNA breaks were labeled using the TUNEL (Terminal deoxynucleotidyl 

Transferase-mediated dUTP Nick End Labeling) reaction and the fraction of TUNEL-

positive cells was quantitated using a flow cytometer. HeLa cells were seeded in 6-well plates 

at 500,000 cells per well and incubated overnight at 37OC with 5% CO2 in 1 ml DMEM + 

10% FBS. The media was removed and the cells were incubated with 1 ml fresh DMEM 

containing the appropriate treatments, including 1 µl of either the caspase inhibitor z-VAD-

fmk (BioVision) or the mock inhibitor z-FA-fmk (BioVision), for 24 hours. The treatments 

were removed and the cells washed once with 1 ml 1X PBS. The cells treated with 500 µl 1 

mM EDTA solution to release them from the plates and collected in 1.5 ml microfuge tubes. 

The cells were fixed with 2% para-formaldehyde for 10 minutes. The cells were permeabilized 

by incubating them for 3 minutes, on ice, in 0.1% Triton X-100 in 0.1% sodium citrate. 

TUNEL-labeling of the cells was done using the Fluorescein In Situ Cell Death Detection Kit 

(Roche), according to the manufacturer’s instructions. Labeled cells were analyzed with the 

FACSAria desktop cell sorter (Becton-Dickinson) using a 70 µm nozzle. Data for 10,000 – 

50,000 cells were collected and analyzed using the FACSDiva software (Becton-Dickinson). 

Cells were treated with 50 µl of 1:50 dilution of TACS-nuclease (Trevigen) for 30 minutes at 

37OC, after permeabilization, as a positive control for DNA breaks. 

 

γ-H2AX formation (Western analysis)  HeLa cells were seeded in 6-well tissue culture plates 

at 500,000 cells per well and incubated overnight at 37OC with 5% CO2 in 1 ml DMEM + 
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10% FBS. The media was removed and replaced with 1 ml fresh DMEM containing the 

appropriate treatments. After 24-hour incubation, the treatment solutions were removed and 

the cells were lysed with 80 µl of lysis buffer (50mM Tris HCl pH6.8, 2% SDS, 10% glycerol, 

2% β-mercaptoethanol, 0.05% bromophenol blue) per well and scraping. The cell lysates were 

boiled for 10 minutes then sonicated for 5 seconds using a Fisher Scientific Sonic 

Dismembrator Model 100 at power setting 2. Protein concentrations of the lysates were 

determined using the BioRad protein assay reagent (BioRad, #500-0006) by comparison to a 

0.5 µg/ml to 20 µg/ml BSA standard curve. Samples were normalized for the total protein 

content and loaded on a 4-20% Tris-Glycine gel. Proteins were transferred to a 0.22 µm 

nitrocellulose membrane and probed first for γ-H2AX (Upstate) then for total H2AX 

((NovusBiologicals) using the SuperSignal West Femto Maximum Sensitivity Substrate 

(Pierce).  

 

γ-H2AX formation (flow cytometry)  HeLa cells were seeded in 6-well tissue culture plates at 

500,000 cells per well and incubated overnight at 37OC with 5% CO2 in 1 ml DMEM + 10% 

FBS. The media was removed and replaced with 1 ml fresh DMEM containing the appropriate 

treatments. After 24-hour incubation, the cells were removed from the plates using 500 µl 

1mM EDTA in 1X PBS solution and collected in microfuge tubes. The cells were fixed with 

100 µl 2% para-formaldehyde for 20 minutes at room temperature then permeabilized with 

100 µl 0.1% Triton X-100 in 0.1% sodium citrate for 3 minutes, on ice. Permeabilized cells 

were resuspended in 50 µl of 1:500 dilution of FITC-conjugated antibody against 

phosphorylated H2AX (Upstate) in 1X PBS and incubated for 30 minutes on ice. FITC-

conjugated IgG1 antibody (Sigma) was used as the isotype control for non-specific staining. 

Labeled cells were analyzed with the FACSAria desktop cell sorter (Becton-Dickenson) using 
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a 70 µm nozzle. Data were collected and analyzed using the FACSDiva software (Becton-

Dickenson). 

 

Caspase-3 activity assay  HeLa cells were seeded in 6-well tissue culture plates at 500,000 

cells per well and incubated overnight at 37OC with 5% CO2 in 1 ml DMEM + 10% FBS. The 

media was removed and replaced with 1 ml fresh DMEM containing the appropriate 

treatments. The cells were treated for 24 hours. Following treatment, the cells were washed 

twice with 1 ml chilled 1X PBS then scraped, on ice, with 100 µl of lysis buffer (0.71% NP40, 

71mM Tris HCl pH7.5, 0.71mM EDTA, 212mM NaCl) and placed in microcentrifuge tubes. 

Samples were spun for 3 minutes at 16.1 rcf in a table-top microfuge and the supernatant was 

transferred to a new tube. Fifty µl of each sample was combined with 50 µl of the substrate 

solution (5mM DTT, 50 µM Ac-DEVD-AFC (A.G. Scientific), 19mM HEPES pH7.4, 94mM 

NaCl) in a black-bottom 96-well plate and incubated for 1 hour at 37OC. The plate was read on 

a fluorometer (Molecular Devices SpectraMax GeminiXS) at 400 nm excitation and 505 nm 

emission. The fluorescence readings (RFU) were normalized to the total protein loaded in 

each sample as determined using the Bio-Rad protein assay system (Bio-Rad). 

 

Statistical analysis  All statistical analyses were performed using the SAS system v9.1. 

Salmonella invasion results for both J774A.1 and peritoneal macrophages were log-

transformed to improve the normal distribution of the data. Unpaired t-tests were used to 

assess the significance of differences in bacterial growth between peptide treatments. Paired t-

tests were used to assess the significance of differences in viability (MTT) for both J774A.1 

and peritoneal macrophages. Due to small sample sizes, the Wilcoxon exact t-test (non-

parametric test) was used to assess the significance of differences in Salmonella DNA damage 
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and host cell viability (Live/Dead kit). Flow cytometry TUNEL results were normalized by 

setting the highest TUNEL-positive sample from each experiment to be 100%. For each assay, 

the highest and lowest data points from each condition were discarded. Unpaired 2-tailed t-

tests were used to assess the significance of differences in HeLa cell viability (MTT results) 

with the various treatments. The Wilcoxon exact t-test was used to assess the significance of 

differences in TUNEL labeling and γ-H2AX levels. For all statistical analysis, a p-value of 

<0.05 was considered significant. 
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APPENDIX A-1 

Fig 1. Representative chromatogram of peptide wrwycr’s HPLC elution profile. In the absence of the 
reducing agent DTT, wrwycr exists as a mixture of peptide monomer and dimer (red). In the presence 
of DTT, all the peptide dimers are reduced to monomers. (J. Boldt, unpublished results.) 
 

-DTT (mixture of peptide monomer and dimer)

+DTT (peptide monomer only)  



 

  132 

APPENDIX A-2 

We hypothesized that peptide wrwycr inhibits intracellular bacterial growth by the 

same mechanism as they do in vitro – through the trapping or stabilization of DNA repair-

intermediates and preventing their resolution. We tested this hypothesis by labeling the STm 

recovered from host cells with the TUNEL reaction to determine what fraction of intracellular 

bacteria had suffered DNA breaks in the presence and absence of peptide. The initial results 

seemed promising. Propidium iodide (PI) was used as a counter stain to discriminate against 

cellular debris (particles that contain little or no DNA). The percentage of cells without DNA 

damage (TUNEL-negative, PI-positive) did not change noticeably with peptide treatment. 

However, with increasing peptide treatment, there was a decrease in the percentage of cells 

with DNA damage (TUNEL-positive, PI-positive). This decrease was accompanied by an 

equal increase in the unlabeled/debris population (Figure 1; Table 1). This could be explained  

 

 

Table 1. The percentage of intracellular Salmonella, recovered from J774A.1 cells, with DNA 
damage. 

 

 

 

 

 

 

 

 

0 µM wrwycr 50 µM wrwycr 100 µM wrwycr

56.7 ± 4.9

11.3 ± 0.6

52.3 ± 3.1TUNEL+ / PI-                  
(cells with DNA damage)

TUNEL- / PI+                  
(cells without DNA damage)

unstained

Treatment

23.7 ± 2.1

39.3 ± 1.1

28.3 ± 6.7 27.7 ± 3.1 26.7 ± 2.1

10.7 ± 2.1

 



133 

  

 

No Salmonella No peptide 50 µM wrwycr 100 µM wrwycr

Propidium Iodide

TU
N

EL

 

Figure 1.  Effects of wrwycr on intracellular Salmonella viability and DNA damage. Sample flow 
cytometry dot plots of Salmonella G488 (14028s) recovered from J774A.1 cells labeled for DNA 
breaks by the TUNEL reaction and counterstained with propidium iodide. All non-anucleate 
bacteria that will appear PI+ while those with DNA breaks will also be TUNEL+. 
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by the formation of anucleate cells as a result of peptide treatment. Carl Gunderson observed a 

similar dose-dependent increase in the proportion of anucleate cells in E. coli MG1655 treated 

with peptide in vitro (Table 2), lending further support for this idea. Unfortunately, due to very 

recovery of intracellular bacteria, this assay was not consistent.  

 

 

Table 2. The percentage of (in vitro) peptide-treated bacteria with DNA damage or are 

anucleate. 

 

 

 

 

 

 

 

A complementary approach was to determine the effects of various inhibitors of the 

macrophage oxidative burst activity on peptide potency against intracellular bacterial growth: 

if the peptide functions by trapping DNA repair intermediates, abrogation of the oxidative 

burst activity should diminish peptide potency by reducing the number of targets. There are 2 

distinct phases to the macrophage oxidative burst activity. Reactive oxygen intermediates 

(ROI), synthesized primarily by the phagocytic NADPH oxidase (phox-) dependent pathway, 

are responsible for the initial pathogen-killing response.  Nitric oxide, a reactive nitrogen 

compound synthesized by the iNOS-(inducible nitric oxide synthase) dependent pathway, is 

responsible for the sustained control of intracellular pathogen growth. The effects of three 

Data obtained form Gunderson and Segall, 2006 

0 µM wrwycr 50 µM wrwycr 100 µM wrwycr

TUNEL+ / PI-                  
(cells with DNA damage)

TUNEL- / PI+                  
(cells without DNA damage)

28.3 ± 6.7 27.7 ± 3.1 26.7 ± 2.1

56.7 ± 4.9 52.3 ± 3.1 39.3 ± 1.1

unstained 10.7 ± 2.1 11.3 ± 0.6 23.7 ± 2.1

Treatment
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inhibitors on intracellular bacterial growth were tested. L-NAME (L-nitro-arginine-methyl 

ester) is an inhibitor of both iNOS and cNOS (constitutive nitric oxide synthase). AG 

(aminoguanidine) and DPI (diphenyleneiodonium) are specific inhibitors against iNOS and 

NADPH oxidase, respectively. No change in intracellular STm was observed in J774A.1 cells 

with up to 10 µM L-NAME treatment. Treatment of J774A.1 cells with up to 10 mM AG, as 

well as treatments of both J774A.1 cells and peritoneal macrophages with up to 1 mM DPI, 

actually resulted in reduced intracellular bacterial growth (data not shown). It is probable that 

the activities of the nitric oxide synthetases and the NAPDH oxidase were so low that no 

inhibition by their respective inhibitors could be detected, while the high doses of these 

compounds are detrimental to bacterial growth. Not knowing whether these compounds had 

reduced the oxidative burst activity as expected, we did not proceed with testing their effects 

on peptide potency in bacterial growth inhibition.  

A more conventional approach, inferring damage by assaying the induction of the 

SOS response, was used to determine the peptide’s effects on the DNA integrity of 

intracellular bacteria. A Salmonella strain carrying a lacZ construct transcribed by the sulA 

promoter was used. Treatment with MMC, a known inducer of the SOS response, verified that 

my fluorescence-based assay for SOS induction works (Figure 2-13). An in vitro experiment 

showed that wrwycr was able to elicit detectable β-galactosidase activity, with maximum 

effect observed at 2 hours incubation with the C12FDG substrate (Figure 2-14). Since the 

Salmonella were incubated with the C12FDG substrate in the absence of peptide, the decrease 

in SOS-positive bacteria after 2 hours incubation, suggests the peptide effect may be 

reversible. That is, the bacteria might have repaired the damage once they were moved to 

peptide-free media. Alternatively, the damaged bacteria may have died and lost their green 

fluorescence or the damage-free Salmonella may have simply replicated enough decrease the 
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percentage of SOS-positive bacteria. One way to determine whether the peptide effects are 

reversible is to collect the SOS-positive bacteria and test whether they can recover in the 

absence of peptide. 

Treating the Salmonella-infected host cells with 100 µM wrwycr, but not 50 µM, 

resulted in an increase in the fraction of β-gal-positive bacteria in J774A.1 cells. Equivalent 

concentrations of DMSO treatment resulted in a dose-dependent decrease in the fraction of β-

gal-positive bacteria (Figure 2A). None of the DMSO or peptide treatments resulted in 

increases in the fraction of β-gal-positive bacteria in peritoneal macrophages (Figure 2B). In 

fact, there was no difference between any of the peptide treatments and their respective 

DMSO equivalent treatments or DMEM. 

One possibility for the low induction off the SOS response is that the host cells do not 

have a sufficient oxidative burst response to generate the necessary DNA-damage in bacteria 

for optimal peptide potency. Peptide wrwycr, by itself, is not a potent inducer of the SOS 

response, inducing roughly a 4-6 fold increase in β-galactosidase transcribed from a recN 

promoter using an ELISA assay (Gunderson and Segall, 2006).  

 

Interferon-gamma and wrwycr 

 To test this idea, peritoneal macrophages and J774A.1 cells were primed with 

the cytokine interferon-gamma (IFN-γ), 18 hours prior to bacterial infection, to stimulate their 

oxidative burst activities. Spent media were analyzed, using the Griese reaction, for the 

presence of nitrite to verify that IFN-γ had indeed stimulated nitric oxide production. Twenty-

four hours post infection, spent media from both peritoneal macrophages and J774A.1 cells 

that were pre-treated with IFN-γ contained similar levels of nitrite – averaging between 71 and 

75 µM (Table 3). However, one hour was insufficient time for infected cells primed with  
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Figure 2. Effects of wrwycr (d8) on SOS induction in intracellular bacteria. (A) J774A.1 cells or 
(B) peritoneal macrophages were infected with Salmonella G785 at a MOI of 1 and incubated with 
the indicated treatments for 24 hours. Fifteen µg/ml gentamicin was used to prevent extracellular 
bacterial growth. The intracellular bacteria were collected and tested for the induction of the SOS 
response by assessing β-galactosidase activity. DMSO and peptide effects were normalized to the 
DMEM (no peptide) controls. Shown are the averaged change in the fraction of SOS-positive 
Salmonella and standard errors. The p-values shown are the results of Wilcoxon exact 2-tailed 
tests. *  indicates statistical significance with p<0.05. 
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IFN-γ to produce detectable levels of nitrite. In the absence of either IFN-γ or STm, only 

minimal amounts of nitrite were detected in peritoneal macrophages and none was detected in 

J774A.1 cells. 

Priming J774A.1 cells with IFN-γ significantly decreased intracellular bacterial 

growth. In the absence of peptide treatment (DMEM, 0.5% DMSO, 1% DMSO), IFN-γ pre-

treatment resulted in approximately 99% decrease in bacterial growth. With 50 µM wrwycr 

treatment, the difference was slightly less, with 97% less Salmonella growth in the IFN-γ-

primed J774A.1 cells. With 100 µM wrwycr treatment, IFN-γ priming did not significantly 

decrease intracellular Salmonella growth (Figure 3A). There was no significant increase in the 

fraction of intracellular bacteria that had induced the SOS response, however, with the pre-

treatment of J774A.1 cells with IFN-γ, with or without peptide treatment (Figure 3B). 

Interferon- γ had a smaller effect on Salmonella growth inhibition in peritoneal macrophages. 

When grown in DMEM and 0.5% DMSO, respectively, peritoneal macrophages primed with 

IFN-γ had 85% and 68% fewer intracellular Salmonella than those not treated with IFN-γ but 

no significant differences in the fraction of SOS-positive bacteria (Figure 3, panels C and D). 

Fifty µM is the only concentration of peptide treatment with which a significant reduction in 

Salmonella growth and a corresponding increase in the SOS-positive bacteria was observed, in 

the IFN-γ-prime peritoneal macrophages. The 60% reduction in bacterial numbers was 

accompanied by a nearly 3-fold increase in the fraction of SOS-positive intracellular 

Salmonella (Figure 3, panels C and D). No significant reductions in Salmonella growth were 

observed with higher concentrations of peptide or DMSO treatment, in IFN-γ-primed 

peritoneal macrophages. There was, however, a significant increase in the fraction of SOS-

positive Salmonella with 1% DMSO and 100 µM wrwycr treatments in IFN-γ-primed 

peritoneal macrophages (Figure 3D). 
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Table 3. Nitrite concentrations in J774A.1 cells and peritoneal macrophages, in µM. 

 

 

 

 

 

 

 

 

 

 

Given the level of bacterial growth inhibition, if peptide wrwycr inhibits resolution of 

DNA repair intermediates, one would expect a higher percentage of the peptide-treated 

intracellular bacteria to have induced the SOS response, especially with IFN-γ pre-treatment. 

One reason we do not see the expected large response may be due to the lacZ reporter 

system’s lack of sensitivity in the presence of wrwycr. Carl Gunderson had previously noticed 

that wrwycr quenches green fluorescence signals, such those from FITC. Here, we found that 

wrwycr may also quench FDG fluorescence, resulting in greater fluorescence signals detected 

in the 100 µM peptide-treated cells than in the 150 µM peptide-treated cells (Figure 2-14). 

Carl had also observed peptide inhibition of β-galactosidase activity, which can further 

decrease the sensitivity of the reporter assay. In the absence of wrwycr, the lacZ reporter  

 

NT = not tested; ND = none detected. 

 1 hour post infection 24 hours post infection
Peritoneal mФ
 - IFN-γ, - STm ND  4.7 ± 12.1
 - IFN-γ, + STm ND  5.9 ± 14.4
 + IFN-γ, + STm ND  71.3 ± 46.3

J774A.1 cells
 - IFN-γ, - STm NT ND
 - IFN-γ, + STm NT ND
 + IFN-γ, + STm NT 74.8 ± 12.0  
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Figure 3. Effects of wrwycr (d8) and IFN- γ on the growth and induction of the SOS response of 
intracellular Salmonella. J774A.1 cells and peritoneal macrophages were treated with 20 U/ml IFN- γ 
overnight prior to infection with Salmonella G785 at a MOI of 1 and incubated with the indicated 
treatments for 24 hours. Fifteen µg/ml gentamicin was included in the treatments to prevent 
extracellular bacterial growth. Panels (A) and (C) show the colony counts of intracellular Salmonella 
from J774A.1 cells and peritoneal macrophages, respectively. Each data point shown represents the 
data obtained from a single well of J774A.1 cells or peritoneal macrophages, with the means 
indicated by the dark horizontal bars. The mean bacterial counts from cells not primed with IFN- γ 
are shown by the white horizontal bars for comparison. Panels (B) and (D) show the effects of the 
treatments on SOS induction by Salmonella growing in J774A.1 cells (B) and peritoneal 
macrophages (D) were normalized to the untreated (DMEM) controls from each day. Shown are the 
averaged effects on SOS induction and standard errors. The p-values shown are the results of 
Wilcoxon exact 2-tailed tests. *  indicates statistical significance with p<0.05.  
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system and a quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) based 

system were found to be equally adept in detecting the induction of gene expression. In the 

presence of wrwycr, however, the qRT-PCR system was up to 1000X better than the lacZ 

reporter system at detecting the induction of the same genes (S. Orchard, unpublished results).  

 Contaminating-mitochondria from the host cells was another one of the concerns we 

had with these flow cytometry experiments. Due to their size and DNA content, we feared it 

may be difficult to distinguish mitochondria from bacteria using these parameters. In my 

initial experiments, false signals that resemble bacteria from uninfected macrophage lysates 

were so rare we were content that mitochondrial contamination would not pose a problem. 

Typically bacterial data are acquired on the flow cytometer using a low sample flow rate (1-3). 

Thirty thousand events that fit the criteria of being bacteria (based on size and presence of 

DNA) were generally collected in less than 30 seconds. Collecting the same number of events 

that fit the same criteria from uninfected lysates can sometimes take several minutes, even at 

the maximum sample flow rate (11). As more experiments were performed, however, we 

began noticing increased incidences where high numbers of bacterial signals were detected in 

the uninfected cell lysates. The presence of these contaminants would artificially increase the 

population of “bacteria without SOS induction”, resulting in the underestimation of the 

peptide effects on intracellular bacterial DNA damage. These contaminants are most likely 

mitochondria. Since the size of mitochondria changes according to the physiological state of 

the cell, it is reasonable to think that unintentional changes in the culturing or treatment 

conditions may have occurred that caused the mitochondria to resemble bacteria.  

 Some of the above mentioned complications may be attributed to the low infection 

rate of macrophages by Salmonella at the MOI of 1 that was used in these experiments. The 

low infection rate results in fewer host cells with bacteria replicating inside of them, thus few 
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bacteria recovered at the end of the treatment. The TUNEL assay involves several steps where 

the cells are pelleted and the supernatant removed. The low number of bacteria recovered, 

compounded by contaminating host cell debris, made it extremely difficult to retain enough 

bacteria at each step to perform the assay consistently. Low recovery of bacteria also 

contributes to the mitochondrial contamination problem with the SOS-induction assay. The 

more intracellular bacteria that can be recovered, the less significant the contaminating 

mitochondrial signals become. An obvious solution would be to simply combine several wells 

of the same treatment to obtain the necessary number of cells for the assay. However, the time 

needed to handle the number of wells necessary for all the treatments and controls would be 

quite lengthy. That is, by the time the last samples have been processed, significant bacterial 

growth or death may have occurred in earlier samples. Alternatively, we can raise the MOI to 

increase the number of intracellular bacteria. However, this may significantly lower the ratio 

of peptide to bacteria, making these results uncomparable with previous invasion assays that 

were done at the lower MOI.  
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APPENDIX A-3 

Figure 1.  Effect of wrwycr on HeLa cell viability (metabolic activity), as determined by the 
MTT reduction assay. Each data point shown represents the average of 7 independent 
experiments, each performed in triplicates, and the standard error. The p-values shown are 
the results of 2-tailed t-test. 
 




