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Drug design strategies begin by determining the simplest ligand necessary to activate a receptor of interest. The Toll-Like Receptor-5 (TLR-5) is an attractive target for pharmaceutical modulation because it initiates an innate immune response.  A TLR-5 agonist or antagonist could help remedy a variety of disorders.  Flagellin, the primary component of bacterial flagella, is the only known TLR-5 ligand.  Three short regions within this protein are suggested to activate TLR-5:  Peptide-N1, LQRVRELAVQ; Peptide-N2, LAVQSANGTNSQSD; and Peptide-C1, QNRFNSAITNLGNT.  Here, we report the synthesis of these peptides and their activity against TLR-5 expressing HEK-293 cells.  Our goal was to resolve the minimal region of flagellin necessary to bind and/or activate TLR-5.  Results showed significant agonist activity (P<0.01) with peptide N2-b (LAVQSANGTN), and peptide N2-f (LAVQSANGTNSQ).  Peptide N2-c (ANGTN) and N2-d (LAVQS) showed significant (P<0.05) antagonistic properties for TLR-5.  These peptides could make interesting lead compounds to modify for optimal TLR-5 activity.  
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CHAPTER 1:  Review of Peptides in Pharmacology and Drug design 

1.1
Introduction:


Oxytocin is one of two hormones released from the posterior pituitary.  It is used clinically to induce labor and elicit milk ejection in pregnant women (Fitzgerald, 2004).  Some complications that can be remedied by oxytocin include hypotonic contractions that are insufficient for natural delivery, cases of arrested cervical dilation (Parker, 2001), and even postpartum situations like uterine hemorrhage and impaired milk ejection (Fitzgerald, 2004).  The beneficial applications of oxytocin, a cyclic nonapeptide, make it a valuable drug to possess.  The isolation of natural oxytocin would prove elusive and even immoral as its pulsatile secretion is greatest in pregnant mammals during labor.  Therefore, a feasible synthetic rout of obtaining this peptide was in demand.  
Figure 1.1 Structure of Oxytocin:  The nanopeptide is composed of a six amino acid ring structure afforded by a disulfide bridge between two Cysteine residues (Cys) (Hopkins, 2004)
[image: image18.wmf]N

H

2

R1

O

O

H

[image: image19.emf]O


H


R1


O


R2


N


C


N


+


R2


R2


N


C


N


R2


R1


O


O


R1


O


O


N


N


H


R2


R2


N


H


2


R


e


s


i


n


N


H


R


e


s


i


n


R1


O


O


N


H


N


H


R2


R2


+


+




OH R1

O

R2 N

C

N

+

R2

R2 N

C

N

R2

R1 O

O

R1

O

O

N

N

H

R2

R2

N H

2

Resin

N

H

Resin

R1

O

O

N

H

N

H

R2 R2

+

+

Oxytocin contains an internal disulfide bridge (Fig 1.1), but is otherwise a simple 9 amino acid peptide.  It was first laboriously synthesized in solution via peptide chemistry by Vincent du Vigneaud and his research team in 1953 (Merrifield, 1997).  The quantities of synthetic oxytocin, however were insufficient for wide-scale therapeutic use.  What’s more, many other biologically active peptides were being recognized and reported; many of which were more complex than the relatively simple oxytocin.  Some examples include vasopressin, rennin substrate, and -melanocytic stimulating hormone (MSH).  The biological applications of peptide chemistry were becoming increasingly important, highlighting the necessity to further expand the potential of this science.  

In 1959, Bruce Merrifield decided to investigate a new approach to peptide chemistry; one that would couple amino acids on solid support rather than in solution.  Optimizing the conditions of this new approach would take Merrifield a few years, but the first solid phase synthesis method was published in 1963.  Many improvements have been made over the past decades, but the groundwork was established:  This new synthetic method would allow larger and more complicated peptides to be synthesized with greater yields.  Moreover, the advent of Solid Phase Peptide Synthesis (SPPS) made possible automated synthetic procedures, and ultimately paved the way for the production of massive peptide libraries.  

1.2
General SPPS chemistry

Our bodies are continuously synthesizing proteins and peptides for a variety of uses.  DNA dictates the primary sequence of proteins, while ribosomes and other enzymes complete their synthesis and assembly.  This protein translation process contains a remarkably low error rate of less than 10-4 (Berg, 2002).  This accuracy is afforded by multiple integrity mechanisms, one of which is a “decoding center” that distinguishes improper amino acids from appropriate residues.  The ribosomal machinery will then make integration corrections accordingly (Cooper, 2004).  This specific and highly accurate process would be difficult to reproduce, especially without the assistance of proofreading ribosomes and enzymes to ensure accuracy.  Ex-vivo synthesis of peptides, however, first began in 1901 when the synthesis and isolation of the first dipeptide took place as described by Merrifield (Merrifield, 1997).  

Many advances have been made to the field of peptide chemistry since 1901.  By the 1960s, the invention of SPPS practically revolutionized the field and redefined the limits of peptide chemistry.  The basis of this synthetic approach was to exploit an insoluble polymeric support to which protected amino acids could be sequentially coupled (Chan 2000).  This solid support would facilitate the entire peptide synthesis process, as isolation by crystallization was no longer necessary.  Instead, with SPPS, the resin is simply separated by filtration, where the remnants of the reaction mixture are easily removed by washing the resin with N,N-dimethylformamide (DMF) and/or Methanol (MeOH).  To preserve the specificity of the peptide elongation reactions, protecting groups are necessary to prevent undesired reactions from taking place.  A [image: image20.wmf]N
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standard amino acid (Figure 1.2) contains two functional groups, an amine group and a carboxylic acid group.  Furthermore, the side chains of many amino acids also contain a functional group that would be capable of non-specific reactions.  All functional groups, with the exception of the carboxylic acid, are protected during the coupling reactions.  This prevents unwanted polymerization, and undesired elongation from the side chains.  The functional groups that protect the free amine group can be acid labile, Boc protecting groups, or base labile, Fmoc protecting groups.  Removal of the Boc group requires trifluoroacetic acid (TFA) acidolysis.  Removal of the Fmoc protecting group is done with the mildly basic piperidine.  This latter protecting group was developed to prevent the repetitive use of the caustic TFA that can be deleterious to the sensitive peptide bonds (White, 2004).  With every coupling elongation reaction, this N-protecting group is removed to expose the free amine on which the next coupling reaction will take place.  

Figure 1.2  General Structure of an Amino Acid:  The general structure of every eamino acid contains tso functional groups, the N-terminal amine, and the C-terminal carboxylic acid.  Most other amino acids also contain a functional group within their side-chain (R).  

The protecting groups shielding the side-chain functionalities of many amino acids are sensitive to TFA.  This proves convenient because many solid support resins are also TFA acid labile under the same conditions.  Therefore, the side-chain protecting groups can be cleaved from the peptide in the same step that the peptide is cleaved from the resin support.  Many resins, however, are labile to other milder conditions such as 1% TFA.  As a result, the solid support employed should be carefully selected to ensure its compatibility with the conditions of the specific peptide to be synthesized.  

Specificity is clearly an area that can be controlled with sequential residue couplings and the proper use of protecting groups.  In this respect, peptide synthesis is not inferior to in-vivo protein production.  As mentioned before, the biological synthesis of peptides and proteins involves ribozymes and enzymes; these macromolecules not only contribute to the specificity of the process, but they also aid in the kinetics of the peptide bond formation.  The energy required to form a bond between two amino acid residues is not thermodynamically favorable.  This process, however, is made possible by coupling the peptide bond formation to the hydrolysis of two high-energy Adenosine-triphosphate (ATP) molecules.  The first ATP molecule is required to form the activated amino acid complex, aminoacyl adenylate.  The second ATP molecule is utilized to drive the formation of the peptide bond.  It is the combination of these reactions that makes the process exergonic (Berge, 2002).   The SPPS approach is not unlike that of the biologically driven approach.  As the carboxyl group of one amino acid couples with the free amine group of another amino acid, it is necessary to provide sufficient energy to promote the peptide bond.  The carboxyl group can be activated in many ways.  One of the most popular methods employed with Fmoc chemistry is the use of carbodiimides such as diisopropylcarbodiimide (DIC) (Sarantakis, 1976).  This activator acts as a base, removing the proton from the hydroxyl group of the next amino acid to be coupled.  The subsequently formed O-acyl isourea is a much better leaving-group than the previous hydroxyl.  Therefore, after the carbonyl group of the incoming amino acid undergoes an electrophylic addition with the free electrons of the amine group, the stabilized hydroxyl group readily leaves, driving the reaction forward (Fluka, 2000).  The peptide bond sequence can be seen in Figure 1.3.  The addition of 1-hydroxybenzotriazole (HOBt) or Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium-hexafluorophosphate (PyBOP) has been shown to prevent any undesired reactions such as racemization.  

The field of peptide chemistry has been improved and adapted in many ways to optimize its specificity, efficiency, and kinetics to be a feasible practice.  The general basis of SPPS has been laid out in the above paragraphs.  As the characteristics of each peptide will vary, many other conditions can be optimized to the individual syntheses of a specific sequence.  Such conditions include the proper solvent to ensure adequate resin swelling.  Commonly, DMF or Dichloromethane (DCM) is used, but other solvent systems can be employed to accommodate a wide range of peptide properties.  As a result of the flexible conditions that can be applied to SPPS, the potential of this field has greatly expanded to facilitate the synthesis of a variety of large and complex peptides that would have been unfathomable only 40 years ago.  

1.3
Peptides in Medicine and Drug Development

Figure 1.3  Peptide bond formation facilitated by DIC:  R1 represents an amino acid where R2 can vary depending on the carbodiimide activator used.  The activating agent, DIC, forms the intermediate O-acyl isourea with the carboxyl group of the incoming amino acid to facilitate the peptide bond formation with the amino of the resin-bound amino acid.  
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[image: image22.emf]Many biological processes can be traced back to the interaction of one or more proteins.  In fact, there are few aspects of biology that do not involve proteins and their interactions (Jones, 1997).  Such biological responses of these interactions can include signal transduction, cellular architecture assembly, cellular activation, receptor up-regulation and cellular proliferation (Toogood, 2002).  A common approach to peptide and protein biochemistry is to synthesize small peptides that are specifically recognized by the active site of a biological protein.  Accomplishing this could effectively mimic the natural protein interaction and ultimately induce the desired biological response (Jones, 1997).  In this regard, peptides can serve as modulators to a variety of proteins and enzymes.  Cellular receptors make an especially attractive target for molecular intervention because their biological involvement is often located at the beginning of a natural cascade.  When a receptor binds its natural ligand, the receptor can become activated and relay information to the cell or its nucleus.  Alternatively, blocking this receptor could inhibit subsequent binding of the ligand, effectively inhibiting the downstream biological event.  Pending the responsibilities of the receptor, an agonistic or antagonistic peptide can be a valuable pharmaceutical tool.  Their applications can include cardiovascular problems, connective tissue diseases, digestive disorders and infections by pathogens (Jones, 1997).  Many such peptides are already in use as medicinal agents, and others have been modified into non-peptide compounds, which slow their degradation and increase their half-life in the body’s circulation.  

The potential biological use of peptides is clearly wide ranging.  Over the past few decades, many advances have been made in peptide chemistry that has brought the science to a capacity that it can suitably address many of the biological processes to which they apply.  

CHAPTER 2:  Solid Phase Peptide Synthesis (SPPS)

2.1
Introduction

Peptide chemistry has been in practice since the late 1800s.  Even before peptide structures could be correctly determined, the discipline was making steady advances.  Finally, in the 1950’s when Bruce Merrifield introduced SPPS and after automated syntheses became possible, the biological applications of peptide chemistry began to emerge.  Dozens of biologically active peptides had already been identified, but they required isolation from natural sources (Bodanszky, 1988).  In the advent of SPPS and automated peptide synthesis, large scale chemical reactions took the place of large scale isolation campaigns.  Furthermore, as many biological interactions are peptide-based, huge peptide libraries have been synthesized to probe the active site of both enzymes and receptors.  When a ligand to an enzyme or receptor is a peptide, and that sequence is known, specific segments of this ligand can be synthesized in hopes of discovering an agonist or an antagonist.  The discovery of either could provide a lead compound for a future drug design campaign targeting the aforementioned enzyme or receptor.  

The peptides described below were synthesized for the purpose of finding an agonist or antagonist to the Toll-like receptor-5 (TLR-5).  This receptor is known to interact with the peptide flagellin, the monomeric subunit of the bacterial propeller, flagella (Hayashi, 2001).  Previous experiments have reduced the flagellin-receptor interaction site to three sequences within the approximately 500-amino acid protein, flagellin (Jacchieri, 2003; Murthy, 2004).  For the experiments described below, a panel of peptides representing these sequences has been synthesized as well as many derivatives of the parental sequences.   

2.2
Materials and Methods

Unless otherwise specified, each peptide was prepared according to the general peptide synthesis procedure.  The peptides synthesized, and the resins used for each peptide is shown in Table 2.1.  
Table 2.1  Peptides synthesized and resins used

	Peptides
	Sequence
	Resin
	Figure

	C1
	QNRFNSAITNLGNT
	H-Ala-2-Cl-Trt and Seiber Amide
	Fig 2.1

	N1
	LQRVRELAVQ
	Wang
	Fig 2.2

	N1-a
	Aib-LQRVRELAVQ
	Wang
	Fig 2.3

	N1-b
	LQRVRELAVQ-Aib
	Wang
	Fig 2.4

	N2
	LAVQSANGTNSQSD
	Rink Amide
	Fig 2.5

	N2-a
	SANGTNSQSD
	Rink Amide
	Fig 2.6

	N2-b
	LAVQSANGTN
	Wang
	Fig 2.7

	N2-d
	ANGTN
	Rink Amide
	Fig 2.8

	N2-d
	LAVQS
	Preloaded Fmoc-Ser(tBut)-Wang
	Fig 2.9

	N2-e
	LAVQSANGTNS
	Preloaded Fmoc-Ser-(tBu)-Wang
	Fig 2.10

	N2-f
	LAVQSANGTNSQ
	HMBA Peg
	Fig 2.11

	S1
	VQLLRQERAV
	Wang
	Fig 2.12

	S2
	Aib-VQLLRQERAV
	Wang
	Fig 2.13

	S3
	LAVQSANTN
	Wang
	Fig 2.14

	S4
	VQAAIDYING
	NA*
	NA*

	S5
	LAVSAGTNSQ
	Wang
	Fig 2.15


* Control Peptide S4 was manufactured by Advanced Chem Tech
General Peptide Synthesis Procedure:  SPPS was performed according to the Fmoc standard protocol described by Chan 2000.    Coupling reactions were completed in 3 hours using diisopropylcarbodiimide (DIC) and 1-hydroxybenzotriazole (HOBt).  Cleavage protocols are also described in the EMD Biosciences catalogue (White 2004).  Purification was achieved by reverse phase (RP) HPLC.  A Gilson Preparatory HPLC equipped with 321 and 322 Pumps, UV/VIS Detectors, and a FC 204 Fraction Collector was used for peptide separation.  The HPLC conditions were as follows:  10-mm i.d. x 250-mm Vydac C18 10U: eluent; 100% solvent A (H2O/0.1% TFA) to 100% solvent B (100% CH3CN/0.1% TFA) over 45 minutes; flow rate 4 mL/min.  Analysis was by HPLC and LCMS.  The Analytical HPLC was a Hewlett Packard Series 1100 equipped with standard detection.  HPLC conditions were as follows:  4.6-mm x 250-mm Beckman Ultrasphere C8, 5U: eluent; 20% solvent A (H2O/0.1%TFA) and 80% solvent B (CH3CN/0.1%TFA) to 100% solvent B over 8 minutes, 100% solvent B for 6 minutes; the flow rate was 0.8 mL/min.  The LCMS was a Thermo Finnigan Surveyor equipped with PDA detection set for wavelengths 214, 254, and 280-nm.  The conditions for the LCMS are as follows: Cone voltage, 30mV; Probe Temperature, 5000C; Scan time, 0.5s.  
Peptide C1 (QNRFNSAITNLGNT).  Peptide C1 was divided into two segments of 7 amino acids each.  ITNLGNT was synthesized on Seiber Amide resin while QSRFNSA was synthewized on preloaded H-ala-2-Cl-Trt Resin.  After their acid labile cleavage, they were coupled together in solution according to the recommended procedure in the EMD Biosciences catalogue (White 2004).  Coupling reactions were completed in 3 hours on solid support, and 12 hours in solution.  

2.3
Peptide Characterization:

Peptide purity and characterization were confirmed by HPLC (Hewlett Packard Series 1100) and LCMS (Thermo Finnigan Surveyor).  The expected masses of each peptide are given in Table 2.2 along with the M+1 molecular weight and the M+2 molecular weight, which are characteristic of positive mode electrospray ionization (ESI) series.   The spectra obtained from each of the peptides are shown in Figure 2.1 – 2.15.  

	Peptide

	Molecular mass

	+1 (g/mol)

	+2 (g/mol)


	C1

	1548.76 g/mol

	1548.76 g/mol

	774.38 g/mol


	N1

	1212.72 g/mol

	1211.72 g/mol

	606.36 g/mol


	N1-a

	1297.72 g/mol

	1296.72 g/mol

	647.86 g/mol


	N1-b

	1297.72 g/mol

	1296.72 g/mol

	647.86 g/mol


	N2

	1391.63 g/mol

	1390.63 g/mol

	695.32 g/mol


	N2-a

	980.39 g/mol

	979.39 g/mol

	489.70 g/mol


	N2-b

	975.49 g/mol

	974.49 g/mol

	487.75 g/mol


	N2-c

	476.21 g/mol

	475.21 g/mol

	237.61 g/mol


	N2-d

	518.30 g/mol

	517.30 g/mol

	259.15 g/mol


	N2-e

	1062.53 g/mol

	1061.52 g/mol

	531.26 g/mol


	N2-f

	1190.58 g/mol

	1189.58 g/mol

	595.29 g/mol


	S1

	1212.72 g/mol

	1211.72 g/mol

	606.36 g/mol


	S2

	1297.72 g/mol

	1296.72 g/mol

	647.86 g/mol


	S3

	918.47 g/mol

	917.47 g/mol

	459.24 g/mol



	


Table 2.2   Molecular weights of the peptides synthesized:  Depending on the properties of the peptide, the electrospray ionization (ESI) series positive mode may place a +1 or a +2 charge on the peptide.  As the mass is represented as a ratio over charge (m/z), a peptide with a +2 charge will be represented by a peak at approximately half the expected mass of the +1 charge species.  

Figure 2.1  LCMS and HPLC of peptide C1:  The expected mass of peptide C1 in the ESI positive series mode was 1548.76 g/mol for a +1 charge, and 774.38 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 254 nm.

[image: image1]
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Figure 2.2  LCMS and HPLC of peptide N1:  The expected mass of peptide N1 in the ESI positive series mode was 1211.72 g/mol for a +1 charge, and 606.36 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 254 nm.
Figure 2.3  LCMS and HPLC of peptide N1-a:  The expected mass of peptide N1-a in the ESI positive series mode was 1296.72 g/mol for a +1 charge, and 647.86 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.

[image: image3]
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Figure 2.4  LCMS and HPLC of peptide N1-b:  The expected mass of peptide N1-b in the ESI positive series mode was 1296.72 g/mol for a +1 charge, and 647.86 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.
Figure 2.5  LCMS and HPLC of peptide N2:  The expected mass of peptide N2 in the ESI positive series mode was 1390.63 g/mol for a +1 charge, and 695.32 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.

[image: image5]

[image: image6]
Figure 2.6  LCMS and HPLC of peptide N2-a:  The expected mass of peptide N2-a in the ESI positive series mode was 979.39 g/mol for a +1 charge, and 489.70 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.

[image: image7]
Figure 2.7  LCMS and HPLC of peptide N2-b:  The expected mass of peptide N2-b in the ESI positive series mode was 974.49 g/mol for a +1 charge, and 487.75 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.

[image: image8]
Figure 2.8  LCMS and HPLC of peptide N2-c:  The expected mass of peptide N2-c in the ESI positive series mode was 475.21 g/mol for a +1 charge, and 237.61 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.
Figure 2.9  LCMS and HPLC of peptide N2-d:  The expected mass of peptide N2-d in the ESI positive series mode was 517.30 g/mol for a +1 charge, and 259.15 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.
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Figure 2.10  LCMS and HPLC of peptide N2-e:  The expected mass of peptide N2-e in the ESI positive series mode was 1061.52 g/mol for a +1 charge, and 531.26 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 254 nm.
Figure 2.11  LCMS and HPLC of peptide N2-f:  The expected mass of peptide N2-f in the ESI positive series mode was 1189.58 g/mol for a +1 charge, and 595.29 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.
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[image: image12]
Figure 2.12  LCMS and HPLC of peptide S1:  The expected mass of peptide S1 in the ESI positive series mode was 1211.72 g/mol for a +1 charge, and 606.36 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.
Figure 2.13  LCMS and HPLC of peptide S2:  The expected mass of peptide S2 in the ESI positive series mode was 1296.72 g/mol for a +1 charge, and 647.86 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.

[image: image13]
Figure 2.14  LCMS and HPLC of peptide S3:  The expected mass of peptide S3 in the ESI positive series mode was 917.47 g/mol for a +1 charge, and 459.24 g/mol for a +2 charge.  The HPLC was obtained at a wavelength of 220 nm.  Glycine is the amino acid deleted between Asn (N) and Thr (T) in the native flagellin sequence.  


[image: image14]
Figure 2.15  LCMS and HPLC of peptide S5:  This peptide was isolated as an unwanted byproduct during the synthesis of peptide N2-f.  Peptide S5 contains various internal deletions as well as synthetic byproducts. The HPLC was obtained at a wavelength of 254 nm.  


[image: image15]
2.4
Discussion

Figure 2.16  Depiction of the native secondary structure of peptide N4:  The linear region amid two alpha helices contains the sequence ANTGN.  
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Every peptide was synthesized with a future biological assay in mind.  The objective was to synthesize and test the small peptide fragments that are hypothesized to be the active region of the protein flagellin.  Protein-protein interactions can be very specific, and often rely on secondary or tertiary structure for proper interactions.  Therefore, when possible, efforts were made to preserve the secondary structure of the native region of the peptide.  Peptide N1 and C1 are shown to be completely helical according to the crystal structure of flagelllin (Hayashi, 2001).  A peptide, 10 amino acids in length could be expected to have partial helical content in solution. However, for such a peptide to be completely helical in solution, it would require some means of external structural support (Marshall 1988).  Peptide N2, on the other hand is a rather complex structure that consists of two helical regions separated by a linear segment of 5 amino acids (Figure 2.16).  
The first peptide to be synthesized was peptide N1 that is composed of 10 amino-acids.  Two sub-fragments were synthesized, peptides N1-a and N1-b that include the residue amino-isobutyric acid (Aib) on the C- and N-terminus, respectively.  This strategy was employed given that the incorporation of Aib has been shown to increase the helical content of small peptides (Marshall, 1988).  These Aib units, however, reduced the peptides water solubility to the extent that they were no longer soluble in the water-based phosphate buffered saline (PBS), and required DMSO as its vehicle for the biological assay.  While DMSO is used commonly in many biological assays, it produced undesirable cytotoxic effects in this particular assay.  As a result, the use of these helix-supporting residues was avoided in subsequent peptides.  

We envisioned using N-terminal protecting residues as a means of maintaining peptide stability during the biological assay as well as in storage.  While this could be achieved by acetylating the N-terminus of the peptides, this also reduced the peptide’s water solubility.  This phenomenon was observed in the synthesis of the sequence SANGTNSQSD (peptide N2-a), and its acetylated counterpart Aib-SANGTNSQSD (characterization not shown).  The former peptide was readily soluble in PBS while the latter peptide required DMSO.  Acetyl caps, therefore, also were avoided in subsequent peptides.  
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Although Aib units and acetyl caps were avoided to facilitate water solubility, the primary sequence of peptide C1 proved to be fundamentally hydrophobic.  Despite the absence of the aforementioned functional groups, peptide C1 required a 1:1 ratio of PBS and DMSO to dissolve completely.  This property was unavoidable and complicated the biological evaluation.  

Figure 2.17  Structure of Trityl protecting group:  This protecting group is used with amino acids Asn and Gln.  

[image: image25.jpg]mAU 2
2000 - E
1750
1
1500
1250
1000
750
500
Y
250 i 3L ] b
8 85 & 8
= Sgics = k o
g i o
5 o
T T T T
o 10 20 20




Beyond its water-solubility limitations, peptide C1 also presented synthetic obstacles.  Initially, peptide C1 was to be completely synthesized on Wang resin support (substitution 0.93 mmol/g).  However, the coupling reactions began to fail after 9 amino acids had been added.  Given that the protecting groups of the amino acids in this particular sequence were numerous and bulky, it was thought that the growing amino acid chain was aggregating in such a way that the free amine group was internalized, and therefore hidden within the aggregate structure.  Peptides have been shown to aggregate onto themselves after as few as 5 amino acids (White, 2004).  As this phenomenon depends on the nature of the peptide and it’s protecting groups, it is especially problematic in peptides containing multiple trityl groups (Bedford, 1992): peptide C1 contains 5 trityl protecting groups (Figure 2.17).  Troubleshooting this problem suggested using resins with lower substitutions (White, 2004).  Therefore, the same SPPS attempt was made using the Rink Amide resin (0.66 mmol/g) as opposed to the previously used Wang resin (0.93 mmol/g); the structures of which are shown in Figure 2.18.  Unfortunately, the coupling reactions also began to fail after 9 amino acids.  As a result, the synthesis of peptide C1 was [image: image26.jpg]Relative Abundance
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divided into two smaller, equal peptides - QNRFNSA and ITNLGNT – that ultimately were coupled together in solution to produce the complete peptide.  

Figure 2.18  Structures of resins employed for the synthesis of peptide C1:  Wang resin has a substitution of 0.93 mmol/g (A), while Rink Amide MBHA resin has a substitution of 0.66mmol/g (B) (White, 2004).  

Excluding the unorthodox synthesis of peptide C1, all other peptides were synthesized and purified without complication and according to the standard protocol (Chan, 2000).  The final result was the synthesis of 11 experimental peptides and 3 control peptides that would later be evaluated for TLR-5 activity.  Although water solubility remained an issue with peptides C1, N1-a, N1-b and, S2 it was compensated for through the use of a mixed solvent system.  The proper vehicle controls were applied to the cell cultures, and credible conclusions were obtained with each peptide.  
In this study, solubility took precedence over proper structural support because without water solubility, the relatively simple screening assay produced unreliable results.  Furthermore, we reasoned that peptides that show agonistic or antagonistic promise could be later modified in such a way that their water solubility is preserved and their helical structure supported.  These modifications would be intricate and complex chemical processes, and therefore would be specifically applied to promising sequences only.  

CHAPTER 3: Review of Toll-Like Receptors in Immunology

3.1
Introduction to the immune system


Our bodies are equipped with a remarkable ability to thwart the infectious attempts of hundreds of invading microorganisms.  This defense is so effective that it often takes place even without our knowledge.  While the immune system has protected many species for thousands of years, we have only recently begun to appreciate its full potential.  The first notable immunological discovery was in the late seventeen-hundreds.  It was noticed by many physicians that milkmaids were rarely afflicted with smallpox; furthermore, they were seldom pockmarked.  On May 14, 1796, Edward Jenner took some fluid from the cowpox-infected hands of Sarah Nelmes and inoculated it into the arm of James Phipps.  After challenging Phipps with smallpox a few months later, he concluded that this initial inoculation conferred immunity against the disease.  A subsequent smallpox-challenge 5 years later demonstrated that this immunity was a sustained phenomenon (Nossal, 1999).  While this work was revolutionary, Jenner did not understand why this inoculation conferred immunity.  Many theories were proposed, but the system that we now know as the adaptive immune system, would not be further elucidated for another 80 years.  

It was Louis Pasteur and Robert Koch who first established that specific agents were responsible for disease.  These microorganisms were later categorized into four main groups: viruses, bacteria, fungi, and parasites (Janeway, 2005).  Although Pasteur and Koch had exposed the etiology of disease, the body’s ability to rid itself of these disease-causing microorganisms was still unknown.  The field of immunology has since seen many advances, and while much is still to be discovered, the body’s response to infectious agents has been carefully delineated.  It is now understood that our bodies have two lines of defense against a variety of invading pathogens; the innate immunity and the adaptive, or acquired immunity.  The process Jenner, Pasteur and Koch were exploiting was the adaptive immune response.  Though this process was previously thought to be separate from the innate immune response, it has been shown that these two systems compliment and support each other in a defense continuum (Kunkel, 2003).  

The adaptive immune system can take from 4 to 7 days before responding to an infectious agent.  This response, albeit relatively delayed, is specific to the particular pathogen, and is capable of sustaining a life-long memory for that pathogen where upon subsequent re-infection, the body’s defense response will be stronger and faster (Janeway, 2005).  If the body were to only rely on the adaptive immune system, it would be virtually defenseless for approximately four days following novel infections.  If left unchecked for this duration, a virus or bacteria could replicate to such large numbers that the body would have great difficulties expelling the pathogen and repairing the damage.  Humans and many other organisms have evolved to immediately defend against pathogen infection by an immune response that does not require priming, specifically, the innate immune system (Krensky, 2001).  

The innate immune response contains facets that are general enough to embody an effective response to almost any pathogenic insult.  On the other hand, some of the responses launched by this natural immunity are specific to certain pathogens.  Although the innate immune response precedes the adaptive response, the former does more than simply initiate the latter; it assists in the elimination of pathogens that have been selectively marked by adaptive immune cells (Janeway, 2005).  When considering how much one relies upon the other, it becomes clear that the innate immune system is of essential importance to the homeostasis of the host.  For instance, the innate immune system induces the production of chemokines and cytokines that, in turn, recruit specific subpopulations of lymphocytes that bridge signals to the adaptive immune response.  These are some of the characteristics that make innate immunity an attractive system to pharmacologically exploit.  Proper priming, or alternatively attenuation of this process, could help guide the most favorable immune response for the host.  

To date, many biological response modifiers (BRM) and immunomodulating drugs are used to advantageously alter the body’s immune system in response to infection or disease (Cruse, 2004; Krensky, 2001).  Some of the leading pathologies that promote development of immunomodulators and immunoregulators include rheumatoid arthritis, bone marrow and stem cell transplantation, cancer and various infectious diseases (Cruse, 2004).  Some of these conditions require immunoenhancing products while others would best benefit from immunosuppressive agents.  Drugs that modulate the immune system through receptors that recognize pathogens would have great value.  An agonist could provide a prophylactic medication, priming the innate immune system when pathogenic exposure is expected.  Moreover, an agonist could serve as an adjuvant for vaccinations, making them more effective.  An antagonist, on the other hand, could remedy conditions such as inflammatory bowel disease, attenuate bacterial induced inflammatory pathologies, or provide a therapy for septic shock (Janssen, 2003).  While a therapeutically applicable drug could be incredibly valuable in the hospital setting, it would equally useful to the laboratory to posses an experimental tool that can isolate the effects of one pathogen recognizing receptor from other proinflammatory signaling proteins.  In either case, pathogen recognition receptors provide a fertile ground for the research and development of pharmaceutical agents.  

3.2
Background of Toll-like receptors

If the innate immune response were summarized in one word, it would be inflammation.  Inflammation, as defined by the four Latin words calor, dolor, rubor and tumor, suggest heat, pain, redness and swelling, respectively (Janeway, 2005).  As an infectious bacterium is met by local leukocytes, the surface receptors of these cells bind the common surface constituents of the bacteria, engulf it and secrete cytokines and chemokines.  These secreted factors not only will contribute to the process of inflammation, but also will recruit other leukocytes to the area for a localized defense against the bacterium.  Other factors that are involved in the innate immune response include, the complement system, granulocytes, phagocytic cells such as monocytes and macrophages, natural killer cells, basophils, and finally mast cells (Krensky, 2001).  

As our understanding of the immune system grows, it becomes increasingly clear that the innate response is not as general as previously thought (Hoagabom, 2003).  The discovery of the Toll-like receptor (TLR) family has demonstrated that the innate immune system can also be highly specific.  These Toll-like receptors are capable of identifying selective and conserved pathogen associated molecular patterns (PAMPs) that are characteristic to microorganisms and not to the host.  Ligands have not been discovered for all of the 10 identified TLRs, but some of the known ligands are listed in Table 3.1 (Akira, 2003).  The only ligand known currently to activate TLR-5 is flagellin, the monomeric subunit of bacterial flagella (Janssens, 2003).  

Table 3.1  Ligands of Toll-like receptors:  Some TLRs are known to form heterodimers with other TLRs in the recognition of PAMPs, while, others will form homodimers.  
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TLRs are evolutionarily conserved receptors that are found in a broad range of species from humans and fruit-flies, to nematode worms (Rich, 2000).   They have evolved to recognize pathogen associated molecular patterns (PAMP) that are present and conserved almost invariantly among a specific class of microorganisms.  These microorganisms have not been able to evade the TLR family by mutations because these PAMPs are located in areas of the microorganism that are essential for survival.  This places many microorganisms in an evolutionary Catch-22 that has proven beneficial to the hosts of TLRs.  For example, the suggested region of the flagellin protein that interacts with TLR-5 has been shown to be essential to function and is highly conserved among flagellated bacteria (Andersen-Nissen, 2005).  As many bacteria rely on their flagella for motility, adhesion and evasion, a loss of functionality could be lethal to the organism.  

Figure 3.2  Structure of ligand binding domain of TLR-3: TLR-3 is the only TLR crystal structure currently available.  The ectodomain of TLR-3 contains a total of 23 leucine-rich repeats (LRR), where LRR-1, 5, 10, 15, 20, and 23 are identified in this figure (Choe 2005).  Though the crystal structure of other TLRs is not available, it is known that each contain between 19 and 25 LRR and are thought to be horse-shoe shaped with extensive -sheets on the concave side to aid in ligand recognition (Bell, 2005).  
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TLRs are strategically positioned throughout the tissue of the body to detect the first sign of most invading pathogens (Janssens, 2003).  They have been found on urethral, bronchiolar, and intestinal epithelial cells, as well as many immune cells.  The TLR intracellular domain resembles that of the Toll receptor found in Drosophilia, and that of the IL-1 receptor found in mammals (Gay, 1991).  Their extracellular domain contains a leucine rich repeat that is believed to aid in ligand recognition; however recognition structures are still unclear (Kobe, 1995).  The only TLR crystal structure currently obtained is that of the TLR-3 ectodomain (ECD) (Choe, 2005) that is shown in Figure 3.2.  This domain is shown to contain multiple Leucine-rich repeats (LRR) that are thought to contribute to the binding of each TLRs specific ligand.  Each of the 10 identified TLRs are known to contain between 19 and 25 LRRs and are predicted to be in a horse-shoe conformation with a plethora of -sheets lining the concave side of the receptor (Bell, 2005).  When these receptors are triggered, they most often activate the innate immune response through the NF-B transcription factor pathway, thought other pathways such as Jun/Fos pathway is also known to be employed (Aderem, 2000).  When the TLR is activated, it dimerizes and recruits the myeloid differentiation primary response gene (MyD88).  MyD88 is responsible for the activation of intermediates such as IRAK and TRAF6 that ultimately activate IB kinases.  IB is a protein that remains bound to cytosolic NF-B, effectively retaining it in the cytosol.  Phosphorylation of IB by its kinase induces its degredation and subsequently releases NF-B, allowing it to freely translocate to the nucleus.  Once inside the nucleus, NF-B initiates the transcription of a barrage of proinflammatory proteins (Aderem, 2000).  

3.3
Previous research with TLR-5 and Flagellin


Determining the ligands for each of the TLRs is a task that began with the receptors discovery, and is one that continues today.  Currently, it is known that bacterial flagellin binds with, and activates TLR-5 (Hayashi, 2001).  Defining the region of the protein that directly interacts with the receptor, however, is a task that has not yet been resolved.  The following paragraphs discuss the pivotal experiments that first identified flagellin as the TLR-5 agonist (Hayashi, 2001), followed by later experiments that reduced the TLR-5 active region to specific domains (Eaves-Pyles, 2001) and finally to specific sequences of amino acids (Murthy, 2004).  


It was determined by Hayashi et al. that TLR-5 was activated in response to flagellin, the monomeric constituent of flagella (Hayashi, 2001).  Hayashi and colleagues screened a variety of pathogen associated molecular patterns (PAMP) against a Chinese Hamster Ovary (CHO) cell line that was engineered to express TLR-5 and an NF-B-luciferase-linked reporter gene.  The PAMPs used included LPS, yeast cell wall constituents, and other lipopeptieds that were known to activate the TLR pathway of other members of the TLR-family.  The cells expressing TLR-2 were activated by the sample of lipoproteins, however, TLR-5 did not respond to any of the treatments.  Hayashi then tested the supernatant of Gram-negative and Gram-positive saturated bacterial cultures and reported luciferase production.  To identify the responsible component of the bacterial supernatant, the supernatant of a sample of Listeria monocytogenes was concentrated and fractionated by reverse-phase chromatography.  The separate fractions were, in turn, tested for TLR-5 activity.  The fraction with the most activity was again separated by gel electrophoresis, revealing a strong band with an approximate molecular weight between 30,000 and 34,000kD.  This band was excised and treated with the digesting enzyme, trypsin, and analyzed by microcapillary HPLC tandem mass spectroscopy.  The sequences produced by the digestion were identified by comparison to a peptide database facilitated by the computer program SEQUEST.  Five sequences, ranging from 11 to 16 amino acids in length, were matched with identical segments from the Listeria monocytogenes flagellin protein (Hayashi, 2001).  

To confirm flagellin as the activator of TLR-5, they engineered two different bacterial strains.  The first strain was L. monocytogenes that would not express flagellin, and the other was a strain of E.coli, one that previously did not activate TLR-5, that was transformed with the cDNA of L. monocytogenes flagellin.  As expected, the former bacterial strain no longer induced TLR-5 activation while the latter gained the ability to activate the receptor (Hayashi, 2001).  This study clearly defined flagellin as the TLR-5-active component bacteria.  Since then, many efforts have been made to identify the specific region of the flagellin protein that is involved in TLR-5 binding and activation.  


The protein flagellin is composed of three regions, two conserved regions that are separated in sequence by one hypervariable region (Figure 3.3) (Yonekura, 2003).  A study by McDermott and colleagues argued that the active sector of flagellin was found in the hypervariable domain, as flagellin activity was lost when the constant domains were tested without the hypervariable region (McDermott, 2000).  These findings were not able to account for the structural support the hypervariable region may have contributed to the entire protein.  Also, the results were counter-intuitive because TLR-5 is capable of recognizing a wide variety of flagellin, necessitating that the recognition site be highly conserved.  In the following year, a study was published by Eaves-Pyles and colleagues that contradicted the findings by McDermott et.al (Eaves-Pyles, 2001).  In this experiment, the hypervariable domain was replaced by an Escherichia coli hinge (ECH) that had been shown before (Melby, 2000) to bring the N- and C-termini into structural proximity.  This chimera maintained a level of TLR-5 activity that was nearly identical to that of the wild type flagellin.  Eaves-Pyles also created chimeras using only half of each [image: image29.jpg]EIC-6X
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of the constant domains; that is ND1 and CD1, or ND2 and CD2 (Figure 3.3a).  
Figure 3.3  Ribbon structure of the flagellin protein:  Flagellin is composed of a hypervariable domain (green), and two constant domains, the N-terminal domain (cyan) and the C-terminal domain (yellow).  The linear diagram (a) shows the two constant regions are separated by the hypervariable region, however, in the tertiary structure of flagellin (b) the two constant regions fold back on each other.  (Figure adapted from Yonekura, 2003).  

When the C- and N-termini were divided accordingly using either the hypervariable domain or the ECH, neither chimeras resulted in TLR-5 activity.  These findings proved that the conserved domains are responsible for flagellin activity.  Furthermore, this suggests that the active region of the flagellin protein is either a discontinuous region composed of the N- and C-terminus, or that one contributes significantly to the structure of the other.  These findings have been supported by other data (Aderem, 2005).  The specific search for the active region is still ongoing, but many convincing experiments have been reported that suggest specific areas of interest.  

Jacchieri et.al predicted that the region containing an active segment is -helical, 10 amino acids in length and has the sequence NH2-LQRVRELAVQ-COOH.  This prediction is based on the complementary-hydropathy principle that suggests that an interaction is likely to take place between two peptides where a correspondence is found between hydrophobic or hydrophilic residues.  While this prediction is based on a theoretical principle, it has proven accurate in 69 of 72 applications (Jacchieri, 2003).  

Figure 3.4  Relative location of important sequences within the flagellin protein:  Amino acids 95-108 (LAVQSANGTNSQSD) are located within the N-terminal domain, while amino acids 440-453 (QNRFNSAITNLGNT) are located within the C-terminal domain (Figure adapted from Yonekura, 2003).  
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Interventional experimentation has also been done to elucidate the active regions of flagellin.  Murthy et al. exploited protein truncation and site directed mutagenesis procedures to reduce the active region to two separate segments, each being 14 amino acids in length (Figure 3.4).  The findings by Murthy and colleagues further supported the work by Eaves-Pyles and colleagues that (Eaves-Pyles, 2001).  Their data indicates that the important regions are amino acids 95-108 (LAVQSANGTNSQSD), and 440-453 (QNRPNSAITNLGNT), as TLR-5 activity was lost when the truncations reached these segments of the protein (Murthy, 2003).  The former region is on the N-terminal conserved domain, while the latter sequence is found on the C-terminal conserved domain.  Specific point mutations were then made to these regions, leaving the remainder of the protein intact.  Deletions and mutations made to the entire N-terminus region abolished all TLR-5 activity, while the same adjustments made to the C-terminal region significantly abrogated activity.  These experiments proved the importance of these specific segments in inducing TLR-5 activity, whether through direct receptor interaction or simply through a structural contribution.  

The research done to date, however, has not ruled out the possibility that these sequences are important in maintaining the proper flagellin conformation rather than just TLR-5 interaction.  If TLR-5 were activated by any of these sequences in the absence of the remainder of the flagellin protein, this would lend support to the argument that these regions directly interact with and activate the receptor.  Our study will address this possibility.  Each of these suspected sequences have been synthesized as short peptides and screened for activity against the TLR-5 receptor.  The results are summarized in the following sections.  


CHAPTER 4:  Agonist evaluation of peptides on TLR-5 expressing cells

4.1
Introduction


The human immune system is by far, one of the most advanced and efficient defense mechanisms of any species known.  It has the capacity to recognize and remove a vast array of foreign particles and pathogenic agents.  In further praise of our immune system, it is also capable of learning and evolving to become better equipped against immediate environmental threats.  Our immune system, however, is not without a worthy adversary.  Just as our defense mechanism is continuously updating and improving itself, so do the infectious agents that are continually threatening our health.  As bacteria and viruses continue to evolve, we can only expect that some will be capable of eluding our immune system.  This is the case with cancer, viruses and bacterial infections such as Helicobacter pylori (Krensky, 2001).  In such cases where the pathogen has been able to disguise itself from our immune system, it is often necessary to employ pharmaceutical drugs that can assist our defensive line.  Proteins that are engulfed by antigen presenting cells (APCs) are degraded and fragments are displayed to the leukocytes of the adaptive immune system.  This is a pathway commonly exploited for vaccinations.  Synthesis of the peptide fragment most important to TLR-5 recognition would provide one of the most widely applicable adjuvant to bacterial vaccine therapy because this would also be a region that is highly conserved.   

As described in Chapter 3, the work done to elucidate the TLR-5 active region of flagellin was done using truncated or mutated derivatives of the protein.  In either case, the effect of the nearly full-length flagellin protein was studied.  Our experimental approach is novel because it studies the effects of small peptide sequences on TLR-5 in the absence of the remainder of the flagellin protein.  To undertake this project, three peptide sequences were targeted, each of which were identified from previous bodies of research (Jacchieri, 2003; Murthy, 2004).  Two peptides were taken from the conserved N-terminus of the flagellin protein, while the other peptide was taken from flagellin’s conserved C-terminus.  For the purposes of our experiments, these peptides have been labeled N1, N2 and C1, and are comprised of the sequences, LQRVRELAVQ, LAVQSANGTNSQSD, and QNRFNSAITNLGNT respectively.  In addition to these three principal peptides, two variations of N1 (N1a-b) and six variations of N2 (N2a-f) have also been tested for agonist activity.  From this panel of peptides, only two showed agonist activity, and each of these were truncated disparities of peptide N2, designated labeled N2-b and N2-f.  These results suggest that these sequences should be further investigated as TLR-5 agonists and potentially as lead compounds for a drug design campaign.  

4.2
Materials and Methods: Agonistic Study

Maintenance of cell culture:  TLR-5 and TLR-2/6 HEK-293 cells (InVivogen) were maintained in T-75 flasks in growth media composed of Dulbecco’s Minimum Essential Medium Eagle (Cellgrow) supplemented with 10g/mL of blasticidin (Invivogen) and 10% fetal bovine serum (FBS) (Invitrogen).  Maintenance passages were done approximately twice weekly when passaging from a T-75 flask and once per week when passaging from a T-150 flask.  

Transfections with NF-B/SEAP reporter:  Transfections were found to be optimal utilizing 50-70% confluent flasks.  The Lipofectamine and Plus Reagents protocol (Invitrogen) was adapted to suit transfection in a T-75 flask.  For each flask transfected, 400l of serum free TLR growth medium was added to two polystyrene tubes.  To tube #1, 64 of Plus Reagent and 16L of NF-kB/SEAP DNA (stock 500g/mL, Invivogen) (Figure 4.1) was added and incubated at room temperature for 15 minutes.  16l of Lipofectamine Reagent was added to polystyrene tube #2.  After the 15 minute incubation, the content of tube #1 was added to tube #2 in a drop-wise fashion with constant stirring.  The combination incubated for 15 minutes.  104L of serum free TLR growth medium was added to achieve a total volume of 1mL that was finally added to a T-75 flask previously aspirated of medium and washed gently with PBS (Cellgro).  The flask incubated at 370C and 5% CO2 for 5 hours with occasional rocking.  9mL of TLR growth medium (with serum) was added and the flask incubated overnight.  

Figure 4.1  NF-B/SEAP reporter gene construct:  The SEAP gene is immediately downstream of the NF-B promoter.  This construct is transfected into Hek293 cells engineered to express specific members of the TLR family (picture adapted from BD Biosciences).  
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After incubation, the cells were released by Trypsin/EDTA (Cellgro), counted, and seeded into 96-well plates in a volume of 100l/well at 1x105 cells/well.  The 96-well plates incubated overnight at 370C and 5% CO2.  

Flagellin purification:  Full-length Salmonella dublin (SD) flagellin was purified as previously described by Eaves-Pyles and colleagues (Eaves-Pyles 2001).  
Peptide treatment:  Peptide concentrations and vehicles are summarized in Table 4.1.  96-well cell cultures were treated with selected concentrations of peptide in 1l of vehicle volume.  Vehicles were either PBS (Cellgro), or 1:1 PBS:DMSO (Fisher).  Each peptide was tested in triplicates.  
Kinetic Study:  The kinetic study was completed in a 24 well plate where transfected cells were seeded in 1mL of medium at a concentration of 2x105 cells/mL.  Peptides were delivered in 1l of vehicle solvent, and were tested in duplicates.  Sample collections were made at time points 5, 8, 12, and 24 hours.  Upon removing 20l of supernatant for the SEAP assay, 20l of growth medium was added to maintain a constant well volume.  
SEAP Assay:  This assay was adapted from the Tropix Phospha-Light detection kit.  24 hours after peptide treatment, 20l of the cellular supernatant was added to 60l of 1x dilution buffer and then heated at 65 oC for 30 minutes.  The samples were transferred to a black 96-well microplate, and 20l of Phospha Assay Buffer was added.  This incubated at room temperature for 5 minutes.  20l of a 1:19 CSPD: Phospha Reaction Buffer diluent was added to each well and the plate incubated in the dark for 20 minutes before luminescent analysis.  The luminometer used was an Applied Biosystems TR 717 [image: image32.jpg]Relative Abundance
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Microplate Luminometer.  

Table 4.1  Concentrations and vehicles used for peptide evaluation  

MTT Assay:  After the supernatant was collected for the SEAP assay, the remainder of the supernatant was discarded.  To each well of this plate, 100l of a 1mg:1mL ratio solution of MTT (Sigma) dissolved in RPMI (Cellgro) was carefully added.  This incubated at 370C and 5% CO2 for three hours.  The solution was carefully removed and discarded.  In its place, 120mL of isopropyl alcohol was carefully added.  The plate gently rocked at room temperature for 10 minutes before the absorbance was read at 560 nm.  The spectrophotometer used was a Molecular Devices VERSAmax microplate reader.  
Data Analysis:  Peptide samples were tested in triplicates.  SEAP values and MTT values were reported as SEAP/MTT.  The average of the three values was reported.  

Statistics:  The standard error of the mean (SEM) was calculated for the average of three SEAP/MTT values, and results were expressed as mean + SEM.  The student’s t-test was used to determine statistical significance when p values were <0.05.   
4.3
Results: Agonist Study
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The peptides analyzed in these studies are diagramed in Figure 4.2 with respect to a linear depiction of the flagellin protein.  Before these peptides were tested, however, the reliability of the assay was examined.  The baseline assay is discussed in section 4.3.1.  The results from the peptide-agonist assays are discussed in section 4.3.2.  

Figure 4.2  Peptides analyzed for TLR-5 agonist activity:  The peptides are aligned with respect to their position within the flagellin protein.  The sequence represented by peptide N1 was derived from the work done by Jacchieri and colleagues (Jacchieri 2003), while peptides N2 and C1 were both taken from the studies done by Murthy and colleagues (Murthy, 2004).  

4.3.1
Baseline Experiments; SEAP production mediated through TLR-5  

To establish whether the transfection of a NF-B responsive SEAP construct was an effective assay, and if the NF-B reporter system accurately measured TLR-5 activity, pilot studies were performed using positive and negative controls.  A blank control was used in each experiment and consisted of a transfected cell culture that was not treated by peptide or vehicle.  Also, it was necessary to include two vehicles in most experiments as some peptides were soluble in PBS, while others required a 1:1 ratio of PBS and DMSO.  A scrambled peptide was used for a control during these experiments.  These scramble controls do not correspond with any segment within the flagellin protein, and were synthesized in the same manner as the experimental peptides.  Scramble 1 (VQLLRQERAV), designated Control S1, was used to determine whether any byproducts from the peptide synthesis or purification could activate TLR-5 the receptors.  The only conspicuous activator of TLR-5 was highly purified recombinant flagellin (Eaves-Pyles, 2001).  Control S1 did not stimulate TLR-5 above basal or vehicle levels.  The values from[image: image34.jpg]Relative Abundance
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 the MTT assay following each SEAP assay showed a degree of variation among the peptide treatments (data not shown).  Some peptides, especially those dissolved in DMSO, resulted in lower MTT scores, suggesting a lower cellular health.  To integrate these values with the SEAP results, the SEAP:MTT ratio was graphed to represent the amount of SEAP produced per healthy cell (Figure 4.3).  This ratio is used to report the results for the remainder for the experiments.  
Figure 4.3  Pilot control study with TLR-5:  Activity was only seen with flagellin-treated cells.  Control S1 served as a negative peptide control that contains no correlative sequence with flagellin.  The vehicle wells were treated with 1l, while 1l of flagellin (3.5g/mL), and 1l of S1 (500g/mL) are administered to other cultures in parallel.  Flagellin-induced SEAP is significantly different from the PBS control (*P<0.01).  
To ensure flagellin was inducing SEAP production selectively through TLR-5 and not some non-specific induction of the NF-B pathway, flagellin was tested in a similar assay with HEK-293 cells expressing TLR-2/6.  The levels of SEAP detected in the blank sample, the PBS and DMSO vehicles, as well as the flagellin treated wells were essentially equivalent (data not shown).  The same concentration of flagellin that stimulated prominent SEAP production in TLR-5 expressing cells showed no significant increase in SEAP production above control levels when tested in SEAP-transfected TLR-2/6 expressing 293cells.  

4.3.2
Agonist Evaluation of Peptide N1  

Figure 4.4  Relative location of Peptide N1 within the flagellin protein:  Peptide N1 is shown to be -helical and consists of the sequence LQRVRELAVQ (Figure adapted from Yonekura, 2003).  
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Because N1 was the first sequence identified by previous studies (Jacchieri 2003), it was the first to be assessed, and it was used as the basis for three variant peptides.  N1 is a peptide with a free amine and carboxy terminus; N1-a and N1-b contain the same sequence, however, with the amino-isobutyric (Aib) acid residue on their C- and N-terminus, respectively.  The Aib units were employed to contribute to the peptide’s -helical structure (Jacchieri, 2003) (Figure 4.4) Though 10 amino acids is sufficient in peptide length to contain significant helical-content, Aib units were previously shown to increase the helical content of small peptides (Marshall, 1988).   The Aib units, however, altered the peptide’s water solubility properties; therefore a 1:1 ratio of PBS and DMSO was necessary to deliver the peptides.  Two controls were customized and synthesized for this specific sequence; S1 and S2.  Each contains the same constitutive amino acids in a randomized order; however, S2 also contains the Aib residue on the N-terminus.  

Initially, 1g/mL of each peptide was tested in a kinetic study (Figure 4.4), but concentrations as high as 2x10-2M were eventually tested.  Neither of these concentrations produced a statistically relevant increase in SEAP when compared to the PBS control (data not shown).  As previously mentioned, more than one vehicle was necessary to deliver the peptides.  Peptide N1 (LQRVRELAVQ) and Control S1 (VQLLRQERAV) were soluble in PBS, while N1-a (Aib-LQRVRELAVQ), N1-b (LQRVRELAVQ-Aib), and S2 (VQLLRQERAV-Aib) dissolved into equal parts of PBS and DMSO.  Culture supernatant collections were made at 5, 8, 12, and 24 hours as described in the Materials and Methods, and then analyzed for SEAP activity.  Each peptide sample was tested in triplicates and the average was reported using the Standard Error of Mean (SEM) for statistical calculations.  The SEAP values obtained from the flagellin treatment were significantly higher than all other samples at each time point.  The levels of SEAP produced from peptides N1, n2 and n3, however, did not differ statistically from the blank and control experiments in the 5, 8, and 12 hour sample collections.  A spike in SEAP production was seen in each of the vehicle and peptide samples at the 24 hour time point (p<0.05).  These blank and PBS values were nearly identical, while those of the peptides and controls were not statistically different from each other (Figure 4.5).  
The experiment presented in Figure 4.5 was designed in to establish an appropriate time point for sample collection.  As SEAP is a stable protein, it accumulates over time.  As expected, the SEAP produced from the flagellin-treated sample steadily increased.  After 24 hours, the flagellin-treated sample produced a level of SEAP that was clearly distinguishable from vehicle samples.  Twenty-four hours was therefore, selected as the standard time point for sample collection.   

4.3.3
Agonist Evaluation of Peptides N2 and C1  

Figure 4.5  Kinetic study of peptides N1, N1-a, and N1-b:  Samples were taken at 5, 8, 12, and 24 hours to determine the best time point to collect the samples.  Twenty-four hours was used for sample collection for the remainder of the experiments.  Non-stimulated wells (blank wells) give an estimate of the SEAP produced by constitutive construct activity.  

Peptide N2 (LAVQSANGTNSQSD) is a PBS soluble peptide, while C1 (QNRFNSAITNLGNT) requires a 1:1 ratio of PBS and DMSO for complete dissolution.  Because the molecular weight of C1 is significantly larger than that of N2, their concentrations were determined according to their molar amount to achieve an equal mo[image: image36.jpg]Relative Abundance
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lecule-to-molecule comparison.  Peptide N2 and C1 were tested at concentrations ranging from 2x10-4 M to 2x10-2 M.  The SEAP values from the three graded concentrations of N2 were not statistically different from the SEAP value obtained for the PBS control.  This trend is consistent with the SEAP values of peptide C1.  The study suggesting that these two sequences were important for TLR-5 activation (Murthy, 2004) found that each sequence was individually necessary.  It was concluded that the sequence N2 was responsible for TLR-5 binding and activation, while the sequence C1 contributed to its proper structure.  As a result, the combination of peptides N2 and C1 were tested in a 1:1 ratio for any dependent activity.  The results obtained from this combination were also indistinguishable from their vehicle controls.  

4.3.4
Agonist Evaluation of N2 derivatives: N2-a – N2-f

Of the six N2-derivatives synthesized, two peptides, N2-b and N2-f, showed promising TLR-5 inducing results while the others held no detectible agonist activity.  A summary of results are provided in Figure 4.6.   The original goal was to test the activity of the 14 amino acid segment that was highlighted by Murthy et al (Murthy, 2004).  This peptide did not induce a concentration dependent increase in SEAP production above the level of the controls.  Sequential deletions were made from this parent peptide to determine if sub-fragments would induce TLR-5 activity.  According to the x-ray crystallography of the flagellin protein (Yonekura, 2003), the region mimicked by N2 is an -helical structure with a linear interlude composed of amino acids ANGTN.  Variations of the N2 peptide were made in consideration of these structural boundaries; peptides N2-a – N2-f.  

Peptide



Sequence


  
Agonist Activity
C-terminus

     C1


TNGLNTIQSNFRN




-

N-terminus

    N1


LQRVRELAVQ




-

      N1-a
     Aib-LQRVRELAVQ




-

      N1-b

LQRVRELAVQ-Aib




-

    N2



    LAVQSANGTNSQSD


-

      N2-a


    
   SANGTNSQSD


-

      N2-b


    LAVQSANGTN
  


+*


      N2-c

                             ANGTN



-

      N2-d

    
    LAVQS




-

      N2-e
   

    LAVQSANGTNS 
  


-

      N2-f


    LAVQSANGTNSQ 



+*


    N2/C1              LAVQSANGTNSQSD / TNGLNTIQSNFRN


-

Control

    S1


VQLLRQERAV




-

    S2  

     Aib-VQLLRQERAV




-
    S3 



    LAVQSANTN



-

Figure 4.6 Peptide results for TLR-5 agonist activity:  To qualify as positive agonistic activity, a peptide must show a concentration dependent increase in SEAP production as well as a SEAP value significantly greater (P<0.01) than that of its vehicle and peptide controls.  Peptides N2-b and N2-f were the only peptides in this panel to meet these criteria.  

Statistically significant agonist activity was found with two similar peptides; N2-b and N2-f.  Peptide N2-b was a four amino acid deletion made from the C-terminus of N2, while peptide N2-f was a 2 amino acid deletion from the same terminus.  Initial tests of peptides N2-b showed a statistically significant (P<0.01) concentration dependent increase in SEAP production.  These results were reproduced in two additional runs (Figure 4.7).  Furthermore, the three graduating concentrations of peptide N2-b also are significantly different from each other (P<0.01).  

Figure 4.7  Analysis of TLR-5 activity with specific peptide sequences:  Peptide N2-b (2x10-1M) and N2-f each produced a significantly higher (P<0.01) level of SEAP when compared to the blank and vehicle control.  Furthermore, N2-b showed a statistically significant concentration-dependent increase (P<0.05).  The control S3 did not result in a significant increase in SEAP as seen with peptide N2-b and N2-f (P<0.01).
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Peptide N2-f (2x10-1M) showed significant increases (P<0.01) in SEAP production when compared to the values of the control and vehicle.  Peptide S3 served as the peptide control for this experiment.  S3 is composed of the same sequence as that of N2-b, however, one amino acid, glycine, has been deleted producing a protein that no longer mimics flagellin.  Each of the values obtained from control S3 were not statistically different (P>0.05) from the values of the blank and PBS control.  Finally, the values of peptide N2-b were significantly different (P<0.05, and P<0.01) from those of control S3 at concentrations 2x10-2M and 2x10-1M, respectively.  

Peptide N2-e is a 3 amino acid deletion from the C-terminal end of N2.  Interestingly, when this peptide was compared to the PBS control, it did not produce an (P>0.05) increase in SEAP at any of the three concentrations tested (data not shown).  Also, when peptide N2-b was divided into two separate peptides (designated N2-c and N2-d); the increase in SEAP production was lost when the peptides were tested individually (data not shown).  To determine if this loss of activity was due to the absence of the entire sequence LAVQSANGTN, the two peptides were tested concomitantly, in a 1:1 ratio at three increasing concentrations.  It was thought that the combination of the peptides may collectively trigger the TLR-5 active site in the same way that peptide N2-b did.  This however was not the case, as no activity was seen with the combination of N2-c and N2-d.  

4.4
Discussion: Agonistic Study

The pilot studies used to test the specificity and reproducibility of the assay system was designed carefully to include numerous negative controls that could have non-specifically activated the NF-B pathway.  Control S1, a peptide that does not mimic any region of flagellin, was synthesized and purified in the same manner as every other peptide tested.  This peptide produced no agonistic effects on TLR-5 and demonstrated that any synthetic byproducts present in the peptide preparation as a result of routine SPPS would not induce TLR-5 activity.  Furthermore, the activity seen with flagellin is a result of the specific activation of TLR-5 and not some other property of the flagellin preparation.  This was confirmed by an identical assay using HEK-293 cells engineered to express TLR-2/6.  This reporter system linked with TLR-2/6 did not respond to flagellin.  In fact, the SEAP produced by flagellin was not statistically different from that produced by peptide N2-b or N2-f in TLR-2/6 293 cells at either of their highest concentrations tested (2x10-1M) (data not shown).  

The first peptide to be tested, N1, was adopted from the research by Jacchieri et al, who predicted that this segment of flagellin was involved in protein-protein interactions with TLR-5 based on the complementary-hydropathy principle (Jacchieri, 2003).  This region was tested using peptides N1, N1-a and N1-b with no agonistic activity found in either peptide.   

SEAP is expected to accumulate in the supernatant over the 24-hour experimental period because it is a stable protein.  Furthermore, SEAP is under the regulation of the NF-B reporter gene that responds to TLR-5 as well as other pathways in 293 cells.  This constitutive construct activity can be estimated by comparing the SEAP produced by the blank well at 5 hours to that of 24 hours.  Over the time course of the experiment, approximately 60% of the SEAP produced by an untreated well was attributed to the constitutive activity of the NF-B construct.  This effect is later masked in the results of other experiments because only one time point is collected, and the constitutive increase is universal to all cell cultures.  

With no agonistic activity initially found with N1, the focus moved to the next two regions that were thought to be involved in TLR-5 activation.  Two sequences within the flagellin protein, mimicked by peptide N2 and C1 were deemed necessary components for TLR-5 activation (Murthy, 2004).  These two peptides failed to activate TLR-5 when they were independently tested at concentrations as high as 2.1x10-2M.  The findings from Murthy and colleagues demonstrated that activation of TLR-5 relied almost as heavily on region C1 as it did on region N2 (Murthy, 2004).  It was hypothesized that C1 was providing the structural support necessary for N2 to activate TLR-5.  Based on this rationale, C1 and N2 were tested concomitantly.  This combination also failed to induce TLR-5 activity.  The results concerning N2 were somewhat expected when considering the native orientation of this region in the flagellin protein structure (Yonekura, 2003).  The area mimicked by N2 is shown to be a helical structure folding back on itself with a linear segment serving as the hinge.  This linear segment is composed of the amino acids ANGTN (Figure 4.8).  It is unlikely that N2 would be capable of assuming this complex native orientation without the remainder of the protein to provide structural support.  Without this support, these -helices flanking the linear region would assume an aberrant structure that could hinder the proper docking of the peptide.  If this were the region of flagellin responsible for TLR-5 activation, it would be concealed in this peptide as one would expect this structure to be either entirely linear or entirely helical, but not in the hybrid formation found in the native protein.  

Figure 4.8  Depiction of the native secondary structure of peptide N2:  The linear region amid two alpha helices contains the sequence ANTGN.  The remainder of the flagellin protein may provide structural for this secondary structure (Figure adapted from Yonekura, 2003). 
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Proper ligand structure can be essential to receptor binding and activation.  When considering the lock-and-key model of enzyme kinetics, the substrate precisely occupies the enzyme active site.  Even slight discrepancies in the ligand can prevent proper binding.  As TLR-5 has evolved to recognize a highly conserved site within the bacterial flagellin protein, it can be expected to exercise the same strict binding and activating requirements.  Therefore, the protrusion of one or more amino acids due to improper structure could prevent necessary interactions from taking place between the peptide and the TLR-5 active site.  Such a result could prevent an otherwise sufficient peptide from activating TLR-5.  It was, therefore, hypothesized that separating the structural entities could allow adequate maneuverability for the shorter peptides to properly interact with the receptor.  Variable lengths of N2 were therefore synthesized (designated peptides N2-a – N2-f).  Two of these variations induced moderate, but significant levels of TLR-5 activity.  Peptide N2-b, a 4 amino acid deletion from the parent N2, showed a statistically significant increase from basal TLR-5 activity when tested at its highest concentration, 2.1x10-1 M.  Interestingly, when the amino acids LAVQ were deleted from the N-terminus of the parent N2 peptide, yielding peptide N2-a, no activity was seen above the vehicle values.  This was especially interesting because these four amino acids were determined to be important to TLR-5 activation by two independent research groups (Jacchieri 2003, Murthy 2004).  When peptide N2-b was divided into two equal segments (peptide N2-c and N2-d), neither was capable of inducing TLR-5 alone.  From the experiments done with peptides N2-b, N2-c and N2-d, it can be discerned that the segments LAVQS and ANGTN are each necessary for TLR-5 activation, but are not sufficient alone to induce receptor activity.  It could be argued that N2-c and N2-d are too short to form helical structures and therefore they are not capable of assuming the proper orientation necessary for TLR-5 activation.  This concern is addressed with peptides N1 and N2-a (Figure 4.9).  Peptide N1 contains the entire sequence of peptide N2-d within [image: image39.jpg]


its sequence, while peptide N2-a contains [image: image40.jpg]Relative Abundance
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the entire sequence of N2-c within its sequence.  These larger peptides are sufficient in length to form helices, and neither was capable of inducing TLR-5 activity.  It can, therefore be concluded that the loss of activity that results from dividing peptide N2-b into peptides N2-c and N2-d is not due to their inability to form helices.  Instead, it can be concluded that each of these sequences must be present in one continuous structure and sequence to activate TLR-5.  

Figure 4.9  Depiction of peptides containing important amino acids to TLR-5 activation:  Peptide N2-b is capable of inducing TLR-5 activity, while N2-c and N2-d are not.  N2-c and N2-d are too short to form helices, but Peptide N1 and N2-a are not.  Furthermore, the entire sequence of N2-d and N2-a are within the sequence of N1 and N2-a, respectively.  The inactivity found with N2-d and N2-a, therefore is due to the sequence separation rather than an inability to form a helix.  

An alternate possibility to the loss of activity seen with dividing peptide N2-b into peptides N2-c and N2-d could be explained by the capacity of TLR-5 to form homodimers (Jansses, 2003) upon PAMP recognition.  It is possible that this region of the flagellin protein serves as the link between a TLR-5 dimer, and by dividing peptide N2-b into two smaller peptides, the link had been unknowingly severed.  This was addressed by testing a 1:1 ratio of peptide N2-c and N2-d.  No statistical induction of TLR-5 was observed with this combination of peptides when compared to the constitutive activity of the blank and vehicle samples (data not shown).  

Figure 4.10  structure of Glutamine and Asparagine:  Asparagine contains a carboxyamide functional group extended from the -Carbon by one CH2 group (A).  Glutamine also contains the carboxyamide functional group; however it is extended by two CH2 groups from the -Carbon (B).  
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It is interesting to note that the two peptides that induce significant TLR-5 activity, N2-b and N2-f, contain C-terminus asparagine, and glutamine amino acids, respectively.  Asparagine and glutamine contain nearly identical side chains.  Asparagine contains a carboxyamide group extended from the Ccarbon by one methylene group (CH2), while glutamine also contains a carboxyamide group, but it is extended from its C-carbon by 2 methylene groups (Figure 4.10).  This could facilitate a flexible interaction within the binding pocket of TLR-5, one that may be repelled in the presence of an aberrantly positioned serine residue, as is the case with peptide N2-e.  While serine would be physically present in the native structure of the flagellin protein, it may be present in a different context with the remainder of the protein to afford proper structural support.  Alternatively, the additional presence of glutamine could further stabilize such an interaction with TLR-5 that would be otherwise effectively repelled by the presence of the hydroxyl functional group found with serine.  This added stability afforded by glutamine does not appear to be necessary in the case of peptide N2-b because the deleterious effects of serine are absent.  A crystal structure of the TLR-5 binding region is necessary before any conclusions can be drawn regarding these interactions.  

The sequences mimicked by peptides N2-b and N2-f were analyzed for their specificity to TLR-5 expressing cells.  When these sequences were tested against HEK-293 cells engineered to express TLR-2/6 rather than TLR-5, they showed no inducible activity and were statistically (P>0.05) equivalent to flagellin and their PBS controls (data not shown).  

While the data are not conclusive, it can be argued that the region within the flagellin protein that is responsible for TLR-5 activation is found primarily within the sequence mimicked by our peptide N2-b (LAVQSANGTN).  The data presented here supports further investigation of this sequence.  Future studies could include derivatives of this sequence that would optimize the TLR-5 interaction and possibly increase its agonist capacity.  Furthermore, modifications to the peptide bonds could produce a non-peptide mimic that could be tested more extensively without the potential for degradation or cleavage.  Obtaining such molecules would allow for a wider array of tests to confirm this basic structures importance in TLR-5 activation.  The work done with these peptides to date, however, has lent support to the identity of the TLR-5 activating region of the flagellin protein.  Previous to this work, it could not be resolved whether the region mimicked by N2 was directly responsible for TLR-5 activation, or if it merely contributed to the necessary secondary structure of another, unidentified region of the protein.  With the work done here, it can be reasonably concluded that this region does, in fact, directly interact with, and activate TLR-5.  

CHAPTER 5:  Antagonistic evaluation of peptides on TLR-5

5.1
Introduction

The human immune system has evolved to be merciless against any pathogen that threatens the health of its host.  The two arms of the immune system, the innate and adaptive immune system, elicit an effective and relentless response in the face of such pathogens.  This system, while efficient and highly specific, is after-all human, and it will make mistakes.  For example, the immune system can induce an inflammatory response in the absence of a pathogenic trigger.  Such a systemic inflammatory process can quickly escalate and become harmful or even fatal to the host if it is not quickly controlled.  One of the most ubiquitous manifestations of such a hypersensitivity disorder is inflammatory bowel disease (IBD).  This disorder is thought to arise from an imbalance in the immune response toward the gut’s pathogenic bacteria and its tolerance toward the gut’s common normal-floral bacteria.  An inappropriate response by the innate immune system produces the cytokine IL-12 that initiates the development of a T-cell helper-1 (Th1) response, ultimately leading to the involvement of the adaptive immune system.  What initially began as in improper response of the enteric immune system can result in a chronic autoimmune disorder (Shevach, 1999).   This condition, and others like it, could be remedied by an immunomodulating drug that prevents the activation of the innate immune system; for example, a Toll-like receptor-5 (TLR-5) antagonist.  These receptors appear to be present on the basolateral surface of intestinal epithelial cells (Gewirtz, 2001).  As their natural ligand is the protein flagellin, the monomeric subunit of bacterial flagella, they are ideally situated to recognize any invading bacteria (Janssens, 2003).  As the family of TLRs is relatively new to the scientific field, the development of specific antagonists can be a complicated and involved assignment.  In a previous study, however, an assembly of peptides was tested for TLR-5 agonist activity.  These peptide sequences were selected based on previous research that suggested their importance in TLR-5 activity (Murthy, 2004; Jacchieri, 2003).  It has been demonstrated that short segments of a protein ligand are often sufficient to bind its protein counterpart, but not sufficient to induce activity (Toogood, 2002; Boden, 1996).  Therefore, each of the aforementioned peptides could be potential antagonists through the same rationale that they could have been agonists.  Furthermore, while some of these peptides did show signs of agonist activity, this does not mutually exclude them from serving as potent antagonists, as well.  

Therefore, in this study, we have tested the same barrage of peptides as in the agonist study.  The conditions were nearly identical to those of the agonist study, however a flagellin treatment followed the peptide treatment by one hour.  The NF-B/SEAP reporter system was employed in the same HEK-293 cells engineered to express TLR-5 (See Section 4.2).   Our results showed antagonistic trends with peptides N2-c (ANGTN) and N2-d (LAVQS).  This trend was defined as a statistically significant decrease in SEAP production within the three peptide concentrations tested (P<0.05).  

5.2
Materials and Methods – Antagonistic Study

Same as Section 4.2 unless described otherwise.  

Kinetic Study:  Not done.  

Peptide Treatment:  Same as Section 4.2 with the following addendum:  1 hour after the addition of peptide to the cell culture, 1l of purified flagellin (3.5g/mL) was added.  Blank controls were from wells containing transfected cells, but were not treated with peptide, vehicle, or flagellin.  Each peptide was tested individually.  Peptide N2 and C1 were also tested in combination.  Every peptide was tested in triplicates and the values were reported as the mean + SEM.  

5.3
Results of Antagonist Study


Before the peptides could be tested for antagonistic activity, the assay had to be evaluated.  Interestingly, the baseline SEAP production of some peptides was higher than the vehicle and flagellin control values.  This synergistic increase in SEAP due to peptide and flagellin treatment was usually isolated to specific experiments (data not shown).  As a result of this aberrant increase in SEAP above control values, peptides were evaluated for antagonistic activity based on the absence or presence of a concentration dependent decrease in SEAP production.  

Other considerations for this assay included any deleterious effects the peptides may have on the cell cultures.  This could indirectly affect the SEAP levels produced.  Many peptide treatments resulted in MTT values that were similar to those of the vehicle and control values.  However, some peptides produced lower MTT values, while others produced higher values.  To normalize the results for these effects on the culture cell health, values were reported as SEAP/MTT.  This equation takes into account the various effects the peptide treatments had on the cell cultures.  

Figure 5.1  Peptides analyzed for TLR-5 antagonist activity:  The peptides are aligned with respect to their position in the flagellin protein.  The sequences in bold, N1, N2 and C1 are derived from previous work (Jacchierie, 2003; Murthy, 2004).  Peptides N2 and C1 were tested in combination.  
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The list of experimental peptides tested in this study is similar to the one tested in the agonist study, with a few exceptions (Figure 5.1).  N1-a and N1-b were tested for agonist activity in Chapter 4, but are not tested here for antagonist activity.  The limited solubility of these peptides made achieving specific concentrations difficult.   

5.3.1
Control Experiments

Figure 5.2  Control Studies for Antagonistic Assay:  The sequence of peptide S4 is a not correlated with any segment of the flagellin protein.  S4 requires a 1:1 ratio of PBS to DMSO as its vehicle.  Peptide S5 is a PBS soluble peptide that was isolated as an unwanted byproduct when synthesizing peptide N2-f.  The SEAP induced at varying concentrations of peptide S5 were statistically equivalent to each and to the PBS vehicle (P>0.05).  The two highest concentrations of peptide S4 are statistically equivalent (P>0.05)* to each other and the PBS/DMSO vehicle.  
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Because a true TLR-5 antagonist has not yet been identified, the control study utilized culture wells that were not treated with vehicle or flagellin to represent an effective antagonist.  Two non-specific peptides were used as controls to account for any TLR-5 inhibitory properties that the peptides or their synthetic byproducts may inherently possess.  The SEAP produced as a result of the two higher concentrations of peptide S4 (VQAAIDYING) (2x10-2M and 2x10-1M) are statistically equivalent (P>0.05) to each other and the PBS/DMSO vehicle.  The levels of SEAP induced by all three concentrations of peptide S5 (LAVSAGTNSQ), the PBS soluble control, are statistically equivalent to each other and to the PBS vehicle control (P>0.05).  The results from this pilot experiment are presented in Figure 5.2.  

5.3.2
Antagonist Evaluation of experimental peptides

The flagellin concentration used for antagonistic treatment was 3.5g/mL (approximately 6.5x10M).  Peptide N1 was initially tested at a similar concentration, but the SEAP produced was no different from that of the PBS vehicle.  Peptide N1 was then tested at concentrations ranging from 2x10-4M to 2x10-1M.  Again, the SEAP produced at each concentration was statistically comparable (P>0.05) to the vehicle control.  Each peptide shown in Figure 5.1 was tested individually at concentrations ranging from 2x10-4M to 2x10-1M; the results are summarized in Figure 5.3.  

Peptide



Sequence


  
Antagonist Activity
C-terminus

     C1


QNRFNSAITNLGNT



-

N-terminus

    N1


LQRVRELAVQ




-

    N2



    LAVQSANGTNSQSD


-

      N2-a


    
   SANGTNSQSD


-

      N2-b


    LAVQSANGTN
  


-


      N2-c

                             ANGTN



+*

      N2-d

    
    LAVQS




+*

      N2-e

 
    LAVQSANGTNS 
  


-

      N2-f


    LAVQSANGTNSQ 


-


    N2/C1
     LAVQSANGTNSQSD / QNRFNSAITNLGNT

-

Control

    S3 



    LAVQSANTN



-
    S4

      VQAAIDYING





-

    S5


                LAVSAGTNSQ
    


-
Figure 5.3  Peptide results for TLR-5 antagonist study:  To qualify as a positive antagonist, a peptide must show a concentration dependent decrease in SEAP production.  Peptides n7 and n8 showed statistical significance (P<0.05)* between the SEAP values of their higher (2x10-1M) and lower (2x10-3M) concentrations.  

An antagonistic capacity is achieved when the SEAP/MTT value of one concentration of peptide is significantly lower than that of its next lowest concentration analyzed.  This concentration dependent of decrease in SEAP/MTT value is sufficient because each peptide had varying MTT values.  As a result, some SEAP/MTT values from peptide treatments were higher than the vehicle controls, while others were even higher than flagellin alone.  

Figure 5.4 Results of peptide N2-c in the antagonist assay:  The 2x10-2M and 2x10-1M concentrations of peptide N2-c resulted in a significant decrease (P<0.05)* in the production of SEAP only when compared to the values resulting from the lowest concentration of N2-c (2x10-3M). 

When the highest concentration of peptide N2-c (2x10-1M) was compared to the same concentration of the peptide control, S5, and the PBS vehicle, they were shown to be statistically similar (P>0.05).  However, the highest concentration of N2-c (2x10-1M) produced an SEAP/MTT value that was significantly less (P<0.05) than the value obtained from its lowest concentration (2x10-3M) (Figure 5.4).  
[image: image16]When this peptide was reevaluated, however, a statistically significant concentration dependent decrease in the SEAP/MTT value was not observed (P>0.05).  The baseline SEAP/MTT values were aberrantly higher than those of the controls, though this general increase was seen with all the peptides.  Peptide N2-d, on the other hand, did show a statistically significant concentration dependent decrease in the SEAP/MTT value from its intermediate concentration (2x10-2M) to its highest concentration (2x10-1M) (P<0.01).  This statistical significance, however, was not seen when comparing the lowest concentration (2x10-3M) to the intermediate concentration (2x10-2M) (P>0.05) (Figure 5.5).  

Figure 5.5  Antagonistic results of peptide N2-c and N2-d:  The SEAP values for Peptide N2-c and N2-d were higher than the vehicle and flagellin control.  The concentration dependent trend seen previously with N2-c (Fig 5.4) was not reproduced in this experiment (p>0.05).  Peptide N2-d, however, showed a significant decrease in SEAP production from concentration 2x10-2M to 2x10-1M (P<0.01)*.  
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5.4
Discussion of Antagonistic Study


The antagonist activity of these peptides was more difficult to quantify due to the variation in MTT values among various peptides.  Furthermore, comparisons to vehicle and peptide controls were also difficult when the SEAP/MTT value reported for the peptides was higher than those reported for the controls.  As a result, the conclusions made in this study relied on internal comparisons within the varying concentrations of the peptide itself rather than to the vehicle controls.  

A statistically significant concentration dependent decrease in the SEAP/MTT value was seen with peptide N2-c and peptide N2-d.  Interestingly, this sequence mimicked by peptide N2-d (LAVQS) is a region that has been suggested to be involved with TLR-5 activation by many independent laboratories (Jacchieri, 2003; Murthy, 2004, Anderson-Nissen, 2005).  This is also supported by our agonist studies (See Chapter 4).  

Given the previous data regarding the agonist study, this antagonistic potential is not surprising.  While peptide N2-b (LAVQSANGTN) was shown to have mild agonistic activity, this was lost when it was divided into peptides, N2-c (ANGTN) and N2-d (LAVQS).  Though neither of these peptides was capable of activating TLR-5, their capacity to interact with, and block the receptor is not unreasonable.  

Evidence suggests that peptides N2-c and N2-d are capable of binding TLR-5 and conferring some degree of antagonism against subsequent flagellin binding and activation.  Until further experiments are done to confirm peptide-receptor binding, this remains a hypothesis based on preliminary studies.  Though the peptides N2-c and N2-d are not potent antagonists of TLR-5, the data presented here does demonstrate antagonistic potential, and follow-up studies should be done to optimize this activity.  Such experiments could include gradual additions and/or deletions to each of these peptides in hopes of increasing the potency.  However, as peptide N2, N2-b, and N2-f each contain the sequences ANGTN (peptide N2-c) and LAVQS (peptide N2-d), and neither of these latter peptides showed signs of antagonistic activity, it can be reasoned that there is a limit to the number of amino acids that can be added before this antagonistic activity will be lost.  

Without a positive antagonistic control, and with the aberrant variation in MTT values, it is accepted that these results are not conclusive.  Furthermore, these peptides have yet to be evaluated for TLR-5 specificity using other members of the TLR family as controls.  This study, however, has provided two peptide sequences that can be modified and optimized for future antagonistic studies.  

CHAPTER 6:  Conclusion

The assay chosen to test these peptides was done so based on its simplicity and its capacity for screening a large number of samples.  The TLR-5/HEK-293 cells engineered by InVivogen required transfection of the NF-B/SEAP reporter gene.  Transfecting the HEK-293/TLR-5 cell line with this reporter gene produced an effective and specific assay which could differentiate constitutive construct activity from specific TLR-5 mediated agonistic activity.  

The MTT assay that was applied to the agonistic and antagonistic cell cultures directly measures the cell’s mitochondrial activity.  We have employed this assay to indirectly measure the population and health of the cells following the SEAP assay.  These results were then integrated with the SEAP results to produce a SEAP/MTT ratio that represents the level of SEAP produced by a standardized number of healthy cells.  The MTT assay was selected for its convenience, and most notably because of its compatibility with the conditions of the SEAP assay immediately preceding it.  Furthermore, the MTT assay is completed in the very same 96-well plate as the SEAP assay and is therefore capable of analyzing as many samples at the SEAP assay.  

The aim of this study was to screen an assembly of peptides for their capacity to selectively agonize or antagonize TLR-5.  The agonistic results not only provided two potential compounds that can later be modified and optimized, but it also clarified the importance of this region in the activation of TLR-5.  Previously, it was determined that the protein segment, LAVQSANGTNSDSQ (peptide N2) was important for TLR-5 activation.  When this sequence was mutated in the context of the flagellin protein, TLR-5 activity was abolished.  Similar results were seen when mutations were made to the sequence QNRFNSAITNLGNT (peptide C1), though the TLR-5 was only abrogated.  This study demonstrates that these sequences are essential for TLR-5 activation.  It, does not, however, exclude the possibility that these regions provide structural support for an alternate TLR-5 binding segment.  Peptides N2-b and N2-f have shown to induce significant TLR-5 activity in the absence of the remainder of the flagellin protein.  These findings confirm that this sequence of amino acids does in fact, directly interact with and activate TLR-5.  

The level of SEAP induced by these peptides was relatively small when compared to that of flagellin.  Moreover, the concentrations necessary to achieve this TLR-5 activation was many orders of magnitude higher that the concentration required for flagellin.  This could be due to the absence of other unidentified regions of the flagellin protein that contribute to TLR-5 activation.  Alternatively, it could be argued that the native structure of the protein is not preserved within peptides N2-b and N2-f.  The complexity of the native structure is not one that is expected to randomLy assemble without added structural support.  In the absence of proper ligand structure, the receptor is not expected to respond optimally.  If peptide N2-b or N2-f were stabilized in this native structure, it may result in full TLR-5 activation.  This response reported here, however small in comparison to flagellin, is statistically significant, and is specific to TLR-5.  These findings warrant further investigation of the agonistic properties of peptides N2-b and N2-f.  

While the antagonistic studies were not as conclusive or fruitful as the agonistic studies, they nevertheless produced some promising results.  As is the case with protein ligands, mild modifications can dramatically alter the potency and affinity of the compound.  Though further studies are necessary before final conclusions can be drawn, agonistic peptides N2-b and N2-f, and antagonistic peptides N2-c and N2-d provide nice lead compounds to modify and optimize for potential drug therapies in the future.  
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