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ABSTRACT

This thesis describes technologies for the rapid and scalable production of high-
affinity, high-specificity protein capture agents which possess the affinities and
specificities of antibodies, but also exhibit improved chemical, biochemical, and
physical stability. I will discuss how the chemical flexibility of comprehensive, one-
bead-one-compound (OBOC) libraries of oligopeptides may be combined with iterative
in situ click chemistry to select multi-ligand capture agents. Large OBOC libraries form
the basis of individual peptide ligands, and also permit chemically designed stability
through the incorporation of artificial (azide or acetylene) and non-natural amino acid
building blocks. The in situ click chemistry method then utilizes the target protein as the
catalyst, or template, for assembling its own biligand via formation of a 1,2,3-triazole
linkage between two individual ligands (azide and acetylene). This process can be
repeated to produce triligands, tetraligands, and other higher-order multi-ligands with an
accompanying increase in affinity and specificity through cooperative interactions.
Once found, multi-ligand capture agents can be produced in gram amounts via
conventional synthetic methods such as the Cu(I)-catalyzed azide-alkyne cycloaddition
(CuAAC). This is a general and robust strategy for the inexpensive, high-throughput
construction of protein capture agents that can be exploited to detect protein biomarkers
in multi-parameter clinical diagnostic assays.

While high-affinity protein capture agents represent a significant technology
advance, they are just one component of what is necessary for highly multiplexed
measurements of protein biomarkers. It is also important to develop or optimize the
actual assay platforms that can enable sensitive multi-parameter protein measurements

using these capture agents. Silicon nanowire (SiNW) nanoelectronic sensors can
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provide quantitative, label-free multi-parameter measurements of protein biomarkers in
real time. However, SINW sensors can be challenging to deploy because unprotected Si
forms a native oxide layer that can significantly reduce the detection sensitivity of the
nanowire sensors via dielectric shielding.  Another technical challenge is the
development of chemistries which allow for the selective encoding of nanowire surfaces
with the capture agents. To overcome these challenges, the final part of this thesis
presents a general method to functionalize organic and biological molecules on highly

passivated Si(111) surfaces with minimal surface oxidation.



viii

TABLE OF CONTENTS

LIST OF FIGURES, SCHEMES, AND TABLES..............cco

CHAPTER 1: INtrodUCtiON. . ..ot e

1.1 High-Affinity Protein Capture Agents in Medical Diagnostics............

1.2 Assay Platforms for Multi-Parameter Protein Measurements...............

1.3 RO OIS . ettt

CHAPTER 2: Selection of a Multi-ligand Capture Agent for Carbonic

Anhydrase 11 by Iterative In Situ Click Chemistry.................cooiiiiiiiin..

2.1 INtrodUCtiON. . .oooieitiii e,

2.2 Materials and Experimental Methods...............ccoooooiiiiiii

2.2.1

222

223

224

2.2.5

2.2.6

2.2.7

2.2.8

229

Materials. ... ..o.ouiiiiii
Artificial Amino Acids.........oovuiiiiiiiiiiii
OBOC Oligopeptide Library Construction........................
Screening Procedures for Anchor Ligand.........................
In Situ Click Screening Procedures for Biligand.................
In Situ Click Screening Procedures for Higher-Order
Multi-ligands. .......ooooiiiii e
Validation of In Situ Click/OBOC Multi-ligand

Screening Procedures.............ooiiiiiiiiiiiii
Bulk Peptide Synthesis........c.ccoooiiiiiiiiiiiiii

On-Bead Biligand and Triligand Synthesis.......................



2.3 Results and DiSCUSSION. ......ouuitiiiiitii i e, 41
2.3.1 Screening for Anchor (1°) Ligand against bCAII................ 41
2.3.2 Identification of Secondary (2°) Ligands: Biligand Screens.. 43

2.3.3 Identification of Tertiary (3°) Ligands: Triligand Screens....50

2.4 COoNCIUSIONS. .o ettt 52
2.5 Acknowledgements..........c.oouiiiiiiii e 53
2.6 REfereNCES. . oo, 54

CHAPTER 3: Affinities, Specificities, and Implementation of Multi-ligand

Capture Agents in Standard Assays of Protein Detection............................. 59
3.1 INtroducCtion. .....cueei e 60

3.2 Materials and Experimental Methods................cocoooiiiiiin. 62

3.2.1 ChemicalS. ...oouvueiniieii i 62

3.2.2 Characterization of Affinity by Fluorescence Polarization..... 62

3.2.3 Characterization of Affinity by Surface Plasmon Resonance. 63
3.2.4 Enzymatic Activity Assay of Carbonic Anhydrase II.......... 65
3.2.5 Circular Dichroism of Triligand..........ccccocevininiinieninncnnn. 65

3.2.6 Dot Blot Specificity/Sensitivity Assays of Biligand and

Triligand in SEruML.........coceeviiiiiiiniiiieeeeceeee 65

3.2.7 Western Blot Analysis Using Triligand..........cccccoceeveriincnnene 66

3.2.8 Sandwich (ELISA-like) Assays Using Triligand.................... 67

3.3 Results and DiSCuSSION. ... .....o.vveiiiiiiiiii i, 67

3.3.1 Characterization of Anchor (1°) Ligand Affinities.................. 68



X

3.3.2 Characterization of Biligand Affinities............cccceecvrerivennennne. 70
3.3.3 Characterization of Triligand Affinities.............ccceevervrennnnne. 74
3.3.4 Enzymatic Activity Assay of Carbonic Anhydrase Il............. 74
3.3.5 Circular Dichroism of Triligand.............cccceeeveeiieniieniennnnen. 77

3.3.6 Dot Blot Specificity/Sensitivity Assays of Biligand and
Triligand in SErUML.........ccccevviiiiiiiiiiiieceeee e 77

3.3.7 Western Blot Analysis Using Triligand..............................83

3.3.8 Sandwich (ELISA-like) Assays Using Triligand.................... 86
3.4 CONCIUSIONS. .. .eueitiiit it &9
3.5 Acknowledgements. .........couuiiiiiiiiii e 90
3.6 REferenCes. ... vveveeiiiit i 91

CHAPTER 4: Assays for Quantifying Protein-Catalyzed Multi-ligands and

Extensions to Other Proteins.............oooviiiiiiiiiiii e 92
4.1 INtrodUCION. . ...t 93

4.2 Materials and Experimental Methods....................oooo 94

4.2.1 Materials........oeiniiiiiiieee e 94

4.2.2 On-Bead Detection of In Situ Triazole Formation............... 95
4.2.3 QPCR Assay for the Detection and Quantitation of the
Formation of On-Bead, Protein-Catalyzed Triligand
Capture Agent..........cooviiiiiiiiiiiiiiiiiie . 96
4.2.4 Selection of Biligand Capture Agent for Prostate-

Specific ANTIZEN.....c.ovtititiiiiiiiieeeeee e 98



4.3 Results and DISCUSSION. .......o.eutitiniititiii e, 101
4.3.1 Initial Validation of Protein-Catalyzed Multi-ligand Product. 101
4.3.2 Direct Detection of Protein-Catalyzed In Situ Multi-ligand....102
4.3.3 Strategies for Improving Signal-to-Noise Ratio during In
Situ Click/OBOC SCIEens.......cceeuveuveuenuenienienieeeeeerereeenenne 107

4.3.4 Selection of Biligand Capture Agent for Prostate-

Specific ANtIGeN.......ouviii i 112
4.4 CONCIUSIONS. ....uetitit e e 119
4.5 Acknowledgements...........ooouiiiiiiiiiii e, 120
4.6 ReferencCes. .. ..coovuieieii i 121

CHAPTER 5: A Non-Oxidative Approach toward Chemically and

Electrochemically Functionalizing Si(111).........ccooviiriniiiiiiiiiiiiieeeeee 124
5.1 INtrodUCtion. ....oue e 125

5.2 Materials and Experimental Methods......................oco 128

5.2.1 ChemicalS. ....o.oueiuiinii i 128

5.2.2 Acetylenylation of Si(111)......coooiiiiiiiiiiiii e, 129

5.2.3 Synthesis of Electroactive Benzoquinone 1...................... 131

5.2.4 Click Reaction to Attach 1 onto Acetylene-Terminated
ST(L T L) 134
5.2.5 Electrochemical Activation to Attach Ferrocene Carboxylic
Acid and Biotin..........c.ocoiiiiiiii 135

5.3 Surface CharacteriZation.........coeuuuuee et eeeaaeaans 137



Xii

5.3.1 X-ray Photoelectron Spectroscopy.......covvuveiiinnieniennnn.. 137
5.3.2 Contact Angle Goniometry...........oeviiiiiiieiiinniieannnn.. 137
5.3.3 Electrochemical Characterization of Surface Coverages....... 138
5.3.4 Fourier-Transform Infrared Spectroscopy.............cceeuvennn. 138
54 RESUILS. ..ottt 139

5.4.1 XPS Survey Scans and Contact Angle Measurements.......... 139

5.4.2 High-Resolution XPS Measurements..................ccovenn.n. 139
5.4.3 Electrochemical Measurements. ...............ccceevvierenennennne. 145
5.5 DISCUSSION... . ettt et e 147
5.6 CONCIUSIONS. .. e uuuttt ettt e 154
5.7 Acknowledgements...........o.viiiiiiiiii e 154
5.8 RefETeNCES. ... euiieiti i 155

APPENDIX A: Iterative In Situ Click Chemistry Creates Antibody-Like

Protein Capture Agents (Angewandte Chemie International Edition 2009, 48,

BOA4—948). ...t e a e e areeeabeeeaaeenaaeas 161
APPENDIX B: Complete Hit Sequencing Results....................coooviiinn.n. 167
APPENDIX C: Custom Edman Degradation..................ccooeiiiiiiiiiiinn.n. 176

APPENDIX D: A Non-Oxidative Approach toward Chemically and
Electrochemically Functionalizing Si(111) (Journal of the American Chemical

Society 2006, 128, 95180525 ... i, 179



Xiii

LIST OF FIGURES, SCHEMES, AND TABLES

FIGURES, Chapter 2:

Figure 2.1.
Figure 2.2.
Figure 2.3.
Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure 2.7.
Figure 2.8.

Figure 2.9.

Schematic of preparing a multi-ligand capture agent.................. 19

Structures of representative 1° ligands, 2° ligands, and biligands....35

Structures of biligand anchors. ... 37
Structures of 3° ligands and triligands ................c.oooiiiii. 38
Results of selecting a primary or anchor ligand of bCAIL..............42
Schematic of two types of biligand screen...................c.oooenie 44
Identification of a 2° ligand against bCAIL.................c.ooiiiin. 46
Distribution of D-amino acids found in biligand hits.................. 48
Binary component in situ click chemistry screen...................... 49

Figure 2.10. Method to validate protein-templated formation of multi-ligand

CAPLUTE AZENE. ...ttt ittt et et et et e e e e e e 51

FIGURES, Chapter 3:

Figure 3.1.
Figure 3.2.
Figure 3.3.
Figure 3.4.
Figure 3.5.
Figure 3.6.
Figure 3.7.

Figure 3.8.

Fluorescence polarization for a fluoresceinated anchor ligand....... 69
SPR interactions of anchor ligands with bCAII...........................71
SPR interactions of biligands with bCAIL.........c..ccccooiniiiincnnnne 73
SPR interactions of triligand with bCAII and hCAII................... 75
Enzymatic activity of bCAII in the presence of triligand..............76
CD spectrum for triligand capture agent............ccoceeveiiiiinnnn. 78
Structures of biotinylated triligand and biligand anchor.............. 80

Dot blot of triligand and biligand for b(h)CAII detection............. 81



Xiv
Figure 3.9. Dot blot of triligand vs. antibody for b(h)CAII detection............. 82

Figure 3.10. Denaturing and non-denaturing Western blots detected with a
triligand capture a@ent............oouviuiiiiiiii e 85
Figure 3.11. Sandwich (ELISA-like) assay utilizing a triligand as primary

capture agent for bCAIL detection. .. .....ccevveviieriieniiienie e 87

FIGURES, Chapter 4:

Figure 4.1. In situ click assay for on-bead triazole formation...................... 103
Figure 4.2. On-bead multi-ligand detection by QPCR...................ooeoilt. 106
Figure 4.3. General screening strategies to improve signal-to-noise ratio

and reduce number of false positives in OBOC selections...................... 109
Figure 4.4. Screening and anti-screening strategies to target a particular

protein epitope or Modification ..............cooiiiiiiiiiiii i 110
Figure 4.5. Two-stage in situ/click OBOC screening strategy to identify a

biligand capture agent for PSA ... ... 111
Figure 4.6. Representative image of an in situ click/OBOC screen with

enzymatic amplification..............ooiiiii i 117
Figure 4.7. Structures of active site targeted cyclic anchor and cyclic

biligand, and SPR interactions with PSA. ... 118

FIGURES, Chapter 5:
Figure 5.1. XPS data of H-C=C-[Si(111)]...oieiiiiiii e 142

Figure 5.2. High-resolution XPS spectra of H-C=C-[Si(111)].........cc.coeee.n 143



XV

Figure 5.3. Cyclic voltammograms (CVs) for 1sand 3S..............cccooeviininnn. 146
Figure 5.4. ATR-FTIR characterization of H-[Si(111)] and H-C=C-[Si(111)].. 150

Figure 5.5. Demonstration of bioattachment to acetylenylated Si(111).......... 153

FIGURES, Appendix C:

Figure C.1. Pulsed-Liquid cLC Extended method and gradient................... 177
Figure C.2. Final steps of Flask Normal Extended flask cycle..................... 178
Figure C.3. Edman traces for artificial azide-containing amino acids.............. 178

SCHEMES, Chapter 2:

Scheme 2.1. Artificial amino acid synthesis..............ccooeviiiiiiiiiiiiiiann... 22
Scheme 2.2. Selection of anchor ligand by OBOC screen...............c.ceuen.... 27
Scheme 2.3. Selection of biligand by in situ click/OBOC screen...................31
Scheme 2.4. Acetylation and click reactions for a 6-mer peptide.................. 40

SCHEMES, Chapter 3:

Scheme 3.1. Esterase activity of bCAIL...........c.oooiiiiiiii 76

SCHEMES, Chapter 5:
Scheme 5.1. Strategy for the functionalization of Si(111)...................... .. 130
Scheme 5.2. Synthesis of electroactive benzoquinone 1............................. 132

Scheme 5.3. Steps required to non-oxidatively activate Si(111) surfaces........ 136



Xvi

TABLES, Chapter 2:
Table 2.1. Libraries used in selecting a triligand capture agent for bCAIL....... 26

Table 2.2. SCreening SUMMATY . .......outeetentiet ettt et eeateeeeateaeanaanans 29

TABLES, Chapter 5:
Table 5.1. Measured contact angles for various Si(111) surfaces.................. 140

Table 5.2. Measured molecular surface coverages for Si(111) surfaces............. 148

TABLES, Appendix B:

Table B.1. First-generation anchor ligand screen Anl..........c.cooiiiiiiiinen. 168
Table B.2. Second-generation anchor ligand screens An2a and An2b.............169
Table B.3. In situ biligand screen Bil.................ooooiiiiiiiiiii i, 170
Table B.4. On-bead biligand screens Bi2a and Bi2b................................ 171
Table B.5. First-generation in situ triligand screen Tril..................ccc.e..e . 172
Table B.6. First-generation on-bead triligand screen Tri2.......................... 173
Table B.7. Second-generation triligand screens Tri3 and Trid...........cccccceneee. 174

Table B.8. Azide-free in situ triligand screen TriX (control).............ccccee..... 175



