
DESIGNING COILED-COIL PEPTIDE MATERIALS FOR BIOMEDICAL 

APPLICATIONS 

by 

Michael D. Jorgensen 

 

A Dissertation 

Submitted to the Faculty of Purdue University 

In Partial Fulfillment of the Requirements for the degree of 

 

Doctor of Philosophy 

 

 

Department of Chemistry 

West Lafayette, Indiana 

August 2023 

  



 
 

2 

THE PURDUE UNIVERSITY GRADUATE SCHOOL 

STATEMENT OF COMMITTEE APPROVAL 

Dr. Jean Chmielewski, Chair 

Department of Chemistry 

Dr. Mark Lipton 

Department of Chemistry 

Dr. Jianguo Mei 

Department of Chemistry 

Dr. Chengde Mao 

Department of Chemistry 

 

Approved by: 

Dr. Christine Hrycyna 

 

 



 
 

3 

To my family and friends 

 



 
 

4 

ACKNOWLEDGMENTS 

First and foremost, I would like to thank my research advisor, Professor Jean Chmielewski. 

Her dedication to guiding graduate students is admirable, and she has contributed significantly to 

my success in graduate school. I would also like to thank her for giving me the intellectual freedom 

to explore my own ideas. She has trained me with the perseverance to tackle difficult research 

problems and provided me with the tools needed to succeed in my career. 

I would also like to thank my committee members Professor Jianguo Mei, Professor 

Shelley Claridge, and Professor Chengde Mao as well as Professor Mark Lipton for their flexibility 

in attending my virtual original proposal during the pandemic and for taking the time to attend and 

provide insight during my seminar and thesis defense. I am also deeply indebted to the research 

staff at Purdue: Dr. Patricia Bishop (Research Instrumentation Center), Laurie Mueller and Bob 

Seiler (Electron Imaging Facility), and Bridget Haley and Mike Alley (Cell Culture Facility).  

Their guidance and eagerness to assist were major contributors to my success in graduate school. 

I would also like to thank David Kissick and Qingping Xu at Argonne National Laboratory as well 

as Professor Chittaranjan Das and Rishi Patel for all of their assistance and insight with 

crystallography data. I also want to thank Professor Ranjie Xu and Yanru Ji for their help and 

guidance in culturing brain organoids. I also would like to thank the National Science Foundation 

for supporting this work through grant CHE-2108722. 

I would also like to thank both my former and current lab members these past five years. I 

first want to thank my mentor, Ryan Curtis. His constant guidance and willingness to help are truly 

the reason I excelled in graduate school. I also want to thank Thomas Dietsche for his help in cell 

culture and general advice as I navigated through graduate school. Thank you to Corey Johnson 

for all of his stories and being part of the early morning and late-night crew with me. To Andrew 

Encinas, for our long research discussions, for always proposing wild ideas with me, co-mentoring 

the lab together, and for our Canada adventures. I want to thank Monessha Nambiar, Reena Blade, 

Jenny Rowe, Vallabh Suresh, Moises Morales, Sam Zeiders-Young, and Vinny Menon for 

welcoming me into the lab when I first joined. Finally, I’d like to thank Anna Pavlishchuk, Zach 

St. John, Josh Rumple, Ambar Rosario, Nosa Idahagbon, Douglas Chan, Ashutosh Agrahari, Joy 

Wu, Aly Reichel, Colleen Coady, Ranya Pendyala, and Marianna Chicas for their companionship 

and advice during graduate school. 



 
 

5 

I also need to give a huge thank you to all of my friends outside of the lab. Thank you to 

Kristen Berger, Amir Alwali, and Jen Mishevich for all their comradery and support both in classes 

and research these past five years. I look forward to seeing where all of our future careers take us. 

I want to also thank Dung Tran and Yuichiro Watanabe for being the cheerful, friendly faces I 

would see in the hall each week.  

I would also like to thank my friends from UIUC for all their support during graduate 

school. Thank you to Yijung Chen for, despite being across the world, always being my motivation 

to try my best and put in my best effort. Thank you to Tae Wook Kim for all of our photography 

discussions and answering my research questions. To Enos Lee, for checking up on me and always 

welcoming me back to Chicago. To Will Liu, for constantly being there for me and dropping 

everything in your busy schedule to help me out. To Jing Lian Ng (and family), for all of my visits 

back to UIUC, holidays spent together, and always cheering me on in graduate school. Finally, to 

Adhika Retnanto for keeping my engineering skills sharp and reminding me of my love for 

teaching.  

Finally, I would like to thank my family for all of their love and support throughout my 

life. Words cannot describe how grateful I am to have them. They have always supported my 

interests and whatever path I took. Thank you for instilling in me a strong work ethic that helped 

me persevere through both engineering and graduate school. Their love and kindness have made 

all of my successes possible. Thank you.   



 
 

6 

TABLE OF CONTENTS 

LIST OF FIGURES ...................................................................................................................... 11  

LIST OF TABLES ........................................................................................................................ 18  

LIST OF SCHEMES..................................................................................................................... 19  

LIST OF APPENDIX FIGURES.................................................................................................. 20  

LIST OF APPENDIX TABLES ................................................................................................... 22  

ABSTRACT .................................................................................................................................. 23  

 RECENT ADVANCES IN COILED-COIL PEPTIDE MATERIALS AND 

THEIR BIOMEDICAL APPLICATIONS ................................................................................... 24  

1.1 Introduction ....................................................................................................................... 24  

1.2 Design Strategies for Assembly ........................................................................................ 25  

1.2.1 Ionic Interactions ....................................................................................................... 25 

1.2.2 Metal-ligand Interactions ........................................................................................... 30 

1.2.3 Covalent Linkages and Heterocoiled-Coils ............................................................... 34 

1.3 Applications ...................................................................................................................... 38  

1.3.1 Cargo Storage and Delivery ....................................................................................... 38 

1.3.2 Three-dimensional Cell Culturing ............................................................................. 41 

1.3.3 Vaccine Development and Immunology ................................................................... 43 

1.4 Conclusions ....................................................................................................................... 45  

1.5 References ......................................................................................................................... 46  

 REVERSIBLE CROSSLINKED ASSEMBLY OF A TRIMERIC COILED-

COIL PEPTIDE INTO A THREE-DIMENSIONAL MATRIX FOR CELL ENCAPSULATION 

AND GROWTH ........................................................................................................................... 59  

2.1 Introduction ....................................................................................................................... 59  

2.2 Results and Discussion ..................................................................................................... 59  

2.2.1 Peptide Design and Synthesis .................................................................................... 59  

2.2.2 Assembly of TriCross ................................................................................................ 61  

2.2.3 HeLa Cell Encapsulation ........................................................................................... 65 

2.2.4 Release of Encapsulated Cells ................................................................................... 68 

2.3 Future Directions (HBN) .................................................................................................. 69 



 
 

7 

2.4 Conclusions ....................................................................................................................... 71  

2.5 Materials and Methods ...................................................................................................... 71  

2.5.1 Materials .................................................................................................................... 71  

2.5.2 General Peptide Synthesis and Purification ............................................................... 71 

2.5.3 Circular Dichroism .................................................................................................... 72 

2.5.4 TriCross Assembly .................................................................................................... 73  

2.5.5 Scanning Electron Microscopy .................................................................................. 73 

2.5.6 Transmission Electron Microscopy ........................................................................... 73 

2.5.7 Cell Encapsulation ..................................................................................................... 73 

2.5.8 Cell Release ............................................................................................................... 74 

2.5.9 Neural Stem Cell Encapsulation ................................................................................ 74 

2.6 References ......................................................................................................................... 75  

 CO-ASSEMBLED COILED-COIL PEPTIDE NANOTUBES WITH 

ENHANCED STABILITY AND METAL-DEPENDENT CARGO LOADING ....................... 81 

3.1 Introduction ....................................................................................................................... 81  

3.2 Results and Discussion ..................................................................................................... 81  

3.2.1 Co-Assembled Peptide Nanotube Design .................................................................. 81 

3.2.2 Peptide Synthesis ....................................................................................................... 83 

3.2.3 Intermixed Coiled-coil Formation: Thermal Annealing ............................................ 83 

3.2.4 Nanotube Formation: Thermally Annealed Samples ................................................ 86 

3.2.5 Nanotube Stability Studies: Thermally Annealed Samples ....................................... 89 

3.2.6 Nanotube Cargo Loading: Thermally Annealed Samples ......................................... 92 

3.2.7 Nanotube Formation and Stability: Stepwise Addition ............................................. 94 

3.2.8 Nanotube Cargo Loading: Sequential Coiled-coil Addition ..................................... 95 

3.2.9 Nanotube Stabilization Through PEG Crosslinkers .................................................. 96 

3.3 Conclusion ........................................................................................................................ 98  

3.4 Materials and Methods ...................................................................................................... 99  

3.4.1 Materials .................................................................................................................... 99  

3.4.2 General Peptide Synthesis and Purification ............................................................... 99 

3.4.3 Circular Dichroism .................................................................................................. 100 

3.4.4 Fluorometry ............................................................................................................. 100 



 
 

8 

3.4.5 Annealed Assemblies ............................................................................................... 100 

3.4.6 Step-wise Assemblies .............................................................................................. 101 

3.4.7 Scanning Electron Microscopy ................................................................................ 101 

3.4.8 Degradation Studies: Metal-binding Ligands .......................................................... 101 

3.4.9 Cargo Binding .......................................................................................................... 102  

3.4.10 Degradation Studies: PEG Linkers ....................................................................... 102 

3.5 References ....................................................................................................................... 102  

 PROTEIN INCORPORATION WITHIN COILED-COIL PEPTIDE 

CRYSTALS FOR IMPROVED THERMAL STABILITY ....................................................... 111 

4.1 Introduction ..................................................................................................................... 111  

4.2 Results and Discussion ................................................................................................... 111  

4.2.1 Co-assembled Peptide Crystals and Structure ......................................................... 111 

4.2.2 Protein Inclusion ...................................................................................................... 115 

4.2.3 Protein Quantification .............................................................................................. 120 

4.2.4 Protein Stability ....................................................................................................... 130  

4.2.5 Biotin-streptavidin Binding ..................................................................................... 131  

4.2.6 Analysis of Crystals with Protein Guests by X-ray Scattering ................................ 133 

4.3 Conclusion ...................................................................................................................... 133  

4.4 Materials and Methods .................................................................................................... 134  

4.4.1 Materials .................................................................................................................. 134  

4.4.2 Protein Expression ................................................................................................... 134 

4.4.3 Protein Fluorescent Labeling ................................................................................... 136 

4.4.4 Crystal Formation and Protein Inclusion ................................................................. 136 

4.4.5 Scanning Electron Microscopy ................................................................................ 137 

4.4.6 X-ray Diffraction ..................................................................................................... 137 

4.4.7 Confocal Microscopy ............................................................................................... 138  

4.4.8 Protein Quantification .............................................................................................. 138 

4.4.9 Protein Stability Study ............................................................................................. 139 

4.4.10 Biotin Labeling ...................................................................................................... 139 

4.4.11 Streptavidin-Biotin Binding Experiments ............................................................. 139 

4.5 References ....................................................................................................................... 139  



 
 

9 

DEVELOPMENT OF A SELF-REPLICATING COILED-COIL PEPTIDE 

MATERIAL ................................................................................................................................ 145  

5.1 Introduction ..................................................................................................................... 145  

5.2 Results and Discussion ................................................................................................... 147  

5.2.1 Peptide Design ......................................................................................................... 147 

5.2.2 Peptide Synthesis ..................................................................................................... 148 

5.2.3 Properties of Cysteine-modified N20C FL .............................................................. 149 

5.2.4 Circular Dichroism of Peptide Fragments ............................................................... 152 

5.2.5 Native Chemical Ligation Reaction Rate ................................................................ 153 

5.2.6 Native Chemical Ligation and Assembly ................................................................ 157 

5.3 Alternative Studies for Catalytic Materials..................................................................... 162  

5.3.1 H17C Mutation ........................................................................................................ 164 

5.3.2 H17P Mutation......................................................................................................... 166  

5.3.3 N20C Truncated ....................................................................................................... 167 

5.3.4 I18N Mutation ......................................................................................................... 168  

5.3.5 I15N Mutation ......................................................................................................... 170  

5.3.6 N20C Ghadiri ........................................................................................................... 172 

5.3.7 Trifluoroethanol ....................................................................................................... 174 

5.3.8 E1K2 ........................................................................................................................ 176 

5.3.9 E1K2-Ligand ........................................................................................................... 177  

5.4 Conclusion ...................................................................................................................... 178  

5.5 Materials and Methods .................................................................................................... 178  

5.5.1 Materials .................................................................................................................. 178  

5.5.2 Peptide Amide Synthesis and Purification .............................................................. 178 

5.5.3 Peptide Thioester Synthesis and Exchange ............................................................. 179  

5.5.4 H17C F2 Thioester Synthesis .................................................................................. 180  

5.5.5 Circular Dichroism .................................................................................................. 180 

5.5.6 Peptide Assemblies .................................................................................................. 181  

5.5.7 Native Chemical Ligation – Dilute Conditions ....................................................... 181 

5.5.8 Native Chemical Ligation – Concentrated Conditions ............................................ 181 

5.5.9 Scanning Electron Microscopy ................................................................................ 182 



 
 

10 

5.5.10 Transmission Electron Microscopy ....................................................................... 182 

5.6 References ....................................................................................................................... 182  

APPENDIX: FIGURES .............................................................................................................. 187  

PUBLICATIONS ........................................................................................................................ 204  

  



 
 

11 

LIST OF FIGURES 

Figure 1.1. (A) Helical wheel diagram of a coiled-coil dimer. (B) 3D model of a dimeric coiled-
coil................................................................................................................................................. 25  

Figure 1.2. (A) X-ray crystal structures of pentameric to heptameric coiled-coils and the proposed 
mechanism of fiber assembly. (B) Transmission electron microscopy (TEM) micrograph of 
7HSAP1 assembled in MES buffer (10 mM, pH 6.0). (C) Schematic representation of peptide Q 
organization upon fiber formation in phosphate buffer (50 mM, pH 4). Reprinted with permission 
from ref. 15, 16, 17. Copyright 2013, 2014, 2015, American Chemical Society. ........................ 27 

Figure 1.3. TEM images of reversible assemblies via pH. (A) TZ1H fibers, (B) AFD19 fibers, 
and (C) TriByp3 assembly. Reprinted with permission from ref. 18, 19, 20. Copyright 2006, 2011, 
2018, American Chemical Society and Royal Society of Chemistry. .......................................... 29  

Figure 1.4. pH controlled assemblies. (A) TEM of Montclare’s assembled Q peptide in acidic, 
neutral, and basic conditions to produce either nanoparticles or fibers. (B) TEM of Pochan’s 
assembled peptide in acidic, neutral, and basic conditions to produce nanotubes, platelets, and 
needles, respectively. Reprinted with permission from ref. 21 and 22. Copyright 2018, 2021, 
American Chemical Society and Royal Society of Chemistry. .................................................... 30  

Figure 1.5. (A) Scanning electron micrograph (SEM) of crystals of p2L (1 mM) with zinc ions (1 
mM) and its corresponding crystal structure.  (B) Views of crystal structure of peptide 2 and (C) 
peptide 3. Reprinted with permission from ref. 27 and 30. Copyright 2016, 2017, American 
Chemical Society and Royal Society of Chemistry. ..................................................................... 32  

Figure 1.6. (A) TEM image of TZ1C2 fibrils (500 μM) in TAPS buffer (10 mM, pH 8.5) and 
NaCl (100 mM) before Cd(II) addition. (B) SEM image of TriCross assembly with ZnCl2 (1 mM 
each) in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) after 
1 hr. Reprinted with permission from ref. 28 and 35. Copyright 2013, 2021, American Chemical 
Society and John Wiley and Sons. ................................................................................................ 34  

Figure 1.7. (A) Schematic representation of the polypeptide path forming a tetrahedron. (B) 
Cartoon diagram of fibril forming triblock with and without heterocoiled-coil installation. (C) 
Relationship between coiled-coils and their corresponding binding affinities. Reprinted with 
permission from ref. 40, 45, 47. Copyright 2013, 2016, American Chemical Society and Springer 
Nature. ........................................................................................................................................... 37  

Figure 1.8. (A) Stability of EGFP within p2L crystals. Fluorescence confocal images of 
Chmielewski’s p2L crystals with enhanced green fluorescent protein guests before and after 
incubation at 100 °C for 1 hr. (B) Schematic drawing of Xu’s micelle, where the shell is composed 
of the 3-helix bundles and the core is composed of aliphatic chains.  (C) Design of Woolfson’s 
peptide cages through disulfide linkages and heterocoiled-coils. Reprinted with permission from 
ref. 29, 56, 65. Copyright 2012, 2013, 2016, American Chemical Society and American 
Association for the Advancement of Science. .............................................................................. 40 

Figure 1.9. (A) Schematic illustration of a temperature-responsive CUBE hydrogel and the 
formation of blood vessels. (B) Confocal microscopy image of live HeLa cells (green) 



 
 

12 

encapsulated within the TriCross assembled labeled with Rh-His6 (red) in DMEM with 10% FBS. 
Reprinted with permission from ref. 28, 80. Copyright 2020, 2021, American Chemical Society 
and John Wiley and Sons. ............................................................................................................. 43  

Figure 1.10. (A) 3D monomeric building block of P6HRC1 composed of a modified pentameric 
coiled-coil domain from COMP (green) and trimeric de novo designed coiled-coil domain (blue) 
which is extended by the coiled-coil sequence of SARS HRC1 (red). (B) Computer models of the 
complete peptide nanoparticle P6HRC1 with varying degrees of icosahedral symmetry. The 
calculated diameters of these particles are about 23 and 28 nm and the molecular weight 757 and 
2271 kDa, respectively. Reprinted with permission from ref. 87. Copyright 2009, John Wiley and 
Sons. .............................................................................................................................................. 44  

Figure 2.1. TriCross peptide design. (A) Helical wheel representation of TriCross with K14 
(green) as the site of the bipyridine modification with residues at the a and d positions dictating a 
trimeric oligomeric state. Upon addition of metal ions, TriCross assembles into a higher order 
crosslinked structure. (B) GCN4 sequence with modifications for linear (NTA and His2) and radial 
(B – bipyridine) growth. ............................................................................................................... 60  

Figure 2.2. CD spectrum of the coiled-coil peptide, TriCross (50 μM), measured in citrate buffer 
(20 mM, pH 3.0). .......................................................................................................................... 61  

Figure 2.3. (A) SEM image of TriCross assembly with ZnCl2 (1 mM each) in DMEM with 10% 
FBS after 1 hr (scale bar: 1 μm).  (B-D) TriCross assemblies at varying TriCross to Zn2+ ratios. 
(B) 1:2, (C) 1:0.4, (D) 1:0.1 (scale bar: 2 μm). (E-G) TriCross assemblies upon addition of other 
divalent metals. (E) Ni2+, (F) Cu2+, (G) Co2+ (scale bar: 2 μm). ................................................... 63 

Figure 2.4. TEM images of TriCross assembly with ZnCl2 (1 mM each) in 20 mM MOPS buffer 
(pH 7.4) after 1 hr. (A) A wider view (scale bar: 250 nm) and (B) a closer view with some areas 
of banding indicated with blue circles (scale bar: 50 nm). ........................................................... 64 

Figure 2.5. SEM micrograph of TriCross after a 7-day incubation in DMEM media with FBS at 
37 °C (scale bar: 3 μM). ................................................................................................................ 65  

Figure 2.6. SEM images of TriCross assembly and disassembly in DMEM (pink) with 10% FBS 
through addition of EDTA (100 mM). .......................................................................................... 65  

Figure 2.7. Confocal microscopy image of live HeLa cells (green) encapsulated within the 
TriCross assembly labeled with Rh-His6 (red) in DMEM with 10% FBS (scale bar: 50 μm). ... 66 

Figure 2.8. Confocal microscopy image of HeLa cells encapsulated within the TriCross assembly 
in DMEM with 10% FBS (live – green and dead - red) after a 3-day encapsulation period (scale 
bar: 50 μm). ................................................................................................................................... 67  

Figure 2.9. Confocal microscopy image of encapsulated live HeLa cells (green) after a six-day 
incubation (scale bar: 50 μm). ...................................................................................................... 68  

Figure 2.10. Viability of HeLa cells upon disassembly of the TriCross matrix with EDTA as 
compared to untreated cells (DMEM and 10% FBS) and cells treated with taxol (10 μM). ........ 69 

Figure 2.11. Light microscope images of hiPSCs encapsulated in HBN after three weeks. ....... 70 



 
 

13 

Figure 2.12. Light microscope images of hiPSCs encapsulated in HBN:HBRGDS (4:1 ratio) after 
three weeks.................................................................................................................................... 70  

Figure 3.1. Peptide nanotube co-assemblies. (A) Peptide sequences of the coiled-coil (CC) 
peptides TriNL and p2L. (B) Schematic of co-assembly startegies for incoroprating p2L into 
TriNL nanotubes for potential stabilization with metal ions: forming mixed peptide CCs through 
thermal annealing, and using stepwise addition to bring in CC trimers of p2L. .......................... 82 

Figure 3.2. Circular dichroism spectra monitoring the unfolding and refolding of a 2:1 TriNL:p2L 
solution (500 μM total peptide concentration) in citrate buffer (20 mM, pH 3.0). ....................... 84  

Figure 3.3. (A) Fluorescence spectra of TriNL-Fl (8.5 μM) before and after annealing in the 
presence of increasing levels of p2L. (B) An unannealed and (C) annealed 10:1 TriNL:p2L 
sample (500 μM total peptide concentration) subjected to MES buffer (50 mM, pH 6.0) and NiCl2 
(1 mM) for 30 min. ....................................................................................................................... 85  

Figure 3.4. UPLC traces of annealed TriNL:p2L (500 μM total peptide concentration) assemblies 
at various peptide ratios using a 20-70% acetonitrile/water (0.1% TFA) gradient. ..................... 86 

Figure 3.5. SEM visualization of assemblies at different ratios of TriNL:p2L. (A-F) annealed 
samples, (G-H) stepwise addition of peptide. Insets show the interior morphology of the assemblies 
(inset scale bar: 500 nm). .............................................................................................................. 88  

Figure 3.6. SEM image of 1:1 TriNL:p2L (500 μM) after 30 min in MES buffer (50 mM, pH 6.0).
....................................................................................................................................................... 89  

Figure 3.7. SEM image of annealed p2L assembly (500 μM) after 30 min in MES buffer (50 mM, 
pH 6.0) .......................................................................................................................................... 89  

Figure 3.8. Stability of nanotubes formed with TriNL or TriNL:p2L ratios after a 24 hr 
incubation with PBS. (A) TriNL alone; (B-D) pre-annealed TriNL:p2L at a (B) 50:1 ratio, (C) 
20:1 ratio, and (D) 10:1 ratio; and (E, F) stepwise addition of TriNL:p2L at a (E) 10:1 ratio and 
(F) 2:1 ratio. (G) Quantified values of the length of nanotubes before and after PBS incubation in 
annealed samples (n = 20)............................................................................................................. 91 

Figure 3.9. SEM image of 10:1 TriNL:p2L assembly after a 24 hr PBS incubation without the 
addition of NiCl2. .......................................................................................................................... 92 

Figure 3.10. Confocal microscopy of co-assembled TriNL:p2L nanotubes. (A, B) Annealed 
nanotubes with encapsulated fluorescein-labeled dextran (1 mg/mL, 40 kDa) (A) alone and (B) 
with pretreated NiCl2 (1 mM) followed by Rh-His6 (20 μM). (C, D) Nanotubes from stepwise 
addition with encapsulated fluorescein-labeled dextran (1 mg/mL, 40 kDa) (C) alone and (D) with 
pretreated NiCl2 (1 mM) followed by Rh-His6 (20 μM). (B) and (D) Overlay of both red and green 
channels......................................................................................................................................... 93  

Figure 3.11. (A) Confocal image of pure TriNL annealed nanotubes with encapsulated anionic 
dextran and incubated with NiCl2 (1 mM) followed by Rh-His6 (20 μM, 48 hrs). (B) Confocal 
image of 10:1 TriNL:p2L annealed nanotubes incubated with Rh-His6 (20 μM, 48 hrs) without 
NiCl2. ............................................................................................................................................ 94  

Figure 3.12. Schematic of PBS stability results for the two strategies of p2L incorporation into 
TriNL nanotubes. (A) Annealed samples led to p2L distribution throughout the tubes via 



 
 

14 

intermixed coiled-coils resulting in metal ion stabilization throughout the length of the nanotubes. 
(B) Stepwise addition of individual coiled-coils led to the concentration of p2L near the ends of 
the nanotubes, followed by treatment with metal ions, resulting in PBS degradation of the center 
of the tubes. ................................................................................................................................... 96  

Figure 3.13. (A) Strategy for nanotube stabilization using PEG crosslinkers. (B) Helical wheel of 
TriNL with key lysine residues labeled in red. (C) Measured distances between lysine residues of 
interest. .......................................................................................................................................... 97  

Figure 3.14. TriNL nanotube stability in PBS (24 hrs) after treatment with (A) 0 eq, (B) 2 eq, and 
(C) 10 eq of bis-PEG5-NHS crosslinker for 1 hr. ......................................................................... 98 

Figure 4.1. The formation of a mixture of heterocoiled-coils through thermal annealing. ....... 112 

Figure 4.2. SEM visualization of 2:1 TriNL:p2L crystals (1 mM) assembled in MES buffer (100 
mM, pH 6.0). ............................................................................................................................... 113  

Figure 4.3. (A) SWAXS of 2:1 TriNL:p2L crystals. (B) Head-to-tail assembly of coiled-coils and 
(C) P3 face of the crystal with open-faced hexagonal packing. (D) Interactions at the interface of 
neighboring coiled-coils within the hexagonal crystal. .............................................................. 114  

Figure 4.4. Proteins tested to determine scope of protein inclusion in TriNL:p2L crystals. .... 116 

Figure 4.5. Protein inclusion of GFP mutants (7 μM) in 2:1 TriNL:p2L crystals (1 mM). (A) SEM 
and (B) confocal visualization with His-EGFP (-11) inclusion, (C) SEM and (D) confocal 
visualization with His-Neg30GFP inclusion, (E) SEM and (F) confocal visualization with His-
Pos9GFP inclusion, and (G) SEM and (H) confocal visualization with His-Pos36GFP inclusion.
..................................................................................................................................................... 118  

Figure 4.6. (A) Helical wheel of TriNL/p2L with charged residues at solvent exposed positions 
labeled in green. (B) Trimeric coiled-coil schematic with solvent exposed positions labeled in 
green. ........................................................................................................................................... 119  

Figure 4.7. Protein inclusion using varying sized proteins (7 μM) in 2:1 TriNL:p2L crystals (1 
mM). (A) SEM and (B) confocal visualization with Cou-lysozyme inclusion, (C) SEM and (D) 
confocal visualization with Fl-hemoglobin inclusion, and (E) SEM and (F) confocal visualization 
with Fl-BSA inclusion. ............................................................................................................... 120  

Figure 4.8. Standard curves of peptides and proteins. (A) TriNL (absorbance, 214 nm), (B) p2L 
(absorbance, 214 nm), (C) EGFP (absorbance, 214 nm), (D) EGFP (fluorescence, 535 nm 
emission), (E) hemoglobin (absorbance, 214 nm), (F) hemoglobin (absorbance, 405 nm), (G) HRP 
(absorbance, 214 m), (H) HRP (absorbance, 405 nm). ............................................................... 122 

Figure 4.9. UPLC traces of 2:1 TriNL:p2L crystals (1 mM) with EGFP, hemoglobin, or HRP (7 
μM). (A) EGFP crystals, (B) hemoglobin crystals (214 nm), (C) hemoglobin crystals (405 nm), 
(D) HRP crystals (214 nm), (E) HRP crystals (405 nm). ........................................................... 123 

Figure 4.10. SEM image of 2:1 TriNL:p2L crystals (1 mM) with (A) hemoglobin (7 μM) and (B) 
HRP incorporated (7 μM). .......................................................................................................... 125  

Figure 4.11. (A) SEM and (B) confocal visualization of 2:1 TriNL:p2L (1 mM) crystals with 
EGFP incorporation (14 μM). (C) SEM visualization of 2:1 TriNL:p2L (1 mM) assembly with 



 
 

15 

EGFP incorporation (20 μM). (D) SEM visualization of 2:1 TriNL:p2L (1 mM) with HRP (14 μM) 
and (E) hemoglobin (14 μM). ..................................................................................................... 127  

Figure 4.12. UPLC traces of 2:1 TriNL:p2L crystals (1 mM) with EGFP, hemoglobin, or HRP 
(14 μM). (A) EGFP crystals (214 nm), (B) hemoglobin crystals (214 nm), (C) hemoglobin crystals 
(405 nm), (D) HRP crystals (214 nm), (E) HRP crystals (405 nm). ........................................... 128  

Figure 4.13. Confocal microscopy of 2:1 TriNL:p2L crystals with EGFP before and after 
incubation at 100 °C for 1 hr. ..................................................................................................... 130  

Figure 4.14. (A) Confocal microscopy of 2:1 TriNL:p2L crystals (1 mM) with monomeric 
streptavidin incorporation (7 μM). (B) Peptide crystals with streptavidin after biotin-Rh (20 μM) 
incubation. (C) Peptide crystals incubated with biotin-Rh in the absence of monomeric streptavidin.
..................................................................................................................................................... 132  

Figure 4.15. SWAXS of 2:1 TriNL:p2L crystals with and without EGFP............................... 133 

Figure 5.1. Schematic of a self-replicating peptide developed by Otto and coworkers. Oxidation 
of the peptide results in disulfides to produce macrocycles that subsequently undergo higher order 
assembly. Reprinted with permission from ref. 21. Copyright 2021, American Chemical Society.
..................................................................................................................................................... 146  

Figure 5.2. Self-assembling peptide using a native chemical ligation system. (A) Helical wheel 
representation of TriNL and its N20C mutation modified for native chemical ligation. (B) Self-
replicating design of the N20C FL peptide. Low concentrations of N20C FL may template the 
fragments for the native chemical ligation reaction. Higher concentrations may lead to a peptide 
assembly. (C) Sequences of the coiled-coil peptides and fragments. ......................................... 147  

Figure 5.3. Circular dichroism spectra of mutated N20C FL (50 μM) compared to native TriNL 
(50 μM) in phosphate buffer (20 mM, pH 7.4). .......................................................................... 150  

Figure 5.4. SEM visualization of (A) TriNL and (B) N20C FL nanorods in MOPS buffer (125 
mM, pH 7.4). (C-F) TEM visualization of TriNL and N20C FL with an observed banding pattern 
(~4.5 nm bands) at higher magnifications. (G) Cartoon representation of the banding pattern 
observed in TEM......................................................................................................................... 151  

Figure 5.5. CD spectra of N20C F1 (50 μM) without and with N20C FL template (12.5 μM) in 
phosphate buffer (20 mM, pH 7.4). ............................................................................................ 152  

Figure 5.6. CD spectra of N20C F2 (50 μM) without and with N20C FL template (12.5 μM) in 
phosphate buffer (20 mM, pH 7.4). ............................................................................................ 153  

Figure 5.7. CD spectrum of N20C F1 (25 μM) and N20C F2 (25 μM) in phosphate buffer (20 
mM, pH 7.4). ............................................................................................................................... 153  

Figure 5.8. SEM visualization of N20C FL (200 μM) incubated in MOPS buffer (12.5 mM, pH 
7.4) and TCEP (2 mM) after 8 hrs. ............................................................................................. 154  

Figure 5.9 Standard curve of N20C FL on UPLC (214 nm absorbance). ................................. 155 

Figure 5.10. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C F1 
(100 μM) and N20C F2 (100 μM) at various time points without initial N20C FL added. (B) 



 
 

16 

Zoomed in spectra of the N20C FL UPLC peak, (C) N20C F1 UPLC peak, and (D) N20C F2 
UPLC peak. (E) N20C FL production from two fragments, N20C F1 and N20C F2, at dilute 
conditions (100 μM each) with varying amounts of N20C FL template initially added to the 
solution. (F) DLS spectrum of N20C FL (50 μM) in MOPS (12.5 mM, pH 7.4) and TCEP (2 mM).
..................................................................................................................................................... 156  

Figure 5.11. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C F1 (1 
mM) and N20C F2 (1 mM) at various time points without initial N20C FL added. (B) Zoomed in 
spectra of the N20C FL UPLC peak, (C) N20C F1 UPLC peak, and (D) N20C F2 UPLC peak. 
(D) N20C FL production from two fragments, N20C F1 and N20C F2 at high concentrations (1 
mM each) with varying amounts of N20C FL template initially added to the solution. ............ 158  

Figure 5.12. SEM visualization of peptide assembly following native chemical ligation (8 hrs) 
with (A-C) 0 μM initial N20C FL template, (D) 50 μM template, (E) 100 μM template, and (F) 
200 μM template. ........................................................................................................................ 159  

Figure 5.13. Supernatant of N20C FL (1 mM) assembly in MOPS buffer (125 mM, pH 7.4) after 
a 30 min incubation. .................................................................................................................... 160  

Figure 5.14. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C F1 (1 
mM) and N20C F2 (1 mM) at various time points without initial N20C FL template added.  (B) 
Zoomed in spectra of the N20C FL UPLC peak, (C) N20C F1 UPLC peak, and (D) N20C F2 
UPLC peak. (E) N20C FL production from two fragments, N20C F1 and N20C F2, using 
preassembled N20C FL as a seed template (0-200 μM). ........................................................... 161 

Figure 5.15. SEM visualization of peptide assembly after native chemical ligation (8 hrs) with (A) 
0 μM initial N20C FL template, (B) 50 μM template, (C) 100 μM template, and (D) 200 μM 
template. ...................................................................................................................................... 162  

Figure 5.16. (A) CD spectrum of H17C FL (50 μM) in phosphate buffer (20 mM, pH 7.4). (B) 
SEM visualization of H17C FL (1 mM) assembled in MOPS (125 mM, pH 7.4) and TCEP (10 
mM) after 6 days. ........................................................................................................................ 164  

Figure 5.17. (A) UPLC trace (214 nm) of the native chemical ligation reaction from H17C F1 (1 
mM) and H17C F2 (1 mM) at various time points without initial H17C FL template added.  (B) 
Zoomed in spectra of the H17C FL UPLC peak, (C) H17C F1 UPLC peak, and (D) H17C F2 
UPLC peak.  (E) Native chemical ligation reaction rate at dilute conditions (250 mM fragments) 
and (F) concentrated conditions (1 mM fragments). .................................................................. 166 

Figure 5.18. (A) CD spectrum of H17P FL (50 μM) in citrate buffer (20 mM, pH 3.0). (B) SEM 
visualization of H17P FL (500 μM) assembly in MES buffer (50 mM, pH 6.0) after 24 hrs. .. 167 

Figure 5.19. (A) CD spectrum of N20C Truncated FL (50 μM) in citrate buffer (20 mM, pH 3.0). 
(B) TEM visualization of N20C Truncated FL assembly (1 mM) in MES buffer (100 mM, pH 
6.0) after 1 hr............................................................................................................................... 168  

Figure 5.20. (A) CD spectrum of I18N FL (50 μM) in citrate buffer (20 mM, pH 3.0). (B) SEM 
visualization of I18N FL assembly (500 μM) in MOPS buffer (50 mM, pH 7.4) after 24 hrs. . 169 

Figure 5.21. (A) UPLC trace (214 nm) of the native chemical ligation reaction from I18N F1 (1 
mM) and I18N F2 (1 mM) at various time points without initial I18N FL template added.  (B) 



 
 

17 

Zoomed in spectra of the I18N FL peak. (C) Native chemical ligation reaction rate with 1 mM of 
each fragment and (D) its corresponding assembly upon reaction completion (0 μM template).
..................................................................................................................................................... 170  

Figure 5.22. (A) CD spectrum of I15N FL (50 μM) in citrate buffer (20 mM, pH 3.0). (B) SEM 
visualization of I15N FL assembly (500 μM) in MES buffer (50 mM, pH 6.0) after 1 hr and (C) 
in MOPS buffer (50 mM, pH 7.4) after 24 hrs. .......................................................................... 171  

Figure 5.23. (A) UPLC trace (214 nm) of the native chemical ligation reaction from I15N F1 (1 
mM) and I15N F2 (1 mM) at various time points without initial I15N FL template added.  (B) 
Zoomed in spectra of the I15N FL peak. (C) I15N FL production from two fragments, I15N F1 
and I15N F2 (1 mM each) with varying amounts of 115N FL template initially added to the 
solution. (D) SEM visualization of assembly after ligation (0 μM template). ........................... 172 

Figure 5.24. SEM visualization of N20C Ghadiri FL (1 mM) in (A) MES buffer (100 mM, pH 
6.0) and (B) MOPS buffer (100 mM, pH 7.4) after 1 hr. ............................................................ 173  

Figure 5.25. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C 
Ghadiri F1 (1 mM) and N20C Ghadiri F2 (1 mM) at various time points without initial N20C 
Ghadiri FL template added.  (B) Zoomed in spectra of the N20C Ghadiri FL UPLC peak. (C) 
N20C Ghadiri FL production from two fragments, N20C Ghadiri F1 and N20C Ghadiri F2 (1 
mM each) with varying amounts of N20C Ghadiri FL template initially added to the solution.
..................................................................................................................................................... 173  

Figure 5.26. CD spectra of (A) N20C FL (50 μM), (B) N20C F1 (50 μM), and (C) N20C F2 (50 
μM) at varying TFE concentrations (v/v) in citrate buffer (20 mM, pH 3.0). (D) SEM visualization 
of N20C FL (1mM) assembled in MOPS buffer (125 mM, pH 7.4), TECP (20 mM), MPAA (10 
mM), and TFE (20%) after 1 hr. ................................................................................................. 175  

Figure 5.27. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C F1 (1 
mM) and N20C F2 (1 mM) at various time points without initial N20C FL template added in 20% 
TFE (v/v).  (B) Zoomed in spectra of the N20C FL UPLC peak. (C) N20C FL production from 
two fragments, N20C F1 and N20C F2 (1 mM each) with varying amounts of N20C FL template 
initially added to the solution. ..................................................................................................... 176  

Figure 5.28. SEM visualization of E1K2 (1 mM) incubated in (A) MOPS (100 mM, pH 7.4), (B) 
MES (100 mM, pH 6.0) and (C) CHES buffer (100 mM, pH 9.0) ............................................. 177  

Figure 5.29. SEM visualization of E1K2-Ligand (1 mM) in MOPS buffer (100 mM, pH 7.4) after 
1 hr with (A) ZnCl2 (1 mM) and (B) CoCl2 (1 mM). ................................................................. 177 

 

  



 
 

18 

LIST OF TABLES 

Table 3.1. Quantified ratios of TriNL:p2L assemblies via thermal annealing. .......................... 86 

Table 3.2. Quantified ratios of TriNL:p2L assemblies via sequential addition. ......................... 95 

Table 3.3. Measured distances between lysine residues of interest. ............................................ 97 

Table 4.1. Peptide and protein quantification from EGFP crystals (7 μM). .............................. 124 

Table 4.2. Peptide and protein quantification from hemoglobin crystals (7 μM). ..................... 125 

Table 4.3. Peptide and protein quantification from HRP crystals (7 μM). ................................ 126 

Table 4.4. Peptide and protein quantification from EGFP crystals (14 μM). ............................ 129 

Table 4.5. Peptide and protein quantification from hemoglobin crystals (14 μM). ................... 129 

Table 4.6. Peptide and protein quantification from HRP crystals (14 μM). .............................. 129 

Table 5.1. TriNL mutants for native chemical ligation with mutated residues labeled in red. . 163 

Table 5.2. Sequence comparisons between N20C Ghadiri FL and the previously published 
Ghadiri peptide T. ....................................................................................................................... 129 

 

  



 
 

19 

LIST OF SCHEMES 

Scheme 4.1. Reaction to form Biotin-Rh. .................................................................................. 132 

Scheme 5.1. Synthesis of benzyl thioester fragment through a side-chain linker strategy. ....... 149 

Scheme 5.2. Thioester exchange of the benzyl thioester fragment to N20C F2. ....................... 149 

Scheme 5.3. Synthesis of the Mesna thioester fragment, H17C F2, through a C-terminal hydrazine 
strategy. ....................................................................................................................................... 165  

 

 

  



 
 

20 

LIST OF APPENDIX FIGURES 

Figure A1. TriCross cover art for the Journal of Peptide Science’s Special Issue - Peptides in 
Biomaterials Science: New Trends and Applications. ................................................................ 187 

Figure A2. Purity trace of TriCross (214 nm) with a solvent gradient of 20-70% acetonitrile/water 
(0.1% TFA) for 30 min. .............................................................................................................. 188  

Figure A3. Purity trace of HBN (214 nm) with a solvent gradient of 5-25% acetonitrile/water (0.1% 
TFA) for 10 min. ......................................................................................................................... 188  

Figure A4. Purity trace of HBRDGS (214 nm) with a solvent gradient of 5-25% acetonitrile/water 
(0.1% TFA) for 10 min. .............................................................................................................. 189  

Figure A5. Purity trace of RGDS-His7 (214 nm) with a solvent gradient of 5-25% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 189  

Figure A6. Purity trace of IKVAV-His6 (214 nm) with a solvent gradient of 5-25% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 190  

Figure A7. Purity trace of TriNL (214 nm) with a solvent gradient of 20-70% acetonitrile/water 
(0.1% TFA) for 10 min. .............................................................................................................. 190  

Figure A8. Purity trace of TriNL-FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 191  

Figure A9. Purity trace of p2L (214 nm) with a solvent gradient of 20-70% acetonitrile/water (0.1% 
TFA) for 10 min. ......................................................................................................................... 191  

Figure A10. Purity trace of Rh-Biotin (214 nm) with a solvent gradient of 15-40% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 192  

Figure A11. Purity trace of Cou-His6 (214 nm) with a solvent gradient of 10-25% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 192  

Figure A12. Purity trace of N20C FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 193  

Figure A13. Purity trace of N20C F1 (214 nm) with a solvent gradient of 5-45% acetonitrile/water 
(0.1% TFA) for 10 min. .............................................................................................................. 193  

Figure A14. Purity trace of N20C F2 (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 194  

Figure A15. Purity trace of H17C FL (214 nm) with a solvent gradient of 30-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 194  

Figure A16. Purity trace of H17C F1 (214 nm) with a solvent gradient of 15-50% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 195  



 
 

21 

Figure A17. Purity trace of H17C F2 (214 nm) with a solvent gradient of 15-60% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 195  

Figure A18. Purity trace of N20C Truncated FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 196  

Figure A19. Purity trace of N20C Truncated F1 (214 nm) with a solvent gradient of 5-45% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 196  

Figure A20. Purity trace of H17P FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 197  

Figure A21. Purity trace of I15N FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 197  

Figure A22. Purity trace of I15N F1 (214 nm) with a solvent gradient of 5-45% acetonitrile/water 
(0.1% TFA) for 10 min. .............................................................................................................. 198  

Figure A23. Purity trace of I15N F2 (214 nm) with a solvent gradient of 20-70% acetonitrile/water 
(0.1% TFA) for 10 min. .............................................................................................................. 198  

Figure A24. Purity trace of I18N FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 199  

Figure A25. Purity trace of I18N F1 (214 nm) with a solvent gradient of 5-45% acetonitrile/water 
(0.1% TFA) for 10 min. .............................................................................................................. 199  

Figure A26. Purity trace of I18N F2 (214 nm) with a solvent gradient of 20-70% acetonitrile/water 
(0.1% TFA) for 10 min. .............................................................................................................. 200  

Figure A27. Purity trace of N20C Ghadiri FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 200  

Figure A28. Purity trace of N20C Ghadiri F1 (214 nm) with a solvent gradient of 5-45% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 201  

Figure A29. Purity trace of N20C Ghadiri F2 (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 201  

Figure A30. Purity trace of E1K2 (214 nm) with a solvent gradient of 20-70% acetonitrile/water 
(0.1% TFA) for 10 min. .............................................................................................................. 202  

Figure A31. Purity trace of E1K2-Ligand (214 nm) with a solvent gradient of 20-60% 
acetonitrile/water (0.1% TFA) for 10 min. ................................................................................. 202  

 

  



 
 

22 

LIST OF APPENDIX TABLES 

Table A1. Mass spectrometry data for peptides. ........................................................................ 203 

  



 
 

23 

ABSTRACT 

Peptide biomaterials have drawn great attention in recent decades owing to their tunability 

and biocompatibility. Coiled-coils specifically have become a well-studied scaffold with a clear 

sequence-to-structure relationship. As such, the Chmielewski lab has extensively studied peptide 

assemblies based on the GCN4 leucine zipper. First, we present the peptide TriCross, where 

nitrilotriacetic acid (NTA) and di-histidine ligands are installed at the N- and C-terminus, 

respectively, and a bipyridine ligand installed at a central, solvent exposed position. Through 

strategic placement of these metal-binding ligands, TriCross assembled into a three-dimensional 

(3D) mesh in the presence of zinc ions and dissembled following mild ethylenediaminetetraacetic 

acid (EDTA) treatment. These properties created a 3D network capable of encapsulating cells for 

extended periods of time (>1 week) and releasing cells upon metal-chelation.  

Next, we describe a stabilized nanotube and enhanced crystal assembly through a 

heterocoiled-coil assembly. Nanotubes composed of the coiled-coil peptide TriNL that assembled 

likely through ionic interactions rapidly degraded in phosphate buffered saline (PBS). To improve 

stability, a peptide with metal-binding ligands, p2L, was introduced through thermal annealing of 

the two peptides. Low levels of p2L (up to 10:1 TriNL:p2L) retained nanotube morphology while 

simultaneously introducing NTA and di-histidine ligands. Upon addition of metal, metal-ligand 

interactions were established within the nanotube and increased stability of the material. Higher 

levels of p2L (2:1 TriNL:p2L) led to hexagonal crystals similar to p2L but now without the use 

of metal ions. These crystals expanded the scope of protein inclusion by removing the requirement 

for His-tags on proteins to be incorporated within the material. 

 Finally, a self-replicating and self-assembling coiled-coil peptide is reported. The coiled-

coil TriNL was cysteine modified (N20C) to create a peptide capable of native chemical ligation. 

At low concentrations, the N20C FL peptide acted as a template for the cysteine and thioester 

fragments while high concentrations led to fibrillar structures. The size of the fibrils was controlled 

through the addition of preassembled seeds into the native chemical ligation system.  
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 RECENT ADVANCES IN COILED-COIL PEPTIDE 
MATERIALS AND THEIR BIOMEDICAL APPLICATIONS 

1.1 Introduction 

Engineered biomaterials have been studied extensively for numerous applications, such as 

drug delivery and tissue regeneration.1–3 Peptide-based materials specifically have drawn attention 

for their programmability and biocompatibility.4–7 The use of natural and unnatural amino acid 

building blocks allows for facile modification of the peptide sequence and generation of various 

secondary and supersecondary folds. The coiled-coil motif, for instance, has drawn substantial 

interest due to its clear sequence-to-structure relationship and ease of tunability.8,9 

The coiled-coil structure is widely observed in nature, and plays an essential role in many 

biological processes, including DNA recognition and gene regulation. The coiled-coil motif is 

composed of two or more alpha-helices that wrap around each other to form a left-handed supercoil 

(Figure 1.1). Each alpha-helix contains heptad repeats (abcdefg), with traditionally hydrophobic a 

and d residues influencing the oligomeric state of the coiled-coil from dimers to heptamers.10–12 

The e and g residues are commonly ionic, with complementary charges between individual helices 

within the coiled-coil, while the remaining positions (b, c, and f) are solvent exposed and are 

typically filled with hydrophilic residues. 

With these well-established structural parameters, general guidelines to design de novo 

coiled-coils have been developed.8,9 Meanwhile, others have drawn inspiration from naturally 

occurring coiled-coils, such as those found in the transcription factors GCN4 and Jun-Fos.10,13,14 

A few recent reviews on the use of these coiled-coil building blocks for higher order assembly 

have emerged in the past five years. These have been focused on the use of orthogonal coiled-coil 

sequences within a single chain to create coiled-coil protein origami,15 the development of 

multicomponent peptide assemblies with coiled-coils as one example of many other peptide 

secondary structures,16 the use of coiled-coils to mediate the assembly of protein structures,17 a 

comparison of collagen mimetic and coiled-coil peptides for metal-promoted assembly,18 and 

applications of coiled-coil materials in drug delivery.19 This review focuses on a broader 

investigation of the range of strategies that have been employed to create higher order assemblies 

from coiled-coil building blocks, the reversible nature of coiled-coil assemblies, and a selection of 

their biomedical applications that emphasizes the future potential of this field.  
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Figure 1.1. (A) Helical wheel diagram of a coiled-coil dimer. (B) 3D model of a dimeric coiled-
coil. 

1.2 Design Strategies for Assembly 

Starting with various oligomeric versions of the coiled-coil motif, a number of strategies 

have been developed to facilitate higher order assembly of the starting building blocks. These 

assembly approaches integrate additional interactions within the coiled-coil sequences, including 

ionic and metal-ligand interactions, and engineering covalent linkages and hetero-oligomeric 

coiled-coils. Significant effort has been expended to understand and control the morphologies of 

these coiled-coil-derived materials as described below. 

1.2.1 Ionic Interactions 

A highly successful method to facilitate higher order assembly of coiled-coil peptides is 

through ionic interactions. For example, the Woolfson lab has used de novo designed dimeric to 

heptameric coiled-coils as building blocks (Figure 1.2A).20 The peptides included charged 

residues at the termini to allow assembly in a head-to-tail fashion (Figure 1.2A). Specifically, a 

lysine or glutamate residue was installed at the C-terminus to complement either a glutamate or 

free amino group at the N-terminus, respectively. This approach to linear assembly led to 

immediate fiber formation in phosphate buffered saline (PBS, pH 7.4) (100 μM peptide) with 
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trimeric to heptameric coiled-coil modules. To improve the organization, these assemblies were 

subsequently thermally annealed to produce different morphologies depending on the oligomeric 

state of the building block. For instance, the tetrameric peptide (CC-Tet2-F) transitioned to thicker 

fibers (from 60-65 nm to 130-135 nm in width), whereas the pentameric coiled-coil transitioned 

from fibers to broad, sheet-like structures. This difference in the two morphologies upon annealing 

may stem from the lack of a complete denaturation for both peptides, suggesting incomplete 

transitions when annealed. Interestingly, the annealing process of the hexameric coiled-coil, CC-

Hex-T, produced highly ordered fibers (~70 nm) that allowed for the elucidation of the packing 

through X-ray crystallography, revealing a square packed arrangement.20 Additionally, the 

hydrophobic channel present within the hydrophobic cavity of each pentameric, hexameric, and 

heptameric coiled-coil (50 μM) was used to sequester the hydrophobic dye 1,6-diphenylhexatriene. 

The trimeric and tetrameric coiled-coils, however, did not trap the hydrophobic dye presumably 

because the hydrophobic cores did not contain a cavity.  

While Woolfson and coworkers designed de novo coiled-coils as described above, others 

have used naturally occurring peptide sequences to create ionic-based assemblies. Conticello and 

coworkers reported a heptameric coiled-coil based on the GCN4 transcription factor (7HSAP1).21 

These researchers also used a head-to-tail strategy, but instead, they employed the free C- and N-

termini for assembly, with two arginine residues installed at the f position to limit lateral 

association. The peptide (2 mM) formed fibers (479 ± 93 Da/Å, Figure 1.2B) in MES buffer (10 

mM, pH 6.0) and could trap the dye PRODAN within the hydrophobic cavity of the heptameric 

coiled-coil. Because of the arginine residues, these fibers were much thinner (3 nm) when 

compared to those of Woolfson (85 nm). The Montclare lab has studied coiled-coil assemblies 

derived from the cartilage oligomeric matrix protein (Q).22 This pentameric coiled-coil was 

designed to include a positively charged histidine-tag at the N-terminus, lysine and arginine 

residues at the C-terminus, and glutamate and aspartate residues in the middle of the peptide to 

allow for staggered assembly of the coiled-coil building blocks. This design led to fibril formation 

at 10 μM Q (20-560 nm in diameter) in phosphate buffer (50 mM, pH 4) with a brick-layer-like 

organization of the coiled-coils (Figure 1.2C). The peptide also assembled in the presence of the 

hydrophobic dye curcumin (5:1 molar ratio of curcumin to peptide). Assembling in the presence 

of this dye was found to promote packing of the coiled-coils and increase the fibril diameter 

significantly (16.0 ± 5.6 μm). While some evidence indicated curcumin binding to the hydrophobic 
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coiled-coil interior, the change in morphology also suggests potential binding between protofibrils. 

This is in contrast to Woolfson’s and Conticello’s works where the hydrophobic dyes had no effect 

on morphology. 

 

Figure 1.2. (A) X-ray crystal structures of pentameric to heptameric coiled-coils and the 
proposed mechanism of fiber assembly. (B) Transmission electron microscopy (TEM) 

micrograph of 7HSAP1 assembled in MES buffer (10 mM, pH 6.0). (C) Schematic 
representation of peptide Q organization upon fiber formation in phosphate buffer (50 mM, pH 

4). Reprinted with permission from ref. 15, 16, 17. Copyright 2013, 2014, 2015, American 
Chemical Society. 

Assemblies based on non-covalent interactions can also be reversible using pH. For instance, 

Conticello and coworkers installed histidine residues at the interior d position of the GCN4 trimeric 



 
 

28 

coiled-coil (TZ1H) so that only deprotonated histidine would lead to coiled-coil formation (pH > 

5.8).23 Upon incubation in phosphate buffer (10 mM, pH 8.2), TZ1H (1 mg/mL) assembled into 

bundles of fibers (40–100 nm) over a period of 3 hrs (Figure 1.3A). Charged histidine residues, 

on the other hand, disrupted the coiled-coil structure by destabilizing the hydrophobic pocket, and 

the absence of this supercoil prevented the higher order assembly via ionic interactions from 

occurring. The fiber assembly and disassembly, therefore, was controlled through the addition of 

base or acid, respectively.  Alternatively, Dexter and coworkers designed a highly charged de novo 

peptide with histidine, lysine, and glutamate residues at solvent exposed positions of the coiled-

coil backbone (AFD19).24 The peptide (1.75 mM), under conditions where the net charge was 

close to zero (pH 5.9), first formed fibrils due to misalignment of the helices producing overhangs, 

followed by hydrogel formation on a time scale of seconds to hours depending on the peptide 

concentration (Figure 1.3B). Highly charged versions of AFD19 led to no assembly and a low 

viscosity solution. The researchers also demonstrated rapid hydrogel dissolution by adjusting the 

pH. The Chmielewski lab has also developed a coiled-coil assembly that is responsive to pH.25 

They introduced bipyridine moieties at the solvent exposed f position of a trimeric coiled-coil 

derived from GCN4. One to three bipyridines were installed on the coiled-coil peptide by 

substituting solvent exposed residues with lysine (D6K, S13K, and N20K) and subsequent 

bipyridine modification (TriByp1, TriByp2, and TriByp3). Incubation of the peptides (250 μM) 

in MOPS buffer (10 mM, pH 7.0) promoted radial association of the building blocks via aromatic 

interactions across the coiled-coils, leading to nano- to micron-scaled rectangular assemblies 

(Figure 1.3C). An increase in the number of bipyridine units led to a decrease in the aspect ratio 

of the assemblies (16:1 to 0.9:1). When subjected to acidic conditions (pH 3.0), the protonated 

bipyridine groups caused disruption of the coiled-coil interfaces, rapidly leading to dissolution of 

the assembly. The material could then reassemble upon addition of base, and this overall process 

went through numerous cycles without a change in the morphology of the assembly. Despite using 

different strategies, each lab created a pH-switchable material capable of assembly and 

disassembly on command.  
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Figure 1.3. TEM images of reversible assemblies via pH. (A) TZ1H fibers, (B) AFD19 fibers, 
and (C) TriByp3 assembly. Reprinted with permission from ref. 18, 19, 20. Copyright 2006, 

2011, 2018, American Chemical Society and Royal Society of Chemistry. 

Changes in pH may also lead to changes in morphology of the assembly. For instance, 

Montclare and coworkers investigated the hydrogelation properties of peptide Q (vide supra) as a 

function of pH.26 At neutral and basic conditions (pH 7.4 and 10) a fiber-based hydrogel formed 

with Q (2 mM) in 96 and 24 hrs, respectively. Acidic conditions (pH 6.0), on the other hand, led 

to polydispersed nanoparticles with no gelation after a two-week period (Figure 1.4A). This shift 

in morphology from fibers to nanospheres was due to an increase in electron repulsion of the highly 

charged coiled-coil. Pochan and coworkers have also found changes in morphology of the 

assembly of a designed coiled-coil peptide depending on the pH.27,28 Acidic conditions (10 mM 

sodium acetate buffer, pH 4.5) led to nanotubes (21.3 ± 2.8 nm in length) with 1 mM peptide, 

while neutral (10 mM phosphate buffer, pH 7) and basic (10 mM borate buffer, pH 10) conditions 

led to stacked platelets (50-500 nm in length) and needles (100-250 nm in length), respectively 

(Figure 1.4B).27 These notable differences arise from the packing of coiled-coils to minimize 
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electrostatic repulsion.  In an acidic environment, the coiled-coils are tilted in the assembly to 

minimize electron repulsion of the positively charged free N-terminus. Under neutral conditions, 

the two-dimensional plates form through lysine-aspartate salt bridges whereas basic conditions 

weaken these salt bridges and lead to a primarily unidirectional assembly.  

Overall, the examples provided above demonstrate that ionic-based assemblies are a simple 

yet powerful strategy to create a diverse range of structures. Loading of additional small molecule 

cargoes within the structures demonstrates potential for drug loading, and the developed feature of 

reversibility embedded within some of these materials may be harnessed for drug delivery as well. 

 

Figure 1.4. pH controlled assemblies. (A) TEM of Montclare’s assembled Q peptide in acidic, 
neutral, and basic conditions to produce either nanoparticles or fibers. (B) TEM of Pochan’s 

assembled peptide in acidic, neutral, and basic conditions to produce nanotubes, platelets, and 
needles, respectively. Reprinted with permission from ref. 21 and 22. Copyright 2018, 2021, 

American Chemical Society and Royal Society of Chemistry. 

1.2.2 Metal-ligand Interactions 

The introduction of metal-binding ligands onto the coiled-coil scaffold has been shown to 

be a powerful technique to facilitate higher order assemblies. Early studies from Ogawa and 
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coworkers installed a pyridine ligand at a centrally located, solvent exposed f position of a dimeric 

coiled-coil containing an IAALEQK heptad repeat (AQ-Pal14).29,30 Complexation of the dimeric 

AQ-Pal14 with platinum at 60 °C for a week was found to induce assembly into both nanometer-

scaled globular structures and a smaller population of nanofibrils. In a subsequent study by Ogawa, 

the pyridyl alanine ligands were substituted with histidine (H21), and this dimeric coiled-coil was 

treated with cobalt(III) protoporphyrin IX at 60 °C overnight.31 Evaporating this solution for 

scanning electron microscopy (SEM) analysis showed that the mixture formed much larger fibrils 

than the previous study, presumably due to bis-axial ligation between the imidazole ligands of the 

dimeric coiled-coil and a cobalt complex.31  

Chmielewski and coworkers have successfully used metal-ligand interactions for assembly 

using a trimeric coiled-coil building block based on the GCN4 sequence.32–34 This design is 

different from the above work of the Ogawa in that the ligands for metal ions are at the termini of 

the peptide to promote head-to-tail assembly, rather than at a central heptad of the coiled-coil, and 

a trimeric module was used.32 The peptide (p2L)  contained nitrilotriacetic acid (NTA) and di-

histidine ligands at the N- and C-termini, respectively. Addition of Zn(II), Cu(II) or Co(II)  (0.4 

eq) to p2L (1 mM) rapidly (30 min) provided well-ordered hexagonal crystals at room temperature, 

whereas 0.1 eq of zinc produced hexagonal disks. The crystal structure of the zinc-promoted 

crystals was solved, and a hexagonal open-packed assembly was observed with the ligands 

directed towards the P3 face of the crystals (Figure 1.5A). Alternatively, nanospheres were 

observed with metal-mediated assembly using Ni(II), a morphology that was observed to some 

extent at much shorter time periods (5 min) with Zn(II), but which then evolved into crystals.32 

These researchers took advantage of the unsatisfied ligands within and on the P3 face of the 

growing and preformed crystals, respectively, to introduce His-tagged fluorophores with the 

crystals in a metal-dependent fashion. 

Horne and coworkers have also studied metal-mediated coiled-coil assembly, but in their 

work, they used de novo designed sequences and terpyridine ligands. They investigated three 

different oligomerization states of the coiled-coil (dimer, trimer and tetramer), each with a different 

positioning of the ligand(s). For instance, the dimeric coiled-coil (peptide 1) contained terpyridines 

in the f position of the first heptad, and the e position of the last, whereas the trimeric peptide (2) 

had these ligands at the a and c positions of the first and last heptads. A tetrameric variant (peptide 

3) contained a single ligand at an internal f position. Although a number of divalent transition 
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metals were investigated, only Cu(II) (3-10 mM) was found to promote crystallization of the 

peptides (~2-4 mM, pH 6-6.5) using the hanging drop vapor diffusion method (time not 

indicated).35,36 Crystal structures revealed that the Cu2+ ions bind to these ligands in addition to 

nearby glutamate residues (Figure 1.5b) yielding a complex packing arrangement for the peptides 

1 and 2, and a 2D net embedded in the lattice for 3 (Figure 1.5C). In an interesting comparison, 

TriByp1/2/3 described above (250 μM, pH 7), which contained bipyridine ligands in central 

heptad repeats based on the trimeric coiled-coil of GCN4, did not require metal ions for assembly. 

The bipyridine ligands alone mediated aromatic interactions leading to a hexagonal, close-packed 

assembly of trimeric coiled-coils after 48 hrs.24 

 

Figure 1.5. (A) Scanning electron micrograph (SEM) of crystals of p2L (1 mM) with zinc ions (1 
mM) and its corresponding crystal structure.  (B) Views of crystal structure of peptide 2 and (C) 
peptide 3. Reprinted with permission from ref. 27 and 30. Copyright 2016, 2017, American 
Chemical Society and Royal Society of Chemistry. 
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Ogawa and coworkers introduced a single CXXC metal binding motif within oligomeric 

coiled-coils, with the Cys residues in the interior a and d positions of the coil.37,38 Their goal was 

to form metal complexes inside an individual coiled-coil, however, and not promote higher order 

assembly of the building block. As described above, Conticello and coworkers, introduced His and 

Cys ligands also within the hydrophobic core of the coiled-coil.39,40 In their case, however, three 

His residues (TZ1H) or two Cys residues (TZ1C2) were introduced per helix. This allowed 

individual helices to form staggered coiled-coils in a metal-dependent fashion. Higher order 

assembly into long aspect ratio fibers and fibrils were observed in the presence of Ag(II) (1 eq) 

with TZ1H (70 μM) or Cd(II) (2 eq) with TZ1C2 (500 μM) (Figure 1.6A).  

     A strategy to use metal-ligand interactions to make highly crosslinked structures with coiled-

coils for tissue engineering has also been investigated by Chmielewski and Jorgensen. In this case 

the central bipyridine moiety of TriByp1 was combined with the NTA and His2 ligands of p2L to 

create the peptide TriCross.33 The use of ligands for metals at both the middle and ends of the 

coiled-coil indeed created a more complex metal-promoted assembly with Zn(II), Ni(II), Cu(II), 

Co(II) (1 eq, 1 mM TriCross) producing a crosslinked three-dimensional (3D) mesh within 

minutes (Figure 1.6B). The matrix formed from TriCross contained micron sized cavities that 

were suitable for cell encapsulation (vida infra). An advantage of metal-mediated assembly is that 

the association can be abolished with metal-chelating agents. For example, the formations of both 

the p2L (hexagonal crystals, Figure 1.5A) and TriCross (3D matrix, Figure 1.6B)) assemblies 

were found to be reversible through the addition of low levels of ethylenediaminetetraacetic acid 

(EDTA).32,33 

 Overall, integrating metal-ligand interactions within coiled-coil peptides is an important 

advancement in the field, especially as it pertains to the crystalline arrays and 3D matrices 

generated above. The use of metal ion-promoted assembly is a powerful means to rapidly generate 

crystals on demand and incorporate cargo in a metal-dependent manner. Additionally, the 

judicious placement of multiple ligands on the coiled-coil building block allowed for metal-

promoted formation of a 3D scaffold that encapsulated cells simultaneously. A notable feature of 

this strategy for assembly is the inherent reversibility that is available for the dissolution upon 

treatment with chelators – a feature with interesting potential in tissue engineering. 



 
 

34 

 

Figure 1.6. (A) TEM image of TZ1C2 fibrils (500 μM) in TAPS buffer (10 mM, pH 8.5) and 
NaCl (100 mM) before Cd(II) addition. (B) SEM image of TriCross assembly with ZnCl2 (1 

mM each) in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) 
after 1 hr. Reprinted with permission from ref. 28 and 35. Copyright 2013, 2021, American 

Chemical Society and John Wiley and Sons. 

1.2.3 Covalent Linkages and Heterocoiled-Coils 

An alternate way to generate biomaterials from coiled-coil peptides is to link the building 

blocks together via covalent bonds. This has been accomplished in one set of examples by using 

different click chemistries. For instance, Woolfson and coworkers used native chemical ligation 

between hexameric coiled-coils. CC-Hex-T, described above, was optimized to minimize lateral 

association and maximize linear assembly (CC-Hex-T + co).41 Native chemical ligation was used 

to link the building blocks using either two cysteine amino acids or two thioester moieties at each 

terminus of a single coiled-coil. Rather than the previously described ionic driven assembly, the 

fibers that were generated (30-40 nm after 30 min and 100 nm after 1 week) were due to the 

covalent bond formed through the ligation chemistry to link the coiled-coils.  

Similarly, Pochan and coworkers have used bond formation between coiled-coils using 

thiol and maleimide moieties. They used two tetrameric coiled-coils, one bearing terminal 

maleimides (Peptide 1) and the other flanked with cysteine residues (Peptide 2).42,43 This design 

produced nanorods (>30 μm) with an alternating Peptide 1 and Peptide 2 pattern. Additionally, 

the Kirshenbaum lab has used the Huisgen cycloaddition for covalently linking coiled-coils. In 

this case, the resulting triazole linkage was used to connect a dimeric coiled-coil, based on the 
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SYNZIP peptide, in a central position with 1-2 different dimeric coiled-coil sequences (4A and 

4B).44 Depending on the location of 4A and 4B, a barbell or quadrilateral assembly was observed. 

These strategies described above provide a facile route to design coiled-coil materials based on 

chemical reactions.  

Yet another covalent technique to induce higher order assembly is to install flexible peptide 

and polymeric linkers between helices of the coiled-coils. Jerala and coworkers, for example, 

elegantly designed a tetrahedron assembly using a mixture of homomeric and heteromeric coiled-

coils with flexible peptide linkers (TET12).45,46 The tetrahedron material was composed of a single 

polypeptide chain containing twelve coiled-coil domains each flanked with a flexible tetrapeptide 

spacer (SGPG) to prevent extended helix formation with a neighboring coiled-coil (Figure 1.7A). 

To confirm the topological fold of the peptide, the N- and C-termini of the polypeptide were 

grafted with split yellow fluorescent protein fragments that provided a strong fluorescent signal.  

Tirrell and coworkers have used a triblock design to create an assembly from the protein EPE, 

with E representing an elastin-like sequence flanked with cysteines and P representing the coiled-

coil sequence from cartilage oligomeric matrix protein.47,48 The EPE protein was conjugated to a 

4-arm PEG linker to initiate the crosslinked network. To control the strength and rigidity of the 

hydrogel, the strength of the coiled-coil was altered, either through sequence modification or the 

addition of denaturants. In a somewhat analogous study from Tirrell and coworkers, triblock 

peptides were investigated in which two coiled-coil forming peptides were connected with a 

peptide linker. In this example, a central random coil peptide was connected to a pentameric coiled-

coil peptide from the cartilage oligomeric matrix P and a tetrameric coiled-coil peptide A 

(PC10A). This design generated a crosslinked network that was notably stronger (100-fold 

increase) when compared to the homodimeric counterparts (AC10A and PC10P).49 Similarly, De 

Vries and coworkers used a self-assembling triblock linked to heterocoiled-coil peptides (C2-SH48-

C2-DA and C2-SH48-C2-DB).50 Without the heterocoiled-coil building blocks, simple fibrils were 

observed at pH ≥ 6 from C2-SH48-C2 alone. The installation of the coiled-coils, however, led to a 

heavily crosslinked morphology of the fibrils (Figure 1.7B). The degree of crosslinking was 

controllable by varying the density of coiled-coil labeled blocks.   

Polymeric linkers have also been used to create more extensive structures with coiled-coils. 

Early work by Ghosh and coworkers used complementary alpha-helices that were conjugated to 

PAMAM dendrimers through cysteine-maleimide chemistry (D-EZ4 and D-KZ4).51 Upon mixing 
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the two peptide conjugates in phosphate buffer, the alpha-helices formed coiled-coils and created 

fibers (> 10 μm in length) after 8 hrs. More recently, Aili and Blank connected alpha helices to 

four-armed PEG linkers in a design to control the crosslinking properties.52–54 Aili used dimeric 

coiled-coils with either isoleucine or valine at the a position (pEV4, pEI4, pKV4, and pKI4) to 

control the strength of the network by taking advantage of the coiled-coil binding affinities (Figure 

1.7C).52 The peptides were linked to the PEG polymer via Cys/maleimide chemistry, and 

hydrogels were formed with the peptide conjugates (250 μM) in phosphate buffer (pH 7) within 

hours. Hydrogels that were composed of only isoleucine coiled-coils (pEI4/pKI4) resulted in a 

stronger gel when compared hydrogels with both valine and isoleucine alpha-helices (pEI4/pKV4) 

(G’ of 1000 Pa vs 200 Pa). Blank, on the other hand, controlled the strength of the crosslinked 

network through both covalent coiled-coil formation with a star-PEG polymer and metal-ligand 

interactions. Specifically, histidine ligands were installed at the solvent exposed f position of 

dimeric coiled-coil forming peptides (A4H3 and B4H3) to create a second layer of crosslinking.53,54 

The hydrogel formed without added metal ions (0.5 mM peptide conjugate, pH 8.1) exhibited a 

large linear viscoelastic range, whereas addition of zinc ions (1 eq) increased the degree of 

crosslinking and transitioned from viscoelastic to elastic-like gels. Similar to metal-mediated 

assemblies, the addition of metal chelators like EDTA (4 eq) returned the hydrogel to its original 

state. While Aili explored the binding affinities of covalently linked coiled-coils to control the 

strength of the hydrogel, Blank used a covalent strategy in conjunction with a metal-mediated 

strategy to tune hydrogel properties.  
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Figure 1.7. (A) Schematic representation of the polypeptide path forming a tetrahedron. (B) 
Cartoon diagram of fibril forming triblock with and without heterocoiled-coil installation. (C) 
Relationship between coiled-coils and their corresponding binding affinities. Reprinted with 
permission from ref. 40, 45, 47. Copyright 2013, 2016, American Chemical Society and Springer 
Nature. 

The covalent strategies outlined above are a powerful means to swiftly link together coiled-

coil peptides via various “click” reactions or with peptidic/polymeric linkers. These approaches 

lead to assemblies with morphologies that are often distinct from those obtained with the coiled-
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coil building block alone. The peptide origami approaches are an especially compelling example 

of the power of using heterocoiled-coils to tune stability and precisely control the resulting 

assemblies. The chemical approach allows for multiple modifications away from natural amino 

acids, whereas the ability to express the proteins, as in the case with the origami sequences, may 

provide a cost-effective way to generate the desired proteins. 

1.3 Applications 

1.3.1 Cargo Storage and Delivery 

Perhaps the most studied application to biomaterials is cargo storage and delivery. While 

lyophilized powders remain the gold standard for protein storage, the lyophilization process can 

be harsh for the proteins and lead to degradation.55,56 Meanwhile drug delivery remains a challenge 

and continues to be optimized to improve solubility of hydrophobic drugs, increase bioavailability, 

and minimize off-target effects.57–59  

Incorporating proteins within coiled-coil assemblies is one possible strategy to stabilize 

proteins. To this end, Chmielewski and co-workers used their p2L coiled-coil crystals described 

above to include proteins within the crystal. During the metal-mediated assembly, His-tagged 

protein guests were incorporated in an ordered fashion via metal-ligand interactions inside the 

crystal host in an hourglass pattern.32 By incorporating His-tagged enhanced green fluorescent 

protein (EGFP) and derivatives inside the crystalline matrix, significant stabilization of the folded 

protein was achieved, even at 100 °C. These data demonstrate the potential of this assembly for 

room temperature storage of thermally sensitive proteins (Figure 1.8A).34 In an alternate strategy, 

Clark and coworkers stabilized citrate synthase (CS) by incorporating the enzyme covalently in 

coiled-coil filaments.60 These filaments were composed of the coiled-coil peptide building blocks 

EE and KK derived from the γPFD protein. While CS aggregates in solution at 43 °C, embedding 

CS in the filaments through covalent linkages stabilized the enzyme. These two coiled-coil peptide 

materials, while using different mechanisms of assembly, provide great promise for protein 

stabilization and may provide a scaffold for enzymes.  

 Cargo delivery using nanoparticles derived from coiled-coil assemblies has seen notable 

recent advances. The Xu lab has developed a micelle composed of a coiled-coil peptide with a 

poly(ethylene glycol) side-conjugate and a terminal hydrophobic tail modification (1coi-dC18-
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PEG2K, Figure 1.8B). In collaboration with the Ferrara and Bankiewicz labs, they investigated 

the numerous properties of the micelle nanoparticles for anticancer agent delivery.61–68 For 

example, doxorubicin-loaded micelles were used to treat prostate and breast cancers in mice.63 

Later generations of these nanoparticles included trimeric and tetrameric coiled-coil species to 

control the location and cluster size of the drug on the micelle,67 and cysteine modifications for 

redox reactive micelles.68 Similarly, Kobatake and coworkers also reported drug delivery 

nanoparticles using a coiled-coil motif conjugated to an elastin-like peptide (ELP).69 In this design, 

a heterocoiled-coil was used with helix A conjugated to single-chain vascular endothelial growth 

factor (VEGF) while helix B was conjugated to the ELP. Nanoparticle formation in the presence 

of paclitaxel created an anticancer delivery vehicle, whereby the external VEGF decoration 

directed the particles to the VEGF-receptor of cancer cells with paclitaxel ultimately causing cell 

death. 

 Different types of nanospheres have also been investigated for cargo delivery. Woolfson 

and coworkers have designed self-assembling cage-like particles (SAGEs) through a combination 

of heterocoiled-coil design and disulfide linkages (Figure 1.8C).70–72 A homotrimeric coiled-coil 

(CC-Tri3) was linked to either alpha-helix A or B with a disulfide bridge, and subsequent mixing 

of the two sets led to AB heterocoiled-coil formation.  Whereas the nanoparticles developed by 

Xu and Kobatake had hydrophobic cores, this SAGE has a hollow interior. SAGEs were modified 

at their termini with proteins (green fluorescent protein or luciferase) to decorate the interior or 

exterior of the cages without compromising the integrity of the material.71 The cages were also 

modified to optimize cell uptake by introducing charged residues at the surface.72 Stevens and 

coworkers, on the other hand, created nanoparticles using a layer-by-layer assembly on a colloidal 

surface.73 The layers were generated with heterocoiled-coil components (JR2EC and JR2KC) 

linked to a polymer via cysteine-maleimide chemistry. Using this strategy, up to four layers could 

be assembled, with each layer containing trapped dextran. In this way, controlled release of cargo 

was accomplished through enzymatic degradation of each layer.  
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Figure 1.8. (A) Stability of EGFP within p2L crystals. Fluorescence confocal images of 
Chmielewski’s p2L crystals with enhanced green fluorescent protein guests before and after 
incubation at 100 °C for 1 hr. (B) Schematic drawing of Xu’s micelle, where the shell is composed 
of the 3-helix bundles and the core is composed of aliphatic chains.  (C) Design of Woolfson’s 
peptide cages through disulfide linkages and heterocoiled-coils. Reprinted with permission from 
ref. 29, 56, 65. Copyright 2012, 2013, 2016, American Chemical Society and American 
Association for the Advancement of Science. 

Coiled-coil assemblies using different morphologies have also been investigated as 

potential cargo delivery vehicles. Chmielewski and coworkers, for instance, generated nanotubes 

based on a trimeric GCN4 leucine zipper (TriNL) that selectively encapsulated fluorescently 

labelled anionic dextran.74 A second generation of these nanotubes was created to stabilize the 

tubes and thereby expand the scope of this material as a delivery vehicle.75 By introducing metal-



 
 

41 

binding ligands into this nanotube using heterotrimers composed of the coiled-coil peptides p2L 

(vide supra) and TriNL, the tube stability was increased in a metal-dependent manner as will be 

discussed in Chapter 3. These tubes were still able to include dextrans within their interior, with 

inclusion of His-tagged fluorophores at either the ends of the tubes, or throughout, with the 

addition of metal ions.70  Montclare and coworkers have created coiled-coil nanofibers (CCCS) 

based on the cartilage oligomeric matrix protein that encapsulate BMS493, a small molecule used 

for osteoarthritis treatment.76 BMS493 readily degrades and isomerizes, making delivery of this 

drug difficult. Trapping the drug in the coiled-coil nanofibers was found to stabilize this 

therapeutic.  

Hydrogels have also been investigated for cargo binding and delivery. For instance, 

Montclare and coworkers designed a hydrogel from the coiled-coil peptide Q for controlled drug 

release.77 This hydrogel was successful as a vehicle for sustained release of curcumin. 

Alternatively, Zhong and coworkers designed a pH-responsive nanogel by conjugating helices of 

a heterocoiled-coil to hyaluronic acid (HA-K3 and HA-E3).78 The hyaluronic acid targeted breast 

cancer cells with overexpressed CD44 receptors, and when saporin, a ribosome inactivating 

protein, was included as cargo, the nanogel was reported to exhibit potent anticancer activity.   

These efforts demonstrate an impressive array of materials with the capacity to bind both 

small molecules and proteins. Of particular interest is the inclusion of proteins within 3D crystals 

and filaments. The enhanced thermal stability of the protein guests points to interesting 

applications in room temperature storage of biopharmaceuticals and enzymes. The ability to bind 

and release cargo within coiled-coil materials and interact with cells, as demonstrated by the 

SAGEs cages, brings the use of coiled-coil materials as drug delivery vehicles closer to reality. 

1.3.2 Three-dimensional Cell Culturing 

Creating biocompatible three-dimensional scaffolds has been a major goal in support of 

tissue engineering. The extracellular matrix is very structurally complex, and 2D cell culturing is 

severely limited in mimicking in vivo settings.79–81 While natural 3D scaffolds like Matrigel are 

commonly used, batch to batch variation and an  ill-defined composition limit the tunability.82  

Creating highly crosslinked 3D structures from sequence defined coiled-coil peptides has been 

used to circumvent these issues. Woolfson and coworkers, for instance, have designed coiled-coil 

sequences that form hydrogels through sticky ends using hydrogen bonding or hydrophobic 
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interactions (hSAFs).83,84 This, in turn, allowed them to control the strength of the hydrogel 

through heating. Rat adrenal pheochromocytoma cells and neural stem cells were seeded onto the 

gels, and gel penetration and subsequent differentiation was observed. In an alternate strategy, 

Kobatake and coworkers developed a conjugate (CUBE) between a tetrameric, antiparallel coiled-

coil and elastin-like polypeptide to prepare a hydrogel. By heating (37 °C) CUBE, the ELP 

segments aggregated leading to a crosslinked hydrogel.85 Upon introducing the cell adhesion 

sequence RGD and heparin-binding angiogenic growth factors into these hydrogels, HUVEC cells  

that were encapsulated in the 3D network were found to undergo angiogenesis, a process that is 

usually only observed within 3D matrices (Figure 1.9A). Alternatively, the George lab used a 

triblock strategy whereby two GCN4 coiled-coil peptides were linked with a random coil peptide 

containing the RGDS sequence. Strategically placed cysteine residues allowed for hydrogel 

formation through disulfide bond formation.86 Added human marrow stem cells adhered to the 

hydrogel and subsequent neovascularization was observed. Dexter and coworkers modified the 

AFD19 sequence described above with an S16K substitution so that a hydrogel could form at 

physiological pH.87 This gel exhibited low cell toxicity, and was suitable for the growth of mouse 

fibroblast cells with a spread morphology. 

While hydrogels remain the most prevalent type of three-dimensional networks based on 

coiled-coil sequences, Chmielewski and Jorgensen have developed a coiled-coil-based assembly 

(TriCross) that achieved the same crosslinked morphology while not exhibiting gelation.33 Their 

assembly design, as described above and in Chapter 2, was based on a trimeric GCN4 leucine 

zipper, and used metal-ligand interactions at both the center and termini of the peptide. The 

conditions for assembly enabled HeLa cells to be added during the process to fully encapsulate the 

cells into the 3D matrix (Figure 1.9B). The cells showed excellent viability within the scaffold 

after 6 days, and cells released from the matrix with a mild EDTA treatment demonstrated high 

viability. The reversibility of this matrix under mild conditions has promise for the isolation of 

grown tissue. 



 
 

43 

 

Figure 1.9. (A) Schematic illustration of a temperature-responsive CUBE hydrogel and the 
formation of blood vessels. (B) Confocal microscopy image of live HeLa cells (green) 

encapsulated within the TriCross assembled labeled with Rh-His6 (red) in DMEM with 10% 
FBS. Reprinted with permission from ref. 28, 80. Copyright 2020, 2021, American Chemical 

Society and John Wiley and Sons. 

Overall, the examples of coiled-coil crosslinked assemblies provided above demonstrate 

significant potential as mimics of the extracellular matrix for tissue engineering. The coiled-coil 

3D matrices have great potential for implantable materials and for 3D patterning of 

cell/tissue/material constructs. The ability to reverse the assembly process to release tissue in a 

chelation-controlled manner, as demonstrated by TriCross, could be particularly useful in 

regenerative medicine applications. 

1.3.3 Vaccine Development and Immunology 

Vaccines derived from coiled-coil assemblies have recently been developed for multivalent 

display of epitopes. These potential vaccine candidates show great promise when compared to 

soluble antigens for their ability to present a high level of antigens and elicit a stronger immune 
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response.88 For instance, Burkhard developed a nanoparticle with dodecahedral symmetry that was 

composed of a trimeric coiled-coil sequence linked to a pentameric coiled-coil sequence via a 

disulfide (SAPNs, Figure 1.10).89,90 The solvent exposed terminus of the peptides within the 

nanoparticle was functionalized with the coiled-coil of the HIV surface protein gp41 to create an 

adjuvant-free immunogen.89,91 A follow up study functionalized the particles with a spike protein 

epitope for SARS-CoV-1. Animal studies with these nanoparticles revealed potent neutralization 

activity.92 

Since then, Burkhard’s nanoparticle design has been used for a number of vaccine 

candidates. Lanar and coworkers, for instance, have installed B and T cell epitopes for malaria 

within the nanoparticle.93, 94  Mouse studies showed protection against the malaria parasite P. 

berghei for up to six months with just the B cell epitope, whereas the combined epitopes doubled 

the length of protection, and also provided protection against transgenic P. berghei. Bissati and 

coworkers have also used these nanoparticles for toxoplasma gondii infection,95–97 whereas Khan 

and coworkers used this platform to generate vaccine candidates against avian influenza,98,99 

seasonal influenza,100 and an infectious bronchitis virus.101 Indeed, this simple coiled-coil platform 

allows for facile tunability and shows great promise for future vaccine development. 

 

Figure 1.10. (A) 3D monomeric building block of P6HRC1 composed of a modified pentameric 
coiled-coil domain from COMP (green) and trimeric de novo designed coiled-coil domain (blue) 
which is extended by the coiled-coil sequence of SARS HRC1 (red). (B) Computer models of the 

complete peptide nanoparticle P6HRC1 with varying degrees of icosahedral symmetry. The 
calculated diameters of these particles are about 23 and 28 nm and the molecular weight 757 and 
2271 kDa, respectively. Reprinted with permission from ref. 87. Copyright 2009, John Wiley and 

Sons. 
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Other coiled-coil assemblies have also been used for multivalent display of epitopes for 

use in potential vaccines. The Robinson lab, for example, designed a virus-like nanoparticle using 

a coiled-coil peptide with a lipid tail, rather than the two coiled-coils used by Burkhard.102 The 

outer shell of the nanoparticle was decorated with an HIV-1 sequence to illicit an immune 

response. Collier and coworkers used a CD4+ T-cell epitope-containing coiled-coil that assembles 

into nanofibers and elicits an immune response in mice.103 This material was subsequently 

optimized by controlling the length of the nanofibers.104 Corradin and coworkers used the coiled-

coil domains of malaria epitopes and connected them with non-immunogenic linkers.105 A cellular 

assay revealed inhibition of parasite growth in the presence of this assembly. Finally, using 

Woolfson’s SAGEs described above, Davidson and coworkers decorated the cages with tetanus 

toxoid, ovalbumin, or hemagglutinin antigens.106 Both in vitro and in vivo studies revealed immune 

responses following exposure to these nanocages.    

Coiled-coil nanoparticles are an excellent vehicle for the 3D display of multivalent ligands. 

This feature is ideal for applications in vaccine development. Additionally, striking animal data is 

emerging to support the future application of these strategies in humans. 

1.4 Conclusions 

The coiled-coil motif has been an area of great interest for de novo peptide design. More 

recently this building block has been successfully employed to generate a wide range of materials 

with morphologies that include fibrils, fibers, cages, crystals, tetrahera, nanotubes, hydrogels and 

3D matrices. Because of the programmability of coiled-coils, assemblies can be formed through a 

number of methods, including complementary ionic and metal-ligand interactions, and through 

covalent chemistry. While significant progress has been made in the development of coiled-coil 

biomaterials, the rules for the various types of assembly are still being elucidated, an area where 

machine learning approaches may be useful in the future. Whereas we have focused in this review 

on biomedical applications, a growing number of coiled-coil assemblies are also being used as 

conductive materials, including photoelectronically active fibrils and conductive nanofilaments 

using metalloproteins within a coiled-coil assembly.107–111 

With many of the systems described herein having proven use in protein storage, cargo 

delivery, cell culture and vaccine development, the future potential of coiled-coil materials to have 

significant biomedical impact is highly promising. Future applications of coiled-coil materials 
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could include the combination of multi-layered nanoscale coiled-coil assemblies with cargo 

loading and cell interactions for the delivery of biological cargoes, such as therapeutic proteins 

and oligonucleotides. Importantly, such biopharmaceuticals could also be stabilized for room 

temperature storage and transport through inclusion within coiled-coil crystals and tubes. 

Additionally, the 3D patterning of cells and the peptide biomaterials, in a reversible manner when 

needed, would be a powerful means to create complex tissues for drug testing and as implantable 

materials for in vivo use. 
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 REVERSIBLE CROSSLINKED ASSEMBLY OF A 
TRIMERIC COILED-COIL PEPTIDE INTO A THREE-DIMENSIONAL 

MATRIX FOR CELL ENCAPSULATION AND GROWTH 

2.1 Introduction 

The extracellular matrix (ECM) is composed primarily of proteoglycans and fibrous proteins 

that provide complex microenvironments for cell and tissue growth.1 As such, mimicking the ECM 

has been a goal for tissue engineering in recent decades. While two-dimensional cell culturing has 

been the standard method for experimentation, these methods are significantly limited in their 

ability to mimic in vivo settings. By creating three-dimensional (3D) cell culture, however, 

scaffolds can act as mimetics that are closer to in vivo environments. 

To this end, natural materials have been extensively explored for tissue engineering. 

Materials like Matrigel and collagen gels have been used to culture various cell  types,2–4 as well 

as act as scaffolds for tumor modeling.5,6 While these materials mimic many components in the 

ECM, batch to batch differences remains a common problem due to their variable and ill-defined 

composition.1,7 

Alternatively, self-assembling peptides have emerged as promising biomaterials for cell 

culture and tissue growth.8–11 A range of peptide motifs have been investigated, including coiled-

coils,12–15 collagen mimetic peptides,16–22 and amphiphilic peptides.23–38 Coiled-coils have 

previously been reported that undergo reversible assembly via temperature, pH, and introduction 

of phosphate buffered saline (PBS).13–15 Herein, we describe the higher order assembly of a 

designed trimeric coiled-coil (TriCross) based on the leucine zipper region of the transcription 

factor GCN4 using metal-mediated crosslinking. Through this approach, a 3D matrix was obtained 

that provided a scaffold for cell encapsulation and growth, with the ability of releasing the cells 

under mild conditions. 

2.2 Results and Discussion 

2.2.1 Peptide Design and Synthesis 

The peptide design was based on the well-studied GCN4 leucine-zipper motif with 

modifications for a crosslinked growth. The coiled-coil domain of this transcription factor has been 
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studied for self-assembly, as well as for encapsulating small molecules for drug delivery.39–41 We 

envisioned installing ligands for metal ions at both the N- and C-termini and the center portion of 

a trimeric variant of the GCN4 coiled-coil sequence. With this in mind, di-histidine and 

nitrilotriacetic acid (NTA) ligands were installed at the C- and N-termini, respectively (Figure 

2.1), to facilitate metal ion-promoted linear growth. A bipyridine moiety was also installed within 

the peptide at a central location on the f-face of the coiled-coil to promote radial growth through 

metal-ligand interactions. The bipyridine ligand installation was completed by replacing Ser14 

with a 4-methyltrityl (Mtt) protected Lys14. In this way, the three ligands on each peptide strand 

of the trimer would be organized within the coiled-coil trimer to promote crosslinked assembly in 

the presence of metal ions. This unique peptide was dubbed TriCross to represent the Trimeric 

oligomeric state and its Crosslinked growth (Figure 2.1).  

 

Figure 2.1. TriCross peptide design. (A) Helical wheel representation of TriCross with K14 
(green) as the site of the bipyridine modification with residues at the a and d positions dictating a 

trimeric oligomeric state. Upon addition of metal ions, TriCross assembles into a higher order 
crosslinked structure. (B) GCN4 sequence with modifications for linear (NTA and His2) and 

radial (B – bipyridine) growth. 

Standard solid-phase peptide synthesis was conducted for the preparation of TriCross 

using ChemMatrix resin containing a Rink amide linker. The NTA and bipyridine ligands were 

synthesized using protocols described previously, and the NTA moiety was installed at the N-



 
 

61 

terminus.42,43 Selective removal of the Mtt protecting group using 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP), followed by treatment with 4’-methyl-2,2’-bipyridine-4-

carboxylic acid installed the bipyridine moiety within the peptide.  The peptide was cleaved from 

resin using a trifluoroacetic acid (TFA) cocktail, purified to homogeneity via reverse phase high-

performance liquid chromatography (RP-HPLC), and characterized by matrix-assisted laser 

desorption ionization time-of-flight (MALDI-ToF) mass spectrometry. 

2.2.2 Assembly of TriCross 

The triple functionalization of the trimeric variant of the GCN4 coiled-coil could 

potentially lead to a disruption of the helical conformation of the peptide. The structure of 

TriCross was investigated using circular dichroism (CD) spectroscopy (Figure 2.2). The spectrum 

revealed an alpha helical conformation with ~60% helicity, indicated by the local minima at 208 

nm and 222 nm and a local maximum at 194 nm. Though the bipyridine, NTA, and di-histidine 

moieties did decrease the helicity somewhat when compared to the native trimeric peptide (90% 

helicity),44 TriCross retained an alpha helical conformation. Furthermore, the coiled-coil nature 

of TriCross was confirmed through comparison of the magnitude of the ellipticities at 208 nm and 

222 nm. A value of θ222/θ208 ≥ 1 has been shown for coiled-coil peptides, and the value for TriCross 

(1.4) confirms the coiled-coil nature of this sequence.45  

 

Figure 2.2. CD spectrum of the coiled-coil peptide, TriCross (50 μM), measured in citrate 
buffer (20 mM, pH 3.0). 
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With the vision of using TriCross as a scaffold for 3D cell culturing, the metal-mediated 

peptide assembly was attempted in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal 

bovine serum (FBS) using a 1 mM concentration of TriCross and ZnCl2. An immediate (~1 min) 

precipitate was observed upon addition of the metal, and the morphology of the peptide assembly 

was studied using SEM following a 1-hour incubation at 37 °C. These assembly conditions (1:1 

peptide:metal ratio) led to a 3D matrix structure (Figure 2.3A). Additional peptide to metal ratios 

of 1:0.4 and 1:0.1 were analyzed, and as the concentration of the metal ion was decreased there 

was a corresponding decrease in the amount of assembly observed (Figure 2.3B-C). A 1:2 ratio 

led to a similar morphology as that obtained for the 1:1 ratio (Figure 2.3D). Therefore, to limit 

potential excess of metal ions, a 1:1 ratio of TriCross to Zn2+ was pursued for cell studies. Different 

metal ions were tested, including Ni2+, Cu2+, and Co2+, and these led to similar morphologies as 

the Zn2+ experiments (Figure 2.3E-G). 
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Figure 2.3. (A) SEM image of TriCross assembly with ZnCl2 (1 mM each) in DMEM with 10% 
FBS after 1 hr (scale bar: 1 μm).  (B-D) TriCross assemblies at varying TriCross to Zn2+ ratios. 
(B) 1:2, (C) 1:0.4, (D) 1:0.1 (scale bar: 2 μm). (E-G) TriCross assemblies upon addition of other 

divalent metals. (E) Ni2+, (F) Cu2+, (G) Co2+ (scale bar: 2 μm).
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Previous hierarchical assembly of coiled-coils revealed a banding pattern representative of 

the length of a coiled-coil.46 With this in mind, we investigated the TriCross assemblies formed 

in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (20 mM, pH 7.4) by transmission 

electron microscopy (TEM). Evidence of pronounced banding was observed with assemblies in 

MOPS buffer (Figure 2.4).  The separation of the bands in this pattern (4.5 ± 0.7 nm, n=15) 

correlates to the length of the TriCross coiled-coil (4.8 nm), indicating organized structural 

features within the assembly. 

 

Figure 2.4. TEM images of TriCross assembly with ZnCl2 (1 mM each) in 20 mM MOPS 
buffer (pH 7.4) after 1 hr. (A) A wider view (scale bar: 250 nm) and (B) a closer view with some 

areas of banding indicated with blue circles (scale bar: 50 nm). 

With a robust TriCross assembly, cells might be encapsulated and grown over an extended 

period of time. Therefore, it is essential that the assembly was stable to prolonged treatment with 

media. To this end, TriCross was incubated with DMEM with 10% FBS at 37 °C for seven days. 

SEM micrographs showed minimal changes in the morphology of the matrix (Figure 2.5), 

indicating that this material could be used for 3D cell culturing. Interestingly, the TriCross matrix 

could be disassembled under mild conditions with ethylenediaminetetraacetic acid (EDTA) 

(Figure 2.6), thereby providing a potential means to release cells from the 3D matrix on demand. 
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Figure 2.5. SEM micrograph of TriCross after a 7-day incubation in DMEM media with FBS at 
37 °C (scale bar: 3 μM). 

 

Figure 2.6. SEM images of TriCross assembly and disassembly in DMEM (pink) with 10% 
FBS through addition of EDTA (100 mM). 

2.2.3 HeLa Cell Encapsulation 

With the ability to assemble and disassemble TriCross under mild conditions suitable for 

cells, we sought to encapsulate cells within the 3D matrix. HeLa cells were first suspended in 

DMEM with 10% FBS, followed by addition of TriCross and ZnCl2 (1 mM each) to the cells in 

media to create the 3D scaffold around the cells. In order to visualize the matrix, we added Rh-

His6 (20 μM) during the assembly, thereby incorporating the fluorophore through His6-metal ion 

interactions and staining the matrix red. Live cells were stained post-assembly with calcein AM 
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(2.5 μM) (Figure 2.7). Through visualization of varying planes of focus with confocal microscopy, 

it was confirmed that the HeLa cells were indeed encapsulated within the 3D matrix. 

 

Figure 2.7. Confocal microscopy image of live HeLa cells (green) encapsulated within the 
TriCross assembly labeled with Rh-His6 (red) in DMEM with 10% FBS (scale bar: 50 μm). 
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Following the initial encapsulation, cell viability in this 3D cell culture environment was 

studied over extended time periods. HeLa cells were suspended in DMEM with 10% FBS and 

encapsulated upon addition of TriCross and ZnCl2 (1 mM each) as described above. While 

encapsulated, live and dead cells were stained after a 3-day period using calcein AM and PI, 

respectively (2.5 μM each), and visualized by confocal microscopy.  The cells encapsulated within 

the 3D matrix displayed significant viability (Figure 2.8), as was also observed after a 6-day period 

(Figure 2.9). 

 

Figure 2.8. Confocal microscopy image of HeLa cells encapsulated within the TriCross assembly 
in DMEM with 10% FBS (live – green and dead - red) after a 3-day encapsulation period (scale 
bar: 50 μm). 
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Figure 2.9. Confocal microscopy image of encapsulated live HeLa cells (green) after a six-day 
incubation (scale bar: 50 μm). 

2.2.4 Release of Encapsulated Cells 

Finally, the viability of the encapsulated cells was quantified following disassembly of the 

3D scaffold with EDTA. After a 3-day encapsulation period, the matrix was collected and subjected 

EDTA (100 mM, 50 μL) for 15 minutes at 37 °C. The added EDTA chelates Zn2+, effectively 

reversing metal-ligand interactions between coiled-coils and disassembles the matrix. Upon 

breakdown of the material, the cells were collected, washed with DMEM and stained with 0.4% 

trypan blue for 1 minute.  Live/dead cell populations were counted and viability was compared to 

untreated cells and cells subjected to taxol (10 μM) (Figure 2.10).  Excellent cell viability was 

observed with cells encapsulated within the TriCross material for 3 days (~92%). These data 

demonstrate that the assembly and disassembly of TriCross occurs under conditions that are mild 

to cells, and the scaffold is suitable for 3D cell culture. 
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Figure 2.10. Viability of HeLa cells upon disassembly of the TriCross matrix with EDTA as 
compared to untreated cells (DMEM and 10% FBS) and cells treated with taxol (10 μM). 

2.3 Future Directions (HBN) 

With these promising results, the next step was to use this peptide as well as its collagen 

triple helix equivalent, HBN17,21, to effectively mimic the ECM for more complex systems. 

Specifically, we strived to encapsulate human-induced pluripotent stem cells (hiPSC) neural 

progenitor cells (NPCs) in the hopes of creating brain organoids and controlling cell differentiation. 

While these stem cells aggregate through traditional cell culture means, previous reports have 

shown that these cells exhibit different behavior when encapsulated within a hydrogel.47 With this 

in mind, the effects of peptide-based materials on these cells were investigated.  

HBN was first used to encapsulate hiPSCs with and without HBRGDS, an HBN derivative 

with the cell adhesion sequence RGDS.17 HiPSCs were suspended in phosphate buffer (200 mM, 

pH 7.2), followed by addition of HBN (1 mM) or HBN:HBRGDS (1 mM, 4:1 ratio) and NiCl2 (1 

mM) to the cells to create a 3D scaffold around the cells. After the peptide assembled (~2 min), 

the solution was diluted with NPC media (2 mL). While cells look healthy after a three-week 

encapsulation period, only small organoids were seen in both samples (~3-5 cell clumps, Figure 

2.11 and Figure 2.12). 
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Figure 2.11. Light microscope images of hiPSCs encapsulated in HBN after three weeks. 

 

Figure 2.12. Light microscope images of hiPSCs encapsulated in HBN:HBRGDS (4:1 ratio) 
after three weeks. 

Further studies are needed to investigate the formation of organoids within the peptide 

matrices. More cells may need to be used during the encapsulation process to produce spheroids. 
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Using another peptide-based material, TriCross and TriCross derivatives with cell adhesion 

sequences covalently bonded, may also provide more mobility for the cells. Finally, using His-

tagged cell adhesion sequences rather than displayed through covalent bonds may increase cell 

mobility to form spheroids.  

2.4 Conclusions 

To summarize, the trimeric variant of the GCN4 coiled-coil was modified to facilitate a 

cross-linked, higher order assembly through installation of metal binding ligands at the termini 

and center of the peptide. This approach led to assembly of a robust 3D matrix in media with 

serum, that remained stable for extended periods of time. Utilizing the reversibility of the assembly 

through addition and removal of metal, HeLa cells were encapsulated and subsequently released 

from the TriCross 3D scaffold with minimal cytotoxicity. Overall, the design of the TriCross 

peptide led to an ECM mimic with controllable functions in vitro.   

2.5 Materials and Methods 

2.5.1 Materials 

All amino acids and reagents for peptide synthesis were purchased from Chem-Impex Inc 

and ChemPep. All solvents were purchased from Fisher Scientific. Triisopropylsilane (TIPS), and 

propidium iodide (PI) were purchased from Sigma-Aldrich. Diisopropylethylamine (DIEA), and 

all metal salts were purchased from Alfa Aesar. Trifluoroacetic acid (TFA) was purchased from 

Acros Organics. NovaPEG Rink Amide resin LL was purchased from Novabiochem. The mixed 

isomer 5/6-carboxy-tetramethyl-rhodamine succinimidyl ester was purchased from ThermoFisher 

Scientific. Dulbecco’s Modified Eagle Medium (DMEM) was purchased from Corning Inc. and 

fetal bovine serum (FBS) was purchased from R&D Systems. Calcein AM was purchased from 

BioLegend. 

2.5.2 General Peptide Synthesis and Purification 

TriCross was synthesized using standard Fmoc peptide chemistry on ChemMatrix 

RinkAmide resin (300 mg). Specifically, Fmoc-His (4 eq) was coupled to NovaPEG Rink Amide 
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resin LL with hexafluorophosphate azabenzotriazole tetramethyl uranium (HATU, 4 eq) and DIEA 

(8 eq) in dimethylformamide (DMF, 10 mL) for 2.5 hrs. The resin was washed with DMF (3 x 10 

mL), dichloromethane (DCM, 3 x 10 mL), methanol (MeOH, 3 x 10 mL), DCM (3 x 10 mL), and 

DMF (3 x 10 mL). The newly added histidine was deprotected in 25% piperidine in DMF (V/V, 

10 mL) for 30 min. The resin was washed as above, and the next amino acid was coupled. This 

process was repeated for the remainder of the peptide. After deprotection of the final glycine with 

piperidine/DMF, tert-butyl protected nitrilotriacetic acid42 (NTA, 6 eq) was coupled with HATU 

(6 eq) and DIEA (8 eq) at room temperature for 6 hrs and washed. Selective on-resin deprotection 

of the 4-methyltrityl (Mtt) group on lysine was conducted with 30% 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP) in DCM (2 x 10 mL) and the resin was washed as above. Treatment 

with 4’-methyl-2,2’-bipyridine-4-carboxylic acid43 (6 eq), HATU (6 eq) and DIEA (8 eq) for 6 

hours followed by the same washing steps afforded the final peptide. 

The resin was dried under reduced pressure and cleaved using a 95% TFA, 2.5% TIPS, 

2.5% H2O (10 mL) cocktail for 2.5 hours. The resin was washed once with the cleavage cocktail 

and twice with DCM. The washes were combined and the solvent was removed under reduced 

pressure. The peptide was precipitated using cold diethyl ether (30 mL). The precipitate was 

centrifuged at 2000 g for 10 minutes and the supernatant was decanted. The solid was dried under 

reduced pressure and dissolved in water to create a 10 mg/mL solution. The peptide was purified 

to homogeneity on a Waters reverse phase high performance liquid chromatography (RP-HPLC) 

instrument using a Luna C18 semi-prep column with an eluent consisting of solvent A (CH3CN/0.1% 

TFA) and solvent B (H2O/0.1% TFA), a 60 min gradient consisting of 20 to 80 % A, and a flow 

rate of 10 mL/min. The peptide was characterized using matrix-assisted laser desorption ionization 

time-of-flight mass spectrometry (mass calculated: 4595 g/mol, mass observed: 4593 g/mol). 

2.5.3 Circular Dichroism 

A solution of peptide (50 μM) was prepared in citrate buffer (20 mM, pH 3.0) in 200 μL 

total volume. The CD spectrum was taken using a JASCO J-810 CD spectropolarimeter (Jasco 

Inc.) at room temperature, averaging 3 scans between 190-260 nm. The data pitch was 0.1 nm with 

a 1 nm bandwidth and the scan rate was 100 nm/min with a 1 second response time.  
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2.5.4 TriCross Assembly 

TriCross was assembled using a 1 mM peptide and metal concentration (ZnCl2, NiCl2, 

CuCl2, and CoCl2) in either MOPS buffer (20 mM, pH = 7.4) or DMEM with 10% FBS in 50 μL 

total volume. The mixture was incubated at 37 °C for 1 hr. The assembly was centrifuged at 10 g 

for 3 minutes and the supernatant removed and replaced with water (50 μL). This process was 

repeated twice. The pelleted assembly were resuspended and stored in 50 μL water. 

2.5.5 Scanning Electron Microscopy 

Aliquots of the assemblies described in Section 2.5.4 (3 μL) were placed on a glass side 

attached to a metal stub with copper tape. The sample was allowed to air dry and coated with 

platinum for 60 seconds. The sample was imaged using an FEI NOVA NANO SEM field emission 

scanning electron microscope (SEM) using an Everhart-Thornley for magnifications < 10,000 or 

high-resolution through the lens detector for magnifications ≥ 10,000. Samples were imaged at an 

accelerating voltage of 5 kV and a working distance of 3-5 mm with a 30 μm aperture. 

2.5.6 Transmission Electron Microscopy 

Aliquots of the assemblies described in Section 2.5.4 (3 μL) were placed onto a glow 

discharged 400-mesh copper grid coated in formvar with a carbon film (Electron Microscopy 

Sciences) and allowed to absorb for 1 min. The droplet was wicked away and stained using 2% 

uranyl acetate (Electron Microscopy Sciences). The assembly was visualized using a FEI Tecnai 

T20 transmission electron microscope operated at 100 kV, with a spot size of 3, 200 μm condenser 

aperture, and 70 μm objective aperture. Images were captured using a Gatan US1000 2Kx2K CCD 

camera (Scientific Instruments and Application).  

2.5.7 Cell Encapsulation 

HeLa cells were cultured in DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin at 37 °C and 5% CO2.  A suspension of HeLa cells (50,000 per well) in 

DMEM with 10% FBS was prepared in an 8-well Lab-Tek chambered slide. TriCross (1 mM), 

ZnCl2 (1 mM), and rhodamine-labelled His6 (Rh-His6)40 (20 μM, when applicable) were added to 

the HeLa cells (100 μL total volume) and the mixture was allowed to assemble at 37 °C and 5% 
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CO2 for 2 minutes to allow for encapsulation of the cells within the matrix. Each well was then 

diluted with 400 μL of DMEM with 10% FBS and incubated for 1, 3, or 6 days at 37 °C and 5% 

CO2. Cells were then stained with calcein AM (2.5 μM) and PI (2.5 μM, when applicable) for 15 

min with subsequent washing using DMEM with 10% FBS (400 μL). The samples were imaged 

using a Nikon A1R multiphoton inverted confocal microscope under a 20x oil objective. Rh-His6 

and PI were excited using a 561 nm laser while calcein AM was excited using a 488 nm laser. 

2.5.8 Cell Release 

After encapsulation of HeLa cells within the matrix using the protocol above, the contents 

of the wells were transferred to Eppendorf tubes and a solution of ethylenediaminetetraacetic acid 

(EDTA, 100 mM, 50 μL) was added to the mixture to breakdown the matrix. The mixture was 

incubated at 37 °C for 15 minutes. The cells were centrifuged at 1200 revolutions per minute for 

7 minutes and washed with DMEM with 10% FBS followed staining with 0.4% trypan blue at 

room temperature for 1 minute. The cells were then counted using a Neubauer Hemacytometer 

with DMEM and 10% FBS alone used as a negative control and a treatment with taxol (10 μM) 

for 3 days in DMEM with 10% FBS as the positive control. 

2.5.9 Neural Stem Cell Encapsulation 

Human-induced pluripotent stem cells (hiPSC) were cultured in NPC media (DMEM/F-12 

media supplemented with neurobasal medium (1x), N2 supplement (1x), B27 supplement (1x), 

basic fibroblast growth factor (bFGF, 20 ng/mL), penicillin/streptomycin (1x), and Y-compound 

(10 mM)). A suspension of hiPSCs (700,000 per well) in phosphate buffer (200 mM, pH 7.2, 200 

μL) were prepared in low-adherent 6-well plates. The cells were diluted with water (600 μL) and 

HBN (10 mM, 100 μL) or HBN:HBRGDS (10 mM, 4:1, 100 μL). A NiCl2 solution (10 mM, 100 

μL) was added to each well, and the peptide assembled for 2 min. The wells were gently diluted 

with NPC media (2.5 mL). The media was gently exchanged every two days for three weeks. 

While these cells are traditionally incubated on a shaker, encapsulated cells were not agitated.  
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 CO-ASSEMBLED COILED-COIL PEPTIDE 
NANOTUBES WITH ENHANCED STABILITY AND METAL-

DEPENDENT CARGO LOADING 

3.1 Introduction  

Nanotube biomaterials have drawn significant attention for their applications ranging from 

piezoelectric devices to cargo delivery.1 While less common than simpler nanofibrils, these three-

dimensional materials contain an inner cavity and outer shell to allow for multifunctionality.  

Peptide-based nanotubes specifically are an attractive choice owing to their tunability and 

biocompatibility.2–4 As such, peptide nanotubes have been derived from a diverse collection of 

structures including dipeptides,5–9 cyclic peptides,10–25 peptoids,26–29 triple helices,30,31 β-sheets,32–

35 and coiled-coils.36–42 

The assembly and morphology of peptide nanotubes provides the opportunity for a range of 

interesting biological applications. For example, early studies with cyclic peptide nanotubes 

focused on interactions with the cell membrane to mimic membrane bound proteins and form ion 

channels.10,11,19–21,23 Since then, nanotubes have been developed with antibacterial properties, 

including dipeptide nanotubes clearing biofilms7 and cyclic peptide nanotubes lysing bacterial 

membranes.12,25 β-sheet nanotubes have been used for directed delivery of an anticancer agent to 

metastatic melanoma,34 whereas coiled-coil nanotubes, composed of the peptide TriNL, for 

instance, have been loaded with biopolymer cargo.42 

Coiled-coil nanotubes of TriNL have potential for molecular storage and drug delivery, but 

instability in phosphate buffered saline (PBS) limited biological applications. Herein we 

demonstrate the co-assembly of TriNL with a variant containing metal-binding ligands that 

produces nanotubes with enhanced PBS stability in a metal-dependent manner, while also 

promoting His-tagged cargo binding. 

3.2 Results and Discussion  

3.2.1 Co-Assembled Peptide Nanotube Design 

The design of the stabilized nanotubes is based on the leucine-zipper motif of the 

transcription factor GCN4. A dimeric coiled-coil in its native form, the GCN4 sequence has been 
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modified to form trimeric coiled-coils.43 This trimeric sequence was the basis of the TriNL peptide 

(Figure 3.1A) that assembles into nanotubes while encapsulating biopolymer cargo.42  However, 

upon exposure to PBS these coiled-coil peptide tubes were found to rapidly deteriorate. To 

promote stability, therefore, we hypothesized that the introduction of a coiled-coil peptide with 

metal-binding ligands as a part of the nanotubes might strengthen the interactions between coiled-

coils in a metal-dependent fashion, and, potentially decrease the rate of tube degradation (Figure 

3.1B). To this end, we looked to the coiled-coil peptide p2L with di-histidine and nitrilotriacetic 

acid (NTA) ligands at the C- and N-termini, respectively (Figure 3.1A).44 The p2L peptide alone 

has been shown to form hexagonal crystals with zinc ions,44 but here we wished to investigate 

what levels of p2L could be added to TriNL while retaining the tube morphology, and whether 

stabilized nanotubes would result (Figure 3.1B). 

 

Figure 3.1. Peptide nanotube co-assemblies. (A) Peptide sequences of the coiled-coil (CC) 
peptides TriNL and p2L. (B) Schematic of co-assembly startegies for incoroprating p2L into 

TriNL nanotubes for potential stabilization with metal ions: forming mixed peptide CCs through 
thermal annealing, and using stepwise addition to bring in CC trimers of p2L. 
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In the design of nanotubes comprised of two peptides, heterotrimeric coiled-coil mixtures 

composed of both TriNL and p2L or individual homotrimers of TriNL and p2L could be used as 

building blocks (Figure 3.1B). Herein, both coiled-coil assemblies were explored, either through 

prior thermal annealing or sequential addition of the two peptides, to allow for spatial control of 

p2L within the nanotubes. These co-assemblies, in turn, may allow us to tune nanotube stability 

and bring in His-tagged cargo in a metal-dependent fashion. 

3.2.2 Peptide Synthesis  

Peptides were synthesized using standard Fmoc-based solid-phase peptide synthesis on the 

ChemMatrix Rink Amide resin with hexafluorophosphate azabenzotriazole tetramethyl uronium 

(HATU) as a coupling reagent. The protected NTA amino acid was synthesized as previously 

described.45 The peptides were cleaved from the resin using a trifluoroacetic acid (TFA) cocktail, 

purified to homogeneity via reverse-phase high performance liquid chromatography (HPLC) and 

characterized via matrix-assisted laser desorption ionization time-of-flight (MALDI-ToF) mass 

spectrometry. 

3.2.3 Intermixed Coiled-coil Formation: Thermal Annealing  

Previous studies have shown that thermal annealing of two different dimeric coiled-coils 

can give rise to mixed coiled-coils at statistical levels with their homodimeric counterparts.46 

Motivated by this work, and that of others studying mixed coiled-coils,47–66 we first pursued a 

strategy to co-assemble p2L and TriNL within nanotubes by intermixing the peptides at the 

supersecondary structure level using thermal annealing.  In this way we could create a mixture of 

coiled-coils with some containing both TriNL and p2L.  

Circular dichroism (CD) was initially used to study coiled-coil folding by monitoring the 

two negative absorption bands at 222 and 208 nm. CD spectra were taken at 4 and 90 °C using a 

2:1 ratio of TriNL and p2L (500 μM total peptide concentration, Figure 3.2). Elevated temperature 

(90 °C) led to a decrease in helical content from 90% to 58%, and subsequent cooling to 4 °C 

promoted refolding to 97% α-helicity. It is worth noting, that in the low temperature spectra, the 

magnitude of the absorption at 222 nm is higher than that at 208 nm (θ222/θ208 ~1.5), which has 
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been shown to be indicative of the presence of a coiled-coil.67 At 90 °C, however, this ratio 

decreased to ~1.1, demonstrating lower levels of the coiled-coil fold. 

 

Figure 3.2. Circular dichroism spectra monitoring the unfolding and refolding of a 2:1 
TriNL:p2L solution (500 μM total peptide concentration) in citrate buffer (20 mM, pH 3.0). 

With CD supporting the refolding of the coiled-coils through thermal annealing, the 

formation of heterotrimeric coiled-coils was verified using the fluorometric assay of Xiao and 

coworkers.68 This assay relies on fluorescence self-quenching of fluorophores at the termini of 

peptides trimeric assemblies. With this in mind, fluorescein was installed at the N-terminus of 

TriNL (TriNL-Fl). If unlabeled p2L is introduced into the labeled coiled-coil through thermal 

annealing, an increase in fluorescence due to less fluorescein self-quenching should result. The 

coiled-coil refolding process was monitored by measuring the fluorescence of TriNL-Fl (8.5 µM) 

with varying amounts of p2L before and after thermal annealing (Figure 3.3A). All solutions 

exhibited similar initial fluorescence readings prior to annealing. Following annealing, however, 

an increase in fluorescence was observed relative to the amount of p2L in solution, with up to a 

1.9-fold increase at a ratio of 2:1 TriNL-Fl:p2L (Figure 3.3A). Additionally, the fluorescence of 

TriNL-Fl did not increase when annealed in the absence of p2L, further demonstrating that any 

observed increase in fluorescence was due to intermixed coiled-coil formation rather than the 

annealing process. Further evidence to support the formation of heterocoiled-coils is through a 

metal-mediated assembly approach. An unannealed 10:1 ratio of TriNL:p2L subjected to MES 
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buffer (50 mM, pH 6.0) and NiCl2 (1 mM) resulted in both nanotubes and amorphous material 

resulting from the two peptides TriNL and p2L (Figure 3.3B). In contrasted, an annealed 

TriNL:p2L solution resulted in only the formation of nanotubes, suggesting minimal p2L 

homotrimers in solution (Figure 3.3C). 

 

Figure 3.3. (A) Fluorescence spectra of TriNL-Fl (8.5 μM) before and after annealing in the 
presence of increasing levels of p2L. (B) An unannealed and (C) annealed 10:1 TriNL:p2L 
sample (500 μM total peptide concentration) subjected to MES buffer (50 mM, pH 6.0) and 

NiCl2 (1 mM) for 30 min.  
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3.2.4 Nanotube Formation: Thermally Annealed Samples 

With intermixed coiled-coils available through thermal annealing, nanotube formation was 

investigated. All assembly experiments were conducted with a total peptide concentration of 500 

µM in MES buffer (50 mM, pH 6.0) at room temperature for 30 min, with a range of TriNL:p2L 

ratios (2:1 to 50:1). Upon assembly, the precipitate was collected via centrifugation and washed. 

Peptide levels within the assemblies were determined by first dissolving the material with aqueous 

HCl, followed by quantitation using reverse phase UPLC (Figure 3.4 and Table 3.1). The 

experimentally determined ratios of TriNL and p2L in the assemblies were quite similar to starting 

ratios of the two peptides in solution, indicating that both of the peptides entered the materials and 

at levels close to the added amounts.  

 

Figure 3.4. UPLC traces of annealed TriNL:p2L (500 μM total peptide concentration) 
assemblies at various peptide ratios using a 20-70% acetonitrile/water (0.1% TFA) gradient. 

Table 3.1. Quantified ratios of TriNL:p2L assemblies via thermal annealing. 

Theoretical TriNL:p2L Ratio Measured TriNL:p2L Ratio 
50:1 50:1.4 
20:1 20:1.2 
10:1 10:1.2 
5:1 5:1.2 
2:1 2:1.3 
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Scanning electron microscopy (SEM) was used to determine if the TriNL nanotube 

morphology (Figure 3.5A) was maintained with the added p2L. Indeed, upon increasing the 

amount of p2L up to a ratio of 10:1 TriNL:p2L (Figure 3.5B-D), we observed definitive nanotubes, 

with lengths in the 10-15 micron range and inner diameters in the range of 400 to 800 nm (n=10). 

From these experiments and the UPLC data, we can confirm that up to 9% incorporation of p2L 

(10:1) still allows the nanotubes to form. Interestingly, assemblies that form with 17% to 33% of 

p2L (5:1 and 2:1) have a hexagonal rod morphology (Figure 3.5E-F), with an inner channel in the 

case of the 5:1 ratio. Although no metals are used in these experiments, this observed morphology 

is reminiscent of the assemblies formed with p2L and metal ions, albeit the current assemblies 

have an increased aspect ratio (~3.5-times increase in the length/diameter).44 Increasing the p2L 

content to 50% led to a similar morphology but had more difficulty assembling (Figure 3.6). 

Subjecting 100% p2L to buffer led to no assembly (Figure 3.7).
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Figure 3.5. SEM visualization of assemblies at different ratios of TriNL:p2L. (A-F) annealed 
samples, (G-H) stepwise addition of peptide. Insets show the interior morphology of the 

assemblies (inset scale bar: 500 nm).
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Figure 3.6. SEM image of 1:1 TriNL:p2L (500 μM) after 30 min in MES buffer (50 mM, pH 
6.0). 

 

Figure 3.7. SEM image of annealed p2L assembly (500 μM) after 30 min in MES buffer (50 
mM, pH 6.0) 

3.2.5 Nanotube Stability Studies: Thermally Annealed Samples 

Nanotubes formed only with TriNL exhibit limited stability in the presence of PBS buffer 

with degradation of the tubes at the termini and dissolution into shard-like tube fragments (Figure 

3.8A).42 The introduction of the ligand-containing p2L peptide, through thermal annealing, allows 

for the potential of using metal-ligand interactions to increase the stability of the tubes. With this 

in mind, the degradation of the nanotube co-assemblies in PBS was investigated at different 

TriNL:p2L ratios with added Ni(II), a metal ion that has been used extensively for His-tags with 

NTA. Preformed nanotubes were first incubated in NiCl2 (1 mM, 1 hr) and subsequently 
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resuspended in PBS (10 mM phosphate, 137 mM NaCl, pH 7.4) for 24 hrs. The resulting materials 

were imaged using SEM (Figure 3.8). With low levels of p2L (2-5%), there was distinct erosion 

at the ends into the center of the nanotubes upon exposure to PBS (Figure 3.8B-C). Increasing the 

p2L content to 9%, however, resulted in intact nanotubes (Figure 3.8D). In the absence of Ni(II), 

the co-assembled nanotubes were found to degrade more substantially than with TriNL alone, 

with only small pieces of nanotubes remaining tubes due to the charge ligands at each terminus 

(Figure 3.9). Overall, these data support the idea that the observed nanotube stabilization is 

derived from metal-ligand interactions from p2L within the nanotubes.



 
 

91 

 

Figure 3.8. Stability of nanotubes formed with TriNL or TriNL:p2L ratios after a 24 hr 
incubation with PBS. (A) TriNL alone; (B-D) pre-annealed TriNL:p2L at a (B) 50:1 ratio, (C) 
20:1 ratio, and (D) 10:1 ratio; and (E, F) stepwise addition of TriNL:p2L at a (E) 10:1 ratio and 
(F) 2:1 ratio. (G) Quantified values of the length of nanotubes before and after PBS incubation in 
annealed samples (n = 20).
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Figure 3.9. SEM image of 10:1 TriNL:p2L assembly after a 24 hr PBS incubation without the 
addition of NiCl2. 

3.2.6 Nanotube Cargo Loading: Thermally Annealed Samples 

The presence of ligands for metal ions within the mixed coiled-coil nanotubes presents the 

opportunity of using these interactions to facilitate the binding of cargo functionalized with metal-

binding ligands. Previously, the TriNL nanotubes were shown to encapsulate fluorescently-

labeled anionic dextrans within their interior.42 Similarly, the co-assembled nanotubes resulting 

from thermally annealed peptide mixtures also encapsulated anionic, fluorescein-labeled dextrans 

(Figure 3.10A). However, after treating both of these tubes with NiCl2 (1 mM, 1 hr), followed by 

treatment with His-tagged rhodamine (Rh-His6, 20 µM, 48 hrs) only the nanotubes co-assembled 

with p2L were found to have rhodamine fluorescence throughout the tubes (Figure 3.10B versus 

Figure 3.11A). Also, without the addition of Ni(II), no Rh-His6 association with the mixed coiled-

coil tubes was observed (Figure 3.11B). These data demonstrate the importance of metal-loaded 

ligands within the nanotubes for His-tagged fluorophore binding, and suggest that p2L is 

distributed throughout the assembly.  
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Figure 3.10. Confocal microscopy of co-assembled TriNL:p2L nanotubes. (A, B) Annealed 
nanotubes with encapsulated fluorescein-labeled dextran (1 mg/mL, 40 kDa) (A) alone and (B) 
with pretreated NiCl2 (1 mM) followed by Rh-His6 (20 μM). (C, D) Nanotubes from stepwise 
addition with encapsulated fluorescein-labeled dextran (1 mg/mL, 40 kDa) (C) alone and (D) 

with pretreated NiCl2 (1 mM) followed by Rh-His6 (20 μM). (B) and (D) Overlay of both red and 
green channels.
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Figure 3.11. (A) Confocal image of pure TriNL annealed nanotubes with encapsulated anionic 
dextran and incubated with NiCl2 (1 mM) followed by Rh-His6 (20 μM, 48 hrs). (B) Confocal 

image of 10:1 TriNL:p2L annealed nanotubes incubated with Rh-His6 (20 μM, 48 hrs) without 
NiCl2. 

3.2.7 Nanotube Formation and Stability: Stepwise Addition 

Motivated by the results of nanotube cargo loading and stability after including p2L into 

the TriNL tubes using thermal annealing, we sought an additional way to control the location of 

the ligand-containing p2L peptide within the nanotubes. To this end, we investigated the addition 

of individual coiled-coils of TriNL and p2L in a stepwise fashion at 10:1 and 2:1 ratios. Attempts 

to simultaneously add the two peptides led to results that were difficult to replicate. Therefore, we 

chose to add the p2L coiled-coils to TriNL trimers after a two-minute incubation of the latter 

peptide in MES buffer (50 mM, pH 6.0). The combined peptides (500 µM total) where then 

incubated at room temperature for 30 minutes, and the precipitates were collected and washed. 

SEM analysis of the assemblies demonstrated morphologies that were similar to those obtained 

with the thermally annealed, co-assembled nanotubes. The 10:1 TriNL:p2L ratio provided 

nanotubes (Figure 3.5G), whereas the 2:1 ratio led to hexagonal rods with an aspect ratio of ~9 

(length/diameter) (Figure 3.5H). UPLC analysis was used to determine the levels of p2L in the 

tubes/rods after acid treatment to dissolve the assemblies. As opposed to the thermally annealed 

samples, the assemblies formed from stepwise addition contained substantially lower levels of the 

ligand-containing p2L (10:0.3 and 2:0.5 TriNL:p2L ratios, respectively) (Table 3.2). 
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Table 3.2. Quantified ratios of TriNL:p2L assemblies via sequential addition. 

 

Although the nanotubes obtained from the two different assembly techniques at a 10:1 ratio 

of peptides looked similar at the micron scale, the two sets of tubes behaved quite differently when 

treated first with NiCl2 and then with PBS. The nanotube morphology was retained in the thermally 

annealed co-assemblies in PBS after metal ion treatment (Figure 3.8D), whereas the sequential 

assemblies showed notable disintegration of the tube interior with PBS, with the ends of the tubes 

remained somewhat intact (Figure 3.8E). This latter PBS degradation pattern was also observed 

after Ni(II) treatment of the nanorods derived from sequential assembly of the 2:1 ratio of peptides 

(Figure 3.8F). Regions of the interior of the hexagonal rods were eaten away leaving hollow shells 

with defined ends. These data may indicate that the ends of these nanotubes/rods are rich in p2L 

coiled-coils and addition of metal ions could stabilize these regions. To determine if these terminal 

ends contain more p2L than the entire structure, the 10:1 and 2:1 stepwise assemblies and their 

corresponding PBS-degraded materials (Figure 3.8E-F) were dissolved with aqueous HCl, and 

their peptide contents were quantified via UPLC (Table 3.2). We observed an increase in the p2L 

levels after PBS treatment of 2.7- and 6.8-fold, respectively, compared to the intact nanotubes/rods. 

These data indicate that the percentage of p2L is higher at the ends than in the center of the material. 

It is likely that substantial nanotube/rod formation occurs with TriNL in the 2 minutes prior to 

p2L addition, thereby leading to an abundance of p2L near the ends of the assemblies. 

3.2.8 Nanotube Cargo Loading: Sequential Coiled-coil Addition  

As an additional means to verify the location of the metal-binding p2L, we also 

investigated where His-tagged rhodamine binds to the co-assembled nanotubes formed from 

sequential addition. Preformed nanotubes (10:1) with encapsulated dextran (Figure 3.10C) were 

subjected to Ni(II) incubation followed by Rh-His6. Even after extended periods of time (48 hrs), 

rhodamine fluorescence was only observed at the termini of the nanotubes (Figure 3.10D). In 

contrast to the annealed assemblies where the p2L peptide is likely distributed throughout the 

Theoretical 
TriNL:p2L Ratio 

Measured TriNL:p2L Ratio, 
Before PBS 

Measured TriNL:p2L Ratio, 
After PBS 

10:1 10:0.3 10:0.8 
2:1 2:0.5 2:3.4 
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tubes, all of the above observations provide support for the p2L coiled-coils being substantially 

localized near the end of the nanotubes when added sequentially (Figure 3.12).  

 

Figure 3.12. Schematic of PBS stability results for the two strategies of p2L incorporation into 
TriNL nanotubes. (A) Annealed samples led to p2L distribution throughout the tubes via 

intermixed coiled-coils resulting in metal ion stabilization throughout the length of the 
nanotubes. (B) Stepwise addition of individual coiled-coils led to the concentration of p2L near 
the ends of the nanotubes, followed by treatment with metal ions, resulting in PBS degradation 

of the center of the tubes. 

3.2.9 Nanotube Stabilization Through PEG Crosslinkers 

Despite the increase in stability through incorporating metal-binding ligands, stability in cell 

culture media remained a challenge. As such, we sought out an alternative method for nanotube 

stabilization, specifically through polyethylene glycol (PEG) crosslinkers. The lysine residues of 

the coiled-coil could potentially act as warheads to a PEG linker flanked with N-

hydroxysuccinimide (NHS) esters and thus create intercoiled-coil linkers either linearly or radially 

(Figure 3.13A). The lysine residues of interest were K2, K26, and K27 (Figure 3.13B). Residues 

K13 and K14 were oriented for salt bridges and away from other lysine residues. With distances 

between lysine residues roughly ~17 Å (Figure 3.13C and Table 3.3), bis-PEG5-NHS ester was 

selected as the optimal tether (~21 Å in length). 
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Figure 3.13. (A) Strategy for nanotube stabilization using PEG crosslinkers. (B) Helical wheel 
of TriNL with key lysine residues labeled in red. (C) Measured distances between lysine 

residues of interest. 

Table 3.3. Measured distances between lysine residues of interest. 

Interaction Distance 
K3 and K27 (radial)a 18.9 Å 
K3 and K28 (radial)a 17.5 Å 
K3 and K28 (linear)a 15.9 Å 

K27 and K28 (same α-helix)b 10.6 Å 
K3 and K3 (same coiled-coil)b 22.6 Å 

a = desired, b = Undesired  

 

Preformed TriNL nanotubes (1 mM) were subjected to the NHS-PEG linker (2 mM or 10 

mM, 50 μL) for 1 hr at ambient temperature. After washing, the material was incubated in 1x PBS 

(50 μL) for 24 hrs at room temperature. The material was collected, washed, and visualized via 

SEM (Figure 3.14). Nanotube stability increased upon crosslinking with a more dramatic effect 
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observed from the higher concentrated PEG solution. The nanotubes with two equivalents of the 

PEG linker retained their nanotube shape but appeared somewhat collapsed or hollowed (Figure 

3.14B). This is perhaps due to the crosslinker only reaching the surface of the nanotube before 

hydrolysis and, in turn, not stabilize the interior walls. Nanotubes treated with more crosslinker 

(10 eq) appeared thicker and more intact (Figure 3.14C). Preliminary mass spectrometry revealed 

the presence of dimeric TriNL, but further analysis and optimization is required.       

 

Figure 3.14. TriNL nanotube stability in PBS (24 hrs) after treatment with (A) 0 eq, (B) 2 eq, 
and (C) 10 eq of bis-PEG5-NHS crosslinker for 1 hr.  

3.3 Conclusion 

Peptide-based nanotubes hold great promise for molecular storage and drug delivery. Coiled-

coil nanotubes derived from the peptide TriNL have been shown to encapsulate biopolymers, but 

instability to PBS has limited their bio-applications.42 Herein, we have demonstrated a means of 

incorporating the coiled-coil forming peptide p2L, that contains ligands for metal ions at both 

termini, into nanotube assemblies with TriNL. It was possible to tune the position of p2L in the 
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assemblies, either distributed throughout the tubes or localized near the ends, depending on 

whether intermixed or individual coiled-coils of p2L and TriNL were used. Indeed, this spatial 

control of the position of p2L has led to both stabilized nanotubes or tubes with stabilized ends, 

upon addition of metal ions (Figure 3.12). Metal-charged ligands derived from p2L were also 

harnessed to bring His-tagged fluorophores to the full length or the termini of the nanotubes, 

providing an additional readout for the placement of the p2L peptide in the assemblies. Future 

experiments will focus on the range of cargoes that may be place on and within the structure of 

these coiled-coil nanotubes as well as further stabilizing the nanotubes with both metal-binding 

ligands and crosslinkers. 

3.4 Materials and Methods  

3.4.1 Materials 

All amino acids and reagents for peptide synthesis were purchased from ChemPep or Chem-

Impex. All solvents, fluorescein-labelled anionic dextran (MW 40,000) the mixed isomer 5/6-

carboxy-tetramethyl-fluorescein succinimidyl ester and 5/6-carboxy-tetramethyl-rhodamine 

succinimidyl ester were purchased from Fisher Scientific. N-Succinimidyl 7-

(diethylamino)coumarin-3-carboxylate was purchased from TCI Chemicals. 

Diisopropylethylamine (DIEA) and NiCl2 were purchased from Alfa Aesar. Triisopropylsilane 

(TIPS) was purchased from Sigma-Aldrich. NovaPEG Rink Amide resin LL was purchased from 

Novabiochem.  

3.4.2 General Peptide Synthesis and Purification 

Peptides were synthesized using standard Fmoc-based chemistry on ChemMatrix Rink 

Amide low loading resin (300 mg). Specifically, the first amino acid (4 eq) was coupled on resin 

with hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU, 4 eq) and DIEA (8 eq) 

in dimethylformamide (DMF, 10 mL) for 2.5 hrs. The resin was washed with DMF (3 x 10 mL), 

dichloromethane (DCM, 3 x 10 mL) methanol (MeOH, 3 x 10 mL), DCM (3 x 10 mL), and DMF 

(3 x 10 mL). The newly added amino acid was subsequently deprotected in 25% piperidine in 

DMF (v/v) for 30 min. After washing like above, the next amino acid was coupled. Nitrilotriacetic 

acid (6 eq) was coupled with HATU (6 eq) and DIEA (12 eq) in DMF (10 mL) for 6 hours and 
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installed at the N-terminus through an amide linkage following a glycine spacer. The resin was 

dried and the peptides were cleaved from resin using a 95% trifluoroacetic acid (TFA), 2.5% TIPS, 

2.5% H2O cocktail in a 10 mL total volume. The cocktail solution was concentrated under reduced 

pressure, and the peptide was precipitated using cold diethyl ether (30 mL). The solid was 

centrifuged at 2000 g, decanted, and was dissolved in a 10 mg/mL solution with H2O. The peptides 

were purified to homogeneity via reverse-phase high performance liquid chromatography (HPLC) 

instrument using a Luna C18 semi-prep column with an eluent consisting of solvent A (CH3CN/0.1% 

TFA) and solvent B (H2O/0.1% TFA), a 60-min gradient consisting of 20% to 70% A, and a flow 

rate of 12 mL/min.  The peptides were characterized via matrix-assisted laser desorption ionization 

time-of-flight mass spectrometry (MALDI-ToF). 

3.4.3 Circular Dichroism 

A TriNL-Fl solution (50 μM) was prepared in citrate buffer (10 mM, pH 3.0) in a 200 μL 

total volume. The circular dichroism (CD) spectrum was taken using a JASCO J-810 CD 

spectropolarimeter at 4 °C and at 90 °C and averaging three scans between 190 nm and 260 nm. 

The data pitch was 0.1 nm with a 1-nm bandwidth and a scan rate of 100 nm/min with a 1 s 

response time. 

3.4.4 Fluorometry 

A 15 µL aliquot of a 550 µM TriNL-Fl solution with varying p2L concentrations was 

annealed (90 °C for 30 min, 4 °C for >18 hrs). The samples were diluted with 985 µL of PBS and 

transferred to a Starna Cell 1 cm quartz cuvette. Fluorescence measurements were conducted using 

Edinburgh Instruments Fluorometer with an excitation wavelength of 490±2.5 nm and an emission 

bandwidth 0.5 nm. 

3.4.5 Annealed Assemblies 

Peptide solutions were prepared in 15 µL aliquots and annealed using a Techne 

3PRIMEBASE Thermal Cycler (90 °C for 30 min, 4 °C for > 18 hrs). These aliquots were added 

to 35 µL of 2-(N-morpholino)ethanesulfonic acid buffer (MES, pH 6.0)  to create a final buffer 

concentration of 50 mM and total peptide concentration of 500 µM. Following a 30 min incubation 
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at room temperature, the assemblies were centrifuged at 10,000 g for 3 minutes where the 

supernatant was removed and replaced with water. This process was repeated two more times. The 

pelleted assemblies were resuspended and stored in 50 μL water. 

3.4.6 Step-wise Assemblies 

Assemblies were conducted with a total peptide concentration of 500 µM in a final MES 

buffer concentration of 50 mM (pH 6.0) in 50 μL total volume. Specifically, TriNL and p2L were 

separately added to MES buffer in the same buffer ratio as peptide ratio. After a two-minute 

incubation at room temperature, p2L was added to TriNL and allowed to assemble for an 

additional 30 min. The samples were centrifuged at 10,000 g for 3 minutes. The supernatant was 

removed, replaced with water, and the process was repeated twice. The pelleted assemblies were 

resuspended and stored in 50 μL water. 

3.4.7 Scanning Electron Microscopy 

Aliquots of the assemblies described Sections 3.4.5 and 3.4.6 (3 µL) were placed on a glass 

coverslip attached to a metal stub via copper tape. The samples were either air dried or lyophilized 

and platinum coated for 60 seconds using a Cressington sputter coater. Samples were imaged using 

an FEI Teneo Volumescope field emission scanning electron microscope using Everhart-Thornley 

detector (ETD) for magnifications < 10,000 or the high-resolution through the lens detector (TLD) 

for magnifications ≥ 10,000. Samples were imaged at an accelerating voltage of 5 kV and a 

working distance of 2-4 mm with a 30-µm aperture. 

3.4.8 Degradation Studies: Metal-binding Ligands 

Peptides were assembled using the protocol above. Following washing, the samples were 

incubated in 1 mM NiCl2 (50 μL) for 1 hr at room temperature. The material was centrifuged at 

10,000 g for 3 min, the supernatant was removed, and the samples were resuspended in 50 μL 1x 

PBS for 24 hrs at room temperature. The samples were centrifuged at 10,000 g for 3 minutes. The 

supernatant was removed, replaced with water, and the process was repeated twice. The pelleted 

assemblies were resuspended and stored in 50 μL water. 
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3.4.9 Cargo Binding 

Peptides were assembled using the protocol above in the presence of 1 mg/mL fluorescein-

labelled anionic dextran (MW 40,000).  Following washing, the samples were incubated in 1 mM 

NiCl2 (50 μL) for 1 hr at room temperature. The material was centrifuged at 10,000 g for 3 min 

and the supernatant was removed followed by resuspension in 50 mM MES buffer (pH 6.0) and 

20 μM Rh-His6 (50 μL total volume). After a 48 hr incubation, the samples were washed as above 

and (when applicable), incubated in 20 μM Cou-His6 for 48 hrs (50 μL total volume). After 

washing as above, the samples were imaged on a Nikon A1R multiphoton inverted confocal 

microscope under a 100X oil objective using 405 nm, 488 nm, and 561 nm excitation lasers. 

3.4.10 Degradation Studies: PEG Linkers 

Peptides were assembled using the protocol in Section 3.4.5. The samples were subsequently 

incubated in either 2 mM or 10 mM bis-PEG5-NHS (50 μL) for 1 hr at room temperature. The 

material was centrifuged at 10,000 g for 3 min, the supernatant was removed, and the samples 

were resuspended in 1x PBS (50 μL) for 24 hrs at room temperature. The samples were centrifuged 

at 10,000 g for 3 minutes. The supernatant was removed, replaced with water, and the process was 

repeated twice. The pelleted assemblies were resuspended and stored in 50 μL water. 
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 PROTEIN INCORPORATION WITHIN COILED-COIL 
PEPTIDE CRYSTALS FOR IMPROVED THERMAL STABILITY  

4.1 Introduction 

Proteins continue to play a significant role in biology and remain a key topic of interest. 

With their complex tertiary and quaternary structures, proteins have been utilized for a variety of 

applications, such as biocatalysis, biopharmaceuticals, and stimuli-responsive or biodegradable 

materials.1–6 Elucidating the structure of a protein also plays a crucial role in understanding the 

protein’s function and structure-activity relationships.7–10  

This structural complexity, however, makes proteins prone to thermal instability and 

aggregation, where minor changes in folding can significantly reduce a protein’s activity.11,12 As 

such, a number of researchers have worked on protein inclusion into biomaterials. Two-

dimensional arrays of proteins can prevent aggregation and have been utilized for high-throughput 

screening and electronics.13–15 Proteins have also been incorporated into three-dimensional crystals 

to improve thermal stability and act as solid-state catalysts.16–27   

Previously, the Chmielewski lab developed a crystalline assembly composed of a coiled-coil 

peptide p2L based on the GCN4 transcription factor.28,29 These crystals incorporated enhanced 

green fluorescent protein (EGFP) at high levels in an ordered fashion with a significant increase 

in thermal stability. The p2L crystals required the protein to be His-tagged in order to participate 

in this metal-mediated assembly, and required metal chelators to release the cargo once 

encapsulated. Herein, we report a peptide-based system that can undergo higher-order assembly 

to form crystals without metals, combined with an investigation of protein inclusion within the 

material.    

4.2 Results and Discussion 

4.2.1 Co-assembled Peptide Crystals and Structure 

In the previous chapter, a strategy to stabilize peptide nanotubes using a TriNL:p2L 

coassembly was described (see Chapter 3). We discovered that high p2L levels in the co-assembly 

(2:1 TriNL:p2L) resulted in hexagonal crystals similar to p2L, but now without the need for metal 
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ions to promote the assembly.30 Since metal ions are not a part of the assembly process, it may be 

possible to remove the requirement for cargo to be His-tagged to be incorporated within the 

crystals, and thereby expand the scope of protein incorporation. Furthermore, degradation of these 

crystals in phosphate buffered saline (PBS), as described in Chapter 3, would allow for a facile 

mechanism of protein release. Since heterocoiled-coils formed more reliable and uniform 

materials,30 crystal assemblies with TriNL and p2L homotrimers were not investigated. 

The crystals were obtained as described in Chapter 3. Namely, a 2:1 TriNL:p2L solution 

was first thermally annealed to produce a mixture of heterocoiled-coils.30,31 Heating the coiled-

coils to 90 °C unfolded the peptides and the rapid cooling of the solution to 4 °C caused the 

peptides to refold and form coiled-coils composed of both TriNL and p2L α-helices (Figure 4.1). 

Once in hand, the peptides (1 mM total peptide concentration) were incubated in 2-(N-

morpholino)ethansulfonic acid (MES) buffer (100 mM, pH 6.0) for 1 hr at room temperature. SEM 

visualization of the resulting material revealed a strikingly similar morphology to pure p2L 

hexagonal crystals, but with crystals that were larger in size (~25 μm in length compared to ~4 

μm) (Figure 4.2).28  

 

Figure 4.1. The formation of a mixture of heterocoiled-coils through thermal annealing. 
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Figure 4.2. SEM visualization of 2:1 TriNL:p2L crystals (1 mM) assembled in MES buffer 
(100 mM, pH 6.0). 

The packing of the peptide crystals was first analyzed using small- and wide-angle X-ray 

scattering (SWAXS) (Figure 4.3A). q values of 1.46, 3.54, and 6.38 nm-1 were obtained and 

correspond to d-spacings of 4.3, 1.76, and 0.98 nm, respectively. The d-spacing of 4.3 nm is the 

repeating unit in the z-direction and corresponds to the length of the coiled-coil (Figure 4.3B). The 

d-spacings of 1.76 nm and 0.98 nm correspond to distances between coiled-coil planes at the P3 

face (Figure 4.3C). To obtain the lattice parameter (a), the height of the rhombus was first 

determined. Using the two d-spacings at the P3 face, the height was calculated to be 2.74 nm 

(1.76/2 nm + 0.98 nm + 1.76/2 nm). Furthermore, the acute angle of the lattice parameter is 60° 

because the rhombus intersects one-sixth of hexagonal packing (360°/6 = 60°) With these two 

values, the lattice parameter (a) was calculated to be 3.2 nm (2.74 nm/sin(60°)). Large lattice 

parameters (~3-4 nm) indicate an open-faced hexagonal packing of a crystal while a smaller lattice 

parameter (~2 nm) indicate closed hexagonal packing.32–34 This suggest that the 2:1 TriNL:p2L 

crystals have open-faced hexagonal packing such as that observed for p2L/Zn(II) crystals.28 The 

q value of 12.64 nm-1 corresponds to a d-spacing of 0.50 nm and may be a result of intertrimer 

hydrogen bonding and electrostatic interactions.33,34 

For a more detailed look at the structure, 2:1 TriNL:p2L crystals were analyzed via X-ray 

crystallography using the Advanced Photon Source at Argonne National Laboratory by Dr. David 

Kissick and Dr. Qingping Xu. The peptide crystal structure was solved with a 1.5 Å resolution in 

the P321 space group. The arrangement of coiled-coils was strikingly similar to the p2L/Zn system 

and corroborates the SWAXS data above. The diffraction data was refined only once, and this is 



 
 

114 

likely why the KIEE residues within the coiled-coil (positions 8-11) are not part of the α-helix 

folding in the crystal structure.  Along the length of the crystal, coiled-coils were lined in a head-

to-tail fashion, and the P3 face exhibited an open-faced hexagonal packing. The coiled-coils were 

also arranged in an antiparallel fashion (denoted with green and cyan) where neighboring coiled-

coils were oriented in opposite directions (Figure 4.3B-D). The flexibility of the ligands prevented 

structural data for NTA and histidine to be obtained, and therefore TriNL and p2L could not be 

distinguished from one another in the structure.  

 

Figure 4.3. (A) SWAXS of 2:1 TriNL:p2L crystals. (B) Head-to-tail assembly of coiled-coils 
and (C) P3 face of the crystal with open-faced hexagonal packing. (D) Interactions at the 

interface of neighboring coiled-coils within the hexagonal crystal. 
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4.2.2 Protein Inclusion 

With the TriNL/p2L crystal structure nearly identical to p2L/Zn crystals, we investigated 

the scope of protein inclusion to compare the two systems. When crystals of p2L and Zn(II) were 

formed in the presence of His-tagged EGFP, high levels of protein incorporation (1:30 

protein:trimer) were observed within the hourglass pattern.29 However, it was found that 

p2L/Zn(II) crystals had a limited scope for inclusion of His-tagged proteins of varying charge and 

size.35 Crystals composed of the heterotrimeric coiled-coils assemble through a different 

mechanism. Namely, these crystals are likely formed through ionic interactions between coiled-

coils, rather than being mediated by metal-ligand interactions, as observed for p2L homotrimers. 

However, the crystals composed of heterotrimers still retain the metal-binding ligands NTA and 

di-histidine. Consequently, the P3 face of the crystal displays negatively charged NTA and 

positively charged histidine. With this charged P3 face, we envisioned a wider scope of protein 

inclusion through ionic interactions rather than through metal/His-tagged binding. 

The effects of protein surface charge were probed using His-tagged GFP derivatives 

developed by David Liu and coworkers.36–38 Wild type EGFP has a theoretical surface charge of  

-11. Liu developed GFPs with surface charges of -30, +9, and +36 through modifications of 

solvent-exposed residues to either positively or negatively charged amino acids (Figure 4.4). 

These proteins were expressed using standard protein expression methods. Specifically, the GFP 

plasmids were added to BL21(DE3) E. coli cells on ice, and the cells were heat shocked to 

semipermeabilize the membrane of the bacteria and transform the plasmid. The E. coli were 

cultured on an LB/Ampicillin agar plate, and a single colony was selected and cultured. Protein 

expression was induced with either arabinose (10 mM for EGFP) or isopropyl β-D-1-

thiogalactopyranoside (IPTG, 0.6 mM for His-Neg30GFP, His-Pos9GFP, His-Pos36GFP). The 

bacteria were subsequently lysed and the desired proteins were purified using a Ni-NTA resin.  

The effects of protein size and shape in protein inclusion were also investigated using 

commercially available proteins. Specifically, hemoglobin (64.5 kDa) and bovine serum albumin 

(BSA, 66 kDa) were selected as larger proteins, as compared to EGFP, and lysozyme (14.3 kDa) 

was chosen as a smaller protein (Figure 4.4). Unlike EGFP, these proteins are not inherently 

fluorescent. As such, each protein was fluorescently labeled utilizing exposed lysine residues on 

the protein and N-hydroxysuccinimide (NHS) esters of fluorophores. Hemoglobin and BSA were 

labeled with NHS-fluorescein (2 eq) for 1 hr at room temperature. Lysozyme precipitated out of 
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solution when labeled with fluorescein and was instead labeled with the NHS ester of coumarin (2 

eq). Each protein was concentrated and washed with 1x PBS three times to remove excess 

fluorophore. Because the proteins were labeled using lysine residues, the surface charges of these 

proteins are likely modified somewhat from that shown in Figure 4.4. 

The final two proteins of interest were commercially available SAvPhire monomeric 

streptavidin and horseradish peroxidase (HRP) (Figure 4.4). Streptavidin has a strong binding 

affinity to the small molecule biotin. As such, it would be of interest to transport small 

biomolecules conjugated to biotin into the crystals utilizing the streptavidin-biotin binding affinity. 

The enzyme HRP oxidizes substrates such as 3,3’,5,5’-tetramethylbenzidine (TMB) in the 

presence of hydrogen peroxide and leads to a color change of the solution. This would provide an 

excellent avenue for future enzyme activity experiments while within the crystal.  

 

Figure 4.4. Proteins tested to determine scope of protein inclusion in TriNL:p2L crystals. 
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With proteins in hand, protein guest inclusion into peptide crystals was evaluated. 

Specifically, to a heterocoiled-coil solution in water (2:1 TriNL:p2L, final 1 mM) was added MES 

buffer (final 100 mM, pH 6.0) and EGFP or EGFP mutants (final 7 μM) with surface charges 

ranging from -30 to +36. After 1 hr at room temperature, the crystals were collected, washed and 

visualized by scanning electron microscopy (SEM) and confocal microscopy (Figure 4.5). 

Hexagonal crystals were still formed with all protein conditions (Figure 4.5A,C,E,G). 

Interestingly, all GFP mutants were found within the crystals (Figure 4.5B,D,F,H). This is a stark 

contrast to pure p2L/Zn(II) crystals where only wild type EGFP (-11 charge) was incorporated. 

Observation of the protein incorporation with the 2:1 TriNL:p2L crystals showed a bowtie-like 

pattern of fluorescence within the crystals. This pattern is a result of the protein guests favoring 

the P3 face over other faces of the crystal. As the crystal grows, the P3 face grows symmetrically 

outward in two directions. This face of the crystal is where the NTA and di-histidine ligands are 

located. As a result, the proteins may create ionic interactions with these ligands. The highly 

charged proteins (His-Neg30GFP and His-Pos36GFP) also led to some fluorescence in areas 

outside of the bowtie region of the crystal (Figure 4.5D,H). This may be the result of the protein 

interacting with charged sidechains along the solvent exposed regions of the coiled-coil such as 

glutamate (or aspartate) and lysine residues in the b, c, or f positions of the heptad repeat (Figure 

4.6).
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Figure 4.5. Protein inclusion of GFP mutants (7 μM) in 2:1 TriNL:p2L crystals (1 mM). (A) 
SEM and (B) confocal visualization with His-EGFP (-11) inclusion, (C) SEM and (D) confocal 
visualization with His-Neg30GFP inclusion, (E) SEM and (F) confocal visualization with His-

Pos9GFP inclusion, and (G) SEM and (H) confocal visualization with His-Pos36GFP inclusion.



 
 

119 

 

Figure 4.6. (A) Helical wheel of TriNL/p2L with charged residues at solvent exposed positions 
labeled in green. (B) Trimeric coiled-coil schematic with solvent exposed positions labeled in 

green. 

Commercially available lysozyme, hemoglobin, and BSA were also used to investigate the 

effects of protein size on protein guest inclusion. Hemoglobin and BSA are significantly larger 

than GFP both in size and mass while lysozyme is smaller in both aspects (Figure 4.4). Using the 

same conditions as described above, the TriNL:p2L heterotrimers were crystallized in the 

presence of each protein (7 μM). The crystals were collected and visualized using both SEM and 

confocal microscopy (Figure 4.7). Similar to the GFP derivatives, hexagonal crystals were 

produced with protein incorporated within the crystal in a bowtie-like pattern (Figure 4.7). 

Additional fluorescence was also observed outside of this bowtie region for hemoglobin and BSA. 

Similar to the GFPs, the excess charge of hemoglobin (wild type: -15) and BSA (wild type: -22), 

further increased by the conjugation of surface exposed lysine residues, may have caused binding 

between the protein and the coiled-coil backbone in other areas of the crystal. The surface charge 

of lysozyme is closer to being neutral (wild type: +7) and primarily resided within the bowtie 

similar to EGFP (-11 charge) and Pos9GFP.  
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Figure 4.7. Protein inclusion using varying sized proteins (7 μM) in 2:1 TriNL:p2L crystals (1 
mM). (A) SEM and (B) confocal visualization with Cou-lysozyme inclusion, (C) SEM and (D) 

confocal visualization with Fl-hemoglobin inclusion, and (E) SEM and (F) confocal visualization 
with Fl-BSA inclusion. 

4.2.3 Protein Quantification 

With confocal microscopy confirming a wide range of protein incorporation, the 

protein:peptide ratio of the crystals was quantified for various proteins. To a heterocoiled-coil 

solution in water (2:1 TriNL:p2L, final 1 mM) was added MES buffer (final 100 mM, pH 6.0) 

and EGFP (final 7 μM). After 1 hr at room temperature, the crystals were collected and washed. 

After the final centrifugation, the supernatant was removed, and the crystals were resuspended in 

1x PBS (100 μL) for 5 min to dissolve the crystals. EGFP (nmol) was quantified by measuring the 
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fluorescence (415 nm excitation and 535 nm emission) against a fluorescence standard curve 

(Figure 4.8D). The peptides (nmol) were quantified via absorbance (214 nm) against a UPLC 

standard curve (Figure 4.8A-B and Figure 4.9A). EGFP and p2L, however, were unable to be 

separated via UPLC. As such, the peak area of EGFP on UPLC (214 nm) was calculated using the 

already quantified EGFP and an EGFP absorbance standard curve (214 nm) (Figure 4.8C). This 

value was subtracted from the integrated p2L peak to properly quantify p2L (nmol) within the 

assembly. 

Because the EGFP inclusion was favored at the P3 face, the volume fraction of the bowtie 

within the crystal was considered. The volume of the entire crystal, a hexagonal prism, is 

 𝑉 =  
√  (1) 

where W is the width of the crystal and L is the length. The bowtie pattern within the crystal is 

composed of two hexagonal pyramids. Consequently, the volume of the bowtie within the crystal 

is 

 𝑉 = 2(
√

)  (2) 

where W is the width of the crystal and L is the length. The quotient of these two indicates that the 

volume of the bowtie corresponds to about a third of the entire crystal volume. With this, a 1:270 

protein:peptide ratio was observed within the crystal and a 1:90 ratio inside the bowtie area. Taking 

into consideration the trimeric nature of the peptide, a 1:30 protein:trimer ratio was observed 

within the bowtie area (Table 4.1). This is a striking level of protein incorporation without 

disruption of the crystal formation and is similar to homotrimeric p2L crystals.
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Figure 4.8. Standard curves of peptides and proteins. (A) TriNL (absorbance, 214 nm), (B) p2L 
(absorbance, 214 nm), (C) EGFP (absorbance, 214 nm), (D) EGFP (fluorescence, 535 nm 

emission), (E) hemoglobin (absorbance, 214 nm), (F) hemoglobin (absorbance, 405 nm), (G) 
HRP (absorbance, 214 m), (H) HRP (absorbance, 405 nm). 
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Figure 4.9. UPLC traces of 2:1 TriNL:p2L crystals (1 mM) with EGFP, hemoglobin, or HRP (7 
μM). (A) EGFP crystals, (B) hemoglobin crystals (214 nm), (C) hemoglobin crystals (405 nm), 

(D) HRP crystals (214 nm), (E) HRP crystals (405 nm).
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Table 4.1. Peptide and protein quantification from EGFP crystals (7 μM). 

EGFP fluorescence (Ex: 415 nm, Em: 535 nm) 4100 
EGFP in assembly (nmol) 0.11 
EGFP UPLC area (214 nm) 4.3 x 105 

p2L + EGFP UPLC area (214 nm) 4.9 x 106 
p2L UPLC area (214 nm) 4.5 x 106 
p2L in assembly (nmol) 9.7 

TriNL UPLC area (214 nm) 8.2 x 106 
TriNL in assembly(nmol) 21.7 

Total peptide in assembly (nmol) 31.4 
EGFP:peptide 1:280 

EGFP:peptide in bowtie 1:90 
EGFP:trimer in bowtie 1:30 

 

Hemoglobin and HRP incorporation were also quantified to further investigate protein 

inclusion within the crystals. Unlabeled hemoglobin was used for this study to prevent the effect 

of a fluorophore on protein inclusion. Because both proteins are not fluorescent, the absorbance at 

405 nm was measured against standard curves corresponding to the hemes in the proteins (Figure 

4.8F,H). To a heterocoiled-coil solution in water (2:1 TriNL:p2L, final 1 mM) was added MES 

buffer (final 100 mM, pH 6.0) and hemoglobin or HRP (final 7 μM). After 1 hr at room 

temperature, the crystals were collected and washed. The samples was first visualized via SEM to 

confirm crystal formation (Figure 4.10). Hemoglobin and HRP do not disrupt the assembly, and 

hexagonal crystals were observed. Similar to above, samples with either hemoglobin or HRP were 

resuspended in 1x PBS (100 μL) to dissolve the material and quantified via absorbance. Although 

both hemoglobin and HRP were still incorporated inside of the crystals, a much smaller amount 

of protein was observed (Figure 4.9B-E, Table 4.2, and Table 4.3). Hemoglobin crystals had a 

1:1400 protein to trimer ratio, and HRP had a 1:900 protein to trimer ratio within the crystal. 

Because these nonfluorescent proteins may not have a bowtie pattern, a protein to trimer ratio 

within the bowtie was not calculated. The incorporation of both hemoglobin and HRP was 

significantly less when compared to the 1:90 EGFP:trimer ratio within the crystal. This may be a 

result of the size difference between proteins. Protein guest inclusion requires the ability for the 

peptide to overgrow the guest and continue the crystallization process. With a larger protein such 

as hemoglobin and HRP, the process to overgrow the protein is more difficult. Because all three 
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proteins have similar charges (EGFP: -11, hemoglobin: -15, and HRP: -12), it is unlikely that the 

surface charge played a role in this decrease.  

 

Figure 4.10. SEM image of 2:1 TriNL:p2L crystals (1 mM) with (A) hemoglobin (7 μM) and 
(B) HRP incorporated (7 μM). 

Table 4.2. Peptide and protein quantification from hemoglobin crystals (7 μM). 

Hemoglobin UPLC area (405 nm) 3080 
Hemoglobin in assembly (nmol) 0.0085 
Hemoglobin UPLC area (214 nm) ~0 

p2L UPLC area (214 nm) 4.9 
p2L in assembly (nmol) 10.6 

TriNL UPLC area (214 nm) 9.3 
TriNL in assembly (nmol) 24.9 

Total peptide in assembly (nmol) 35.5 
Hemoglobin:peptide 1:4200 
Hemoglobin:trimer 1:1400 
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Table 4.3. Peptide and protein quantification from HRP crystals (7 μM). 

HRP UPLC area (405 nm) 125 
HRP in assembly (nmol) 0.013 
HRP UPLC area (214 nm) ~0 

p2L UPLC area 4.9 x 106 
p2L in assembly (nmol) 10.7 

TriNL UPLC area (214 nm) 8.6 x 106 
TriNL in assembly (nmol) 23 

Total peptide in assembly (nmol) 33.7 
HRP:peptide 1:2700 
HRP:trimer 1:900 

 

In an effort to increase protein content within the crystal, higher concentrations of protein 

were tested. When the 2:1 TriNL:p2L peptide solution (1 mM) was added to MES buffer (100 

mM, pH 6.0) and EGFP (14 μM), crystals still formed (Figure 4.11A). Furthermore, a bowtie 

pattern of fluorescence was observed in these crystals (Figure 4.11B). When a 2:1 TriNL:p2L 

peptide solution (1 mM) was added to MES buffer (100 mM, pH 6.0) with a higher EGFP 

concentration (20 μM), the crystal formation was disrupted, where broken crystals and shards were 

visualized (Figure 4.11C). This may be a result of the coiled-coils unable to overgrow the high 

concentration of protein as the material crystallized. As such, peptide solutions (1 mM) with 

hemoglobin and HRP were crystallized at a 14 μM protein concentration, rather than 20 μM, in 

MES buffer (100 mM, pH 6.0). Hexagonal crystals were also observed for these assemblies 

(Figure 4.11D-E). 
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Figure 4.11. (A) SEM and (B) confocal visualization of 2:1 TriNL:p2L (1 mM) crystals with 
EGFP incorporation (14 μM). (C) SEM visualization of 2:1 TriNL:p2L (1 mM) assembly with 
EGFP incorporation (20 μM). (D) SEM visualization of 2:1 TriNL:p2L (1 mM) with HRP (14 

μM) and (E) hemoglobin (14 μM). 

With crystals successfully formed at a 14 μM protein concentration, these materials were 

subsequently investigated for protein incorporation. Similar to other crystals, the assemblies were 

dissolved in 1x PBS (100 μL) for five minutes. Protein content was measured via fluorescence 

(EGFP, 415 nm excitation and 535 nm emission) or absorbance (hemoglobin and HRP, 405 nm) 

(Figure 4.12C,E) and TriNL and p2L were quantified via absorbance (214 nm) (Figure 

4.12A,B,D). Among all crystal samples, protein content was increased. The EGFP:trimer ratio 

within the bowtie increased from 1:30 to 1:16 (Table 4.4). The hemoglobin and HRP ratios within 

the crystal also increased from 1:1400 to 1:900 (Table 4.5) and from 1:900 to 1:600 (Table 4.6), 

respectively. A 1:16 EGFP:trimer ratio without disruption of the crystallization process is 

impressive. While an increase in hemoglobin and HRP inclusion was observed, future studies will 

include further optimization for the proteins’ inclusion. 
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Figure 4.12. UPLC traces of 2:1 TriNL:p2L crystals (1 mM) with EGFP, hemoglobin, or HRP 
(14 μM). (A) EGFP crystals (214 nm), (B) hemoglobin crystals (214 nm), (C) hemoglobin 

crystals (405 nm), (D) HRP crystals (214 nm), (E) HRP crystals (405 nm). 
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Table 4.4. Peptide and protein quantification from EGFP crystals (14 μM). 

EGFP fluorescence (Ex: 415 nm, Em: 535 nm) 5200 
EGFP in assembly (nmol) 0.14 
EGFP UPLC area (214 nm) 7.3 x 105 

p2L + EGFP UPLC area (214 nm) 3.4 x 106 
p2L UPLC area (214 nm) 2.7 x 106 
p2L in assembly (nmol) 4.9 

TriNL UPLC area (214 nm) 5.9 x 106 
TriNL in assembly (nmol) 15.2 

Total peptide in assembly (nmol) 20.1 
EGFP:peptide 1:140 

EGFP:peptide in bowtie 1:47 
EGFP:trimer in bowtie 1:16 

Table 4.5. Peptide and protein quantification from hemoglobin crystals (14 μM). 

Hemoglobin UPLC area (405 nm) 4739 
Hemoglobin in assembly (nmol) 0.009 
Hemoglobin UPLC area (214 nm) 0 

p2L UPLC area (214 nm) 3.6 x 106 
p2L in assembly (nmol) 7.2 

TriNL UPLC area (214 nm) 6.6 x 106 
TriNL in assembly (nmol) 17.3 

Total peptide in assembly (nmol) 24.5 
Protein:peptide 1:2700 
Protein:trimer 1:900 

Table 4.6. Peptide and protein quantification from HRP crystals (14 μM). 

HRP UPLC area (405 nm) 214 
HRP in assembly (nmol) 0.014 
HRP UPLC area (214 nm) ~0 

p2L UPLC area 3.7 x 106 
p2L in assembly (nmol) 7.5 

TriNL UPLC area (214 nm) 6.8 x 106 
TriNL in assembly (nmol) 17.8 

Total peptide in assembly (nmol) 25.3 
Protein:peptide 1:1800 
Protein:trimer 1:600 
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4.2.4 Protein Stability 

With the 2:1 TriNL:p2L crystal system expanding the scope of protein incorporation, it 

was important to confirm that proteins incorporated within these crystals exhibited thermal 

stability, as we had previously found with the pure p2L crystals.29 EGFP was chosen for stability 

experiments since the protein loses its fluorescence when denatured.39 With this in mind, a peptide 

solution (1 mM) was added to MES buffer (100 mM, pH 6.0) and EGFP (7 μM) in a 50 μL total 

volume. After the crystals were collected and washed, the material was imaged via confocal 

microscopy. The crystals were subsequently heated to 100 °C for 1 hr and imaged again via using 

the same laser intensity. While EGFP in solution would exhibit a complete loss of fluorescence at 

these conditions,29 the crystals remained significantly fluorescent after heating (Figure 4.13). 

Because the crystal remained fluorescent, the protein inside the crystal was still properly folded 

even after being stored in harsh conditions. This may be a result of the protein tightly packed 

within the crystal, where neighboring coiled-coils stabilize the protein and prevent unfolding. 

These data qualitatively show an increase in stability of the protein while inside the peptide 

crystals. 

 

Figure 4.13. Confocal microscopy of 2:1 TriNL:p2L crystals with EGFP before and after 
incubation at 100 °C for 1 hr. 



 
 

131 

4.2.5 Biotin-streptavidin Binding 

With the knowledge that proteins could be incorporated within the crystal lattice of 

TriNL:p2L, and did not denature at high temperatures, we wished to determine if the biological 

activity of proteins within the three-dimensional matrix could be maintained. With this motivation, 

commercially available monomeric streptavidin, labeled with Alpha Fluor 488, and its binding to 

biotin, labeled with rhodamine, were used to probe this idea. This pair of biomolecules exhibits 

one of the strongest binding affinities in nature, and is commonly used as a model system.40,41  

Using similar methods to above, a solution of 2:1 TriNL:p2L heterocoiled-coils (1 mM) was 

combined with MES buffer (100 mM, pH 6.0) and monomeric streptavidin (7 μM). We observed 

that the protein was incorporated within the crystals (Figure 4.14A). Interestingly, we observed 

fluorescence throughout the crystals rather than a bowtie pattern. This may be a result of the net 

neutral surface charge on the protein. Without an overall positive or negative surface charge, the 

protein may not favor the charged P3 face of the crystal over other faces. 

Biotin was subsequently used to investigate the biological activity of monomeric 

streptavidin within the crystal. To visualize the small molecule, biotin was first fluorescently 

labeled using NHS-rhodamine (1.2 eq) and DIEA (2.4 eq) in DMSO for 12 hrs (Scheme 4.1). The 

reaction was purified via high-performance liquid chromatography (HPLC) and characterized via 

matrix assisted laser desorption ionization time-of-flight (MALDI-ToF). Once in hand, the 

TriNL/p2L crystals with monomeric streptavidin guests were subsequently incubated with the 

biotin conjugate (biotin-Rh, 20 μM) in water (50 μL) for 48 hrs. The crystals were incubated with 

biotin-Rh for an extended period of time to ensure proper diffusion of the molecule within the 

solid crystal. Visualization via confocal microscopy revealed colocalization (yellow) of both the 

protein and biotin (Figure 4.14B). The ends of the crystals appeared to contain more biotin-Rh 

when compared to the center. This may be a result of biotin-Rh diffusing into the crystal through 

the P3 face. The open-faced hexagonal packing of the P3 face is likely retained when protein guests 

are inside the crystal (vide infra). As such, the cavity of the hexagonal packing may be the point 

of entry for biotin rather than through the sides of the crystal. In this way, a concentration gradient 

of biotin-Rh would result with higher concentrations at the ends of the crystal. Importantly, when 

the crystals were incubated with biotin-Rh in the absence of monomeric streptavidin, no 

fluorescence was observed (Figure 4.14C). This confirms that biotin incorporation is indeed from 
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a streptavidin-biotin interaction rather than other interactions with the coiled-coil. This biotin-

streptavidin binding indicates that the protein remains active while it is a guest inside the crystal.  

 

Scheme 4.1. Reaction to form Biotin-Rh. 

 

Figure 4.14. (A) Confocal microscopy of 2:1 TriNL:p2L crystals (1 mM) with monomeric 
streptavidin incorporation (7 μM). (B) Peptide crystals with streptavidin after biotin-Rh (20 μM) 

incubation. (C) Peptide crystals incubated with biotin-Rh in the absence of monomeric 
streptavidin. 
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4.2.6 Analysis of Crystals with Protein Guests by X-ray Scattering 

The packing of the TriNL/p2L crystals with a protein guest was subsequently investigated. 

While the TriNL/p2L crystals form in an open-faced hexagonal pattern (Figure 4.3), it is possible 

a protein guest may disrupt the packing. With this in mind, the SWAXS of crystals with and 

without EGFP was investigated.  The SWAXS diffraction pattern of TriNL:p2L crystals with 

EGFP incorporated led to a nearly identical diffraction pattern when compared to crystals without 

protein (Figure 4.15). The similar spectrum of the crystal with protein guests suggests that the 

open-faced hexagonal packing was maintained, and the protein did not disrupt the organization of 

the crystal.   

 

Figure 4.15. SWAXS of 2:1 TriNL:p2L crystals with and without EGFP. 

4.3 Conclusion 

In summary, using heterocoiled-coils formed from a 2:1 ratio of TriNL and p2L provided a 

promising alternative crystal system to the zinc-mediated p2L crystals. The crystal structure of the 

peptide assembly revealed an open-faced hexagonal packing similar to pure p2L crystals. These 

heterocoiled-coils formed crystals likely through an ionic-based assembly, allowing for proteins 

to be incorporated without a His-tag and with a wide range of protein surface charges (-30 to +36).  

These crystals incorporated both small (14.3 kDa) and large proteins (66 kDa). EGFP inside the 

crystal also displayed significant thermal stability. Furthermore, monomeric streptavidin retained 

activity while encapsulated and bound biotin within the crystal. Future studies include protein 
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structure elucidation using this crystal system and quantifying enzyme activity within the crystals. 

These heterocoiled-coils provide a facile and rapid approach for co-crystallization of peptide and 

protein with applications for biologic storage and protein structure elucidation.  

4.4 Materials and Methods 

4.4.1 Materials 

All amino acids and reagents for peptide synthesis were purchased from ChemPep or Chem-

Impex. All solvents, the mixed isomer 5/6-carboxy-tetramethyl-fluorescein succinimidyl ester (Fl-

NHS), lysozyme, BL21 (DE3) competent cells (E. coli), and Ni-NTA resin were purchased from 

Fisher Scientific. N-Succinimidyl 7-(diethylamino)coumarin-3-carboxylate (Cou-NHS) was 

purchased from TCI Chemicals. DIEA was purchased from Alfa Aesar. Triisopropylsilane (TIPS), 

SIGMAFAST Protease Inhibitor Cocktail tablets, hemoglobin, and bovine serum albumin (BSA) 

were purchased from Sigma-Aldrich. SAvPhire Monomeric Streptavidin Alpha Fluor 488 was 

purchased from Millipore Sigma. NovaPEG Rink Amide resin LL was purchased from 

Novabiochem. Isopropyl β-D-1-thiogalactopyranoside (IPTG) and arabinose were purchased from 

GoldBio. Biotin-PEG3-amine was purchased from BroadPharm. 

4.4.2 Protein Expression 

The plasmid for EGFP [EGFP-pBAD, Addgene plasmid #54762; 

http://n2t.net/addgene:54762; RRID:Addgene_54762] was obtained as a gift from Michael 

Davidson. The plasmids for Neg30GFP [pET-6xHis-(-30)GFP, Addgene plasmid #62936; 

http://n2t.net/addgene:62936; RRID:Addgene_62936], Pos9GFP [pET-6xHis-(pos9)GFP, 

Addgene plasmid #89247; http://n2t.net/addgene:89247; RRID:Addgene_89247), and Pos36GFP 

[pET-6xHis-(pos36)GFP, Addgene plasmid #62937; http://n2t.net/addgene:62937; 

RRID:Addgene_62937) were obtained as a gift from David Liu.42 

All protein expression was conducted using sterile technique. Plasmid (10 ng) was first 

added to BL21 (DE3) competent E. coli cells and incubated at 0 °C for 30 min. The cells were heat 

shocked at 42 °C for 40 seconds and placed back on ice for 5 min. Each aliquot of bacteria was 

resuspended in 250 µL of super optimal catabolite (SOC) media and incubated at 37 °C for 1 hr. 

An aliquot of the cells (20 µL) was spread evenly on a pre-warmed LB/Ampicillin agar plate. The 
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plate was incubated at 37 °C overnight. A single colony was taken with a pipette tip and added to 

5 mL of LB media with ampicillin (100 μg/mL). The bacteria were incubated at 37 °C and shaken 

at 220 rpm overnight (16 hrs). The media was transferred to 500 mL of LB media with ampicillin 

(100 μg/mL). The cells were incubated at 37 °C and shaken at 220 rpm until an OD600 of 0.6 (~4 

hrs). The bacteria were subsequently induced with either arabinose (His-EGFP, 10 mM) or IPTG 

(His-Pos9GFP, His-Pos36GFP, His-Neg30GFP, 0.6 mM) and shaken at 175 rpm at room 

temperature overnight. The culture was pelleted at 5000 rpm for 10 min and the supernatant was 

discarded. The cells were stored at -80 °C.  

To sterile water (74.9 mL), Tris-HCl (1 M, pH 7.4, 5 mL, final concentration: 50 mM), 

NaCl (1 M, 20 mL, final concentration: 200 mM), MgCl2 (1 M, 100 μL, final concentration: 1 

mM), and a SIGMAFAST Protease Inhibitor Cocktail tablet were added to create a 100 mL 

solution of lysis buffer. A wash buffer was prepared using lysis buffer (19.84 mL) and imidazole 

(5 M, 160 μL, final concentration: 40 mM). A KCl wash buffer was prepared using lysis buffer 

(19.84 mL), imidazole (5 M, 160 μL, final concentration: 40 mM), and KCl (735.5 mg, 9.8 mmol, 

final concentration: 500 mM). An elution buffer was prepared using lysis buffer (14.1 mL) and 

imidazole (5 M, 900 μL, final concentration: 300 mM). The cells were resuspended in lysis buffer 

(20 mL) and incubated on ice for 15 min. The bacteria were frozen in a dry ice and isopropanol 

bath (20 min). The solution was thawed at room temperature (20 min). This freeze-thaw cycle was 

repeated once more. The cells were subsequently sonicated (50 bursts, 0.5 sec each) on ice. The 

solution was centrifuged at 8500 RPM for 20 min. The supernatant was added to Ni-NTA resin (4 

mL) and mixed by gently rocking at 4 °C for 20 min. The resin was centrifuged at 1200 RPM for 

2 min and the supernatant was discarded. Wash buffer (10 mL) was added to the resin and the 

solution was mixed by gently rocking at 4 °C for 10 min. The resin was centrifuged at 1200 RPM 

for 2 min and the supernatant was discarded. This process was repeated with the remaining wash 

buffer (10 mL) and KCl wash buffer (10 mL). After the supernatant was removed, the remaining 

KCl wash buffer (10 mL) was added to the resin and the resin was transferred to a column. After 

the solution drained, the elution buffer (15 mL) was added.  The flow through was collected and 

the protein was concentrated using a 10 kDa MWCO at 4500 RPM for 15 min. Proteins were 

characterized via SDS-PAGE gels.  
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4.4.3 Protein Fluorescent Labeling 

Lysozyme (5 mg, 0.35 μmol) was dissolved in bicarbonate buffer (50 mM, pH 8.5, 1 mL). 

Cou-NHS (10 mg, 0.03 mmol) was dissolved in anhydrous dimethylsulfoxide (DMSO, 1 mL) to 

make a 30 mM solution. An aliquot of the Cou-NHS solution (2 eq, 0.7 μmol, 24 μL) was added 

to the protein solution and was incubated at room temperature for 1 hr covered in foil. The solution 

was transferred to a 10 kDa MWCO and centrifuged at 15,000 g for 15 min. The flow through was 

discarded and the protein was diluted with 1x PBS (1 mL). This process was repeated two more 

times and the protein was stored in 1x PBS (1 mL) at 4 °C.   

Hemoglobin (5 mg, 0.08 μmol) was dissolved in bicarbonate buffer (1 mL, 50 mM, pH 

8.5). Fl-NHS (9.4 mg, 0.02 mmol) was dissolved in anhydrous DMSO (1 mL) to make a  20 mM 

solution. An aliquot of the Fl-NHS solution (2 eq, 0.16 μmol, 8 μL) was added to the protein 

solution and was incubated at room temperature for 1 hr covered in foil. The solution was 

transferred to a 10 kDa MWCO and centrifuged at 15,000 g for 15 min. The flow through was 

discarded and the protein was diluted with 1x PBS (1 mL). This process was repeated two more 

times and the protein was stored in 1x PBS (1 mL) at 4 °C.  

BSA (5 mg, 0.07 μmol) was dissolved in bicarbonate buffer (1 mL, 50 mM, pH 8.5). Fl-

NHS (9.4 mg, 0.02 mmol) was dissolved in anhydrous DMSO (1 mL) to make a 20 mM solution. 

An aliquot of the Fl-NHS solution (2 eq, 0.14 μmol, 7 μL) was added to the protein solution and 

was incubated at room temperature for 1 hr covered in foil. The solution was transferred to a 10 

kDa MWCO and centrifuged at 15,000 g for 15 min. The flow through was discarded and the 

protein was washed with 1x PBS (1 mL) to remove excess Fl-NHS. The flow through was 

discarded and the protein was diluted with 1x PBS (1 mL). This process was repeated two more 

times and the protein was stored in 1x PBS (1 mL) at 4 °C.  

4.4.4 Crystal Formation and Protein Inclusion 

TriNL (10 mM, 3.4 μL) and p2L (10 mM, 1.7 μL) were added to water (9.9 μL) and 

annealed using a Techne 3PRIMEBASE Thermal Cycler (90 °C for 30 min, 4 °C for > 18 hrs). 

Annealed peptide solutions were added to 2-(N-morpholino)ethanesulfonic acid buffer (200 mM 

MES, pH 6.0, 25 μL), protein when applicable (0 μL, 0.5 μL, 1.0 μL, or 1.4 μL) and water (8.6-10 

μL) to create a 50 μL solution with a final buffer concentration of 100 mM, peptide concentration 
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of 1 mM, and protein concentration of 0 μM, 7 μM, 14 μM, or 20 μM, respectively. Following a 1 

hr incubation at room temperature, the assemblies were centrifuged at 10,000 g for 3 min. The 

supernatant was removed and replaced with water (50 μL). This process was repeated two more 

times. The pelleted crystals were resuspended and stored in 50 μL water. 

4.4.5 Scanning Electron Microscopy 

Aliquots of the assemblies described in Section 4.4.4 (3 µL) were placed on a glass coverslip 

attached to a metal stub via copper tape. The samples were either air dried for 1 hr or lyophilized 

for 1 hr and platinum coated for 60 seconds using a Cressington sputter coater. Samples were 

imaged using an FEI Teneo Volumescope field emission scanning electron microscope using 

Everhart-Thornley detector (ETD) for magnifications < 10,000 or the high-resolution through the 

lens detector (TLD) for magnifications ≥ 10,000. Samples were imaged at an accelerating voltage 

of 5 kV and a working distance of 2-4 mm with a 30-µm aperture. 

4.4.6 X-ray Diffraction 

SWAXS data was collected using an Anton-Paar SAXSpoint 2.0 system with a Cu X-ray 

source. The samples were prepared by dropping aliquots of an assembly described in Section 4.4.4 

(1 μL) onto cellophane tape and allowing the sample to air dry for 1 hr. This process was repeated 

50 times until the entire assembly was dropped on the tape. Diffraction patterns were acquired by 

averaging 6 x 5-minute scans using a 2D EIGER R series hybrid photon counting detector and a 

high-resolutions WAXS module. Measurements were obtained at a distance of 113 nm between 

the sample and detector.  

Diffraction data for the crystals were collected using the Advanced Photon Source at 

Argonne National Laboratory at a 1.5 Å resolution at a wavelength of 1.0332 Å. The high 

resolution data set underwent a round of molecular replacement in MolRep (in the CCP4 suite), 

using the previously solved p2L crystal structure (PDB 5kkv).28 The solution was subsequently fit 

into the observed density in COOT and refined once using Phenix Refine.43,44 
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4.4.7 Confocal Microscopy 

Aliquots of the assemblies described in Section 4.4.4 (3 µL) were placed in an 18-well 

confocal chamber and allowed to air dry for 1 hr. The samples were imaged using a 60X objective 

on a Nikon A1R MP confocal microscope. Fluorescence was measured with excitation 

wavelengths of 405 nm (blue), 488 nm (green), and 561 nm (red). 

4.4.8 Protein Quantification 

A sample of EGFP crystals described in Section 4.4.4 was centrifuged at 10,000 g for 3 

min. The supernatant was removed, and the material was resuspended in 1x PBS (100 μL) for 5 

min to dissolve the assembly. EGFP incorporation (nmol) was quantified by measuring the 

fluorescence of the solution and comparing it to a standard curve of EGFP fluorescence (415 nm 

excitation and 535 nm emission). Using the quantified EGFP (nmol), the peak area of EGFP on 

UPLC at 214 nm was calculated using an EGFP absorbance standard curve (214 nm). The extent 

of peptide assembly was quantified by integrating the peak areas of UPLC traces at 214 nm (10 

μL injections) and subtracting the EGFP peak area. The difference was compared to a standard 

curve of the peptides’ absorbance (214 nm). Fluorescent measurements were taken in a black 96-

well plate using a Tecan infinite 200Pro plate reader. UPLC conditions: C18 column, 20-70% 

gradient of acetonitrile with H2O with 0.1% TFA over 10 minutes. 

A sample of either hemoglobin or HRP crystals described in Section 4.4.4 were centrifuged 

at 10,000 g for 3 min. The supernatant was removed, and the material was resuspended in 1x PBS 

(100 μL) for 5 min to dissolve the assembly. Protein incorporation were quantified by integrating 

the peak areas of UPLC traces at 405 nm with 10 μL injections and compared to a standard curve 

of hemoglobin or HRP absorbance (405 nm). The extent of peptide assembly was quantified by 

integrating the peak areas of UPLC traces at 214 nm with 10 μL injections and compared to a 

standard curve of the peptides’ absorbance (214 nm). UPLC conditions: C18 column, 20-70% 

gradient of acetonitrile with H2O with 0.1% TFA over 10 minutes. 
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4.4.9 Protein Stability Study 

A sample of TriNL/p2L crystals with EGFP guests described in Section 4.4.4 was spotted 

on an 18-well confocal chamber and air dried for 1 hr. The crystals were imaged using confocal 

microscopy with a 488 nm excitation laser. The 18-well confocal chamber was subsequently 

transferred to a 100 °C oven and heated for 1 hr. The confocal chamber was removed from the 

oven and the same crystal sample was imaged with same laser excitation and intensity.   

4.4.10 Biotin Labeling 

Biotin-PEG3-amine (31.5 mg, 0.08 mmol) and NHS-rhodamine (1.2 eq, 48 mg, 0.1 mmol) 

were added to DIEA (2.4 eq, 31.4 μL, 0.19 mmol) and anhydrous DMSO (7 mL) and stirred at 

room temperature for 12 hrs. The reaction was purified to homogeneity via HPLC and 

characterized via MALDI-ToF. HPLC conditions: C18 column, 15-40% gradient of acetonitrile 

with H2O with 0.1% TFA over 60 minutes. 

4.4.11 Streptavidin-Biotin Binding Experiments 

A sample of TriNL:p2L crystals with monomeric-streptavidin guests described in Section 

4.4.4 was centrifuged at 10,000 g for 3 min. The supernatant was removed and the material was 

resuspended in a Biotin-Rh solution (20 μM, 50 μL) for 48 hrs at room temperature. The crystals 

were centrifuged at 10,000 g for 3 min. The supernatant was removed and replaced with 50 μL of 

water. This process was repeated two more times and after the final wash, the crystals were 

resuspended in 50 μL of water. An aliquot of the crystals (3 μL) was spotted on an 18-well confocal 

chamber and air dried for 1 hr. The samples were imaged using a 60X objective on a Nikon A1R 

MP confocal microscope. Fluorescence was measured with excitation wavelengths of 488 nm 

(green) and 561 nm (red). 
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 DEVELOPMENT OF A SELF-REPLICATING COILED-
COIL PEPTIDE MATERIAL 

5.1 Introduction 

Understanding the molecular origins of life has been a long-standing area of research interest, 

with chemistry being at the forefront in this field.1 Two major requirements for the existence of 

pre-biotic systems are the ability to self-assemble and self-replicate.2 Systems of self-replicating 

biopolymers were first pioneered by von Kiedrowski using nucleotides.3 The Ghadiri and 

Chmielewski groups subsequently discovered that coiled-coil peptides could form the basis for 

self-replicating systems.4,5,14,6–13 In these systems, a single α-helix of a coiled-coil acts as a 

template for the ligation of two complementary peptide fragments. The two peptide fragments 

ligate when in close proximity and form a new α-helical peptide template.  

More recently, self-replicating peptides have been designed to undergo higher order 

assembly. For instance, Otto and co-workers developed a short β-sheet forming peptide with an 

N-terminal 2,4-dithiobenzene group. Upon oxidation, disulfide formation promoted the emergence 

of a small combinatorial library of macrocycles. Upon mechanical agitation, the 6-mer and 7-mer 

macrocycles began to assemble into fibers.15 This fiber formation subsequently promotes the 

further formation of the 6-mer or 7-mer macrocycle from this library preferentially over any 

smaller macrocycles.15–17 This self-replication process which was promoted by self-assembly of 

di-sulfide macrocycles has also been studied with peptide sequences containing appended 

nucleobases,18 unnatural amino acids,19 or moieties which promote foldamer formation (Figure 

5.1).20,21 Additionally, longer β-sheet and fibril-forming peptide sequences have been used as 

templates to bring electrophilic and nucleophilic peptide fragments into close proximity via 

hydrophobic interactions.22–24 The peptides subsequently undergo native chemical ligation to form 

the full-length template peptide, forming the basis of a self-replicating system. 
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Figure 5.1. Schematic of a self-replicating peptide developed by Otto and coworkers. Oxidation 
of the peptide results in disulfides to produce macrocycles that subsequently undergo higher 

order assembly. Reprinted with permission from ref. 21. Copyright 2021, American Chemical 
Society. 

We sought to develop a system of coiled-coil peptides with the ability to both template and 

self-assemble, and further study how these two phenomena interact. We hypothesized that such a 

system would promote templating of the fragments at low concentrations and self-assembly at 

higher concentrations (Figure 5.2). 



 
 

147 

 

Figure 5.2. Self-assembling peptide using a native chemical ligation system. (A) Helical wheel 
representation of TriNL and its N20C mutation modified for native chemical ligation. (B) Self-
replicating design of the N20C FL peptide. Low concentrations of N20C FL may template the 
fragments for the native chemical ligation reaction. Higher concentrations may lead to a peptide 

assembly. (C) Sequences of the coiled-coil peptides and fragments.  

5.2 Results and Discussion 

5.2.1 Peptide Design 

The leucine zipper of the GCN4 transcription factor was used as a model for the self-

replicating material.25,26 The trimeric variant TriNL has displayed the ability to rapidly self-

assemble into nanotubes.27,28 We hoped to utilize this ability to develop a system of self-replicating 

peptide materials whereby two peptide fragments undergo native chemical ligation and the full 
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length product subsequently self-assembles.29  The relationship between the self-assembling 

process and self-replicating process was explored. 

To facilitate the study, a mutant of TriNL containing a centrally located cysteine residue 

was required. An asparagine-to-cysteine mutation at position 20 (N20C) was designed to introduce 

a solvent exposed cysteine to the full-length sequence. Using standard native chemical ligation 

techniques, a nucleophilic peptide fragment with an N-terminal cysteine residue (N20C F1), and 

an electrophilic peptide fragment with a C-terminal thioester (N20C F2) were designed. The result 

of this native chemical ligation reaction would be a full-length peptide (N20C FL) with a newly 

formed covalent amide bond at the cysteine residue.  

5.2.2 Peptide Synthesis 

TriNL, N20C FL, and N20C F1 were synthesized using standard solid-phase Fmoc-based 

chemistry on ChemMatrix Rink Amide resin with hexafluorophosphate azabenzotriazole 

tetramethyl uronium (HATU) as a coupling agent and diisopropylethylamine (DIEA). The N-

terminus of TriNL and N20C FL were acetylated and all three peptides were cleaved from resin 

using a trifluoroacetic acid (TFA) cocktail. The peptides were purified to homogeneity via reverse-

phase high-performance liquid chromatography (RP-HPLC), and characterized via matrix-assisted 

laser desorption ionization time-of-flight (MALDI-ToF) mass spectrometry. 

The thioester fragment, N20C F2, was synthesized using a side-chain linker strategy with 

C-terminal allyl-protected Fmoc-Glu(Wang resin)-Oallyl resin (Scheme 5.1).30,31 After standard 

solid-phase peptide synthesis, the C-terminus was deprotected using 

tetrakis(triphenylphosphine)palladium(0) (0.5 eq) with phenyl silane (40 eq). Benzyl mercaptan 

(S-Bzl, 24 eq) was subsequently coupled on resin with N,N’-diisopropylcarbodiimide (DIC, 30 

eq), hydroxybenzotriazole (HOBt, 30 eq) and DIEA (36 eq) for 12 hrs. The peptide was cleaved 

from resin using a TFA cocktail, purified to homogeneity using RP-HPLC, and characterized via 

MALDI-ToF mass spectrometry.  
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Scheme 5.1. Synthesis of benzyl thioester fragment through a side-chain linker strategy.  

While the thioester fragment was produced in good yield, the peptide exhibited solubility 

concerns above 2 mM. Consequently, the hydrophilic thiol, 2-mercaptoethane sulfonate sodium 

(Mesna), was used to improve solubility of the peptide.32–34 However, the weak nucleophilicity of 

Mesna prevented thioesterification on resin with the conditions in Scheme 5.1. Instead, a thiol 

exchange was conducted in solution with a large excess of Mesna (Scheme 5.2). The benzyl 

thioester (1.5 mM) was dissolved in phosphate buffer (200 mM, pH 6.5) with denaturant guanidine 

hydrochloride (Guan. HCl, 6 M), reducing agent tris(2-carboxyethyl)phosphine) (TCEP, 50 mM), 

and Mesna (200 mM). After 12 hrs, the peptide was purified to homogeneity via RP-HPLC and 

was soluble in a solution of at least 10 mM.  

 

Scheme 5.2. Thioester exchange of the benzyl thioester fragment to N20C F2. 

5.2.3 Properties of Cysteine-modified N20C FL 

The N20C mutation could potentially disrupt the coiled-coil peptide folding and 

consequently disrupt the self-assembling properties of the peptide. To first confirm that the 

cysteine mutation did not alter the supersecondary structure, circular dichroism (CD) of N20C FL 

was compared to that of native TriNL (Figure 5.3). Both peptides (50 μM each) exhibited α-helical 
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character with minima at 208 nm and 222 nm and a maximum at 195 nm in phosphate buffer (20 

mM, pH 7.4). The strong α-helical behavior of TriNL was revealed by the 222 nm signal in the 

spectrum, where the peptide exhibited 86% α-helicity. While the magnitude of the 222 nm signal 

decreased somewhat in N20C FL, strong α-helical behavior was still observed with a 77% α-

helicity. N20C FL also remained a coiled-coil, as the signal at 222 nm remained larger in 

magnitude than the 208 nm signal.35 These data indicate minimal disruption of the peptide folding 

upon installation of the N20C mutation. 

 

Figure 5.3. Circular dichroism spectra of mutated N20C FL (50 μM) compared to native TriNL 
(50 μM) in phosphate buffer (20 mM, pH 7.4). 

With the knowledge that the cysteine mutation did not disrupt coiled-coil folding, we 

investigated the higher order assembly of the peptides. TriNL and N20C FL (1 mM) were each 

incubated in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (125 mM, pH 7.4) for 30 min 

at room temperature to induce higher order assembly. Upon visualization of the assemblies via 

scanning electron microscopy (SEM), similar nanorod morphology was observed for both peptides 

with lengths of 1-3 μm (Figure 5.4A-B). Transmission electron microscopy (TEM) revealed a 

banding pattern within both peptide assemblies (Figure 5.4C-F). Each band in the images 

corresponds to the length of a coiled-coil (~4.5 nm), and shows the organization of the coiled-coils 

in a head-to-tail fashion (Figure 5.4G). This pattern observed in both TriNL and N20C FL reveals 

similar peptide organizations within the assembly of the nanorods. 
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Figure 5.4. SEM visualization of (A) TriNL and (B) N20C FL nanorods in MOPS buffer (125 
mM, pH 7.4). (C-F) TEM visualization of TriNL and N20C FL with an observed banding 

pattern (~4.5 nm bands) at higher magnifications. (G) Cartoon representation of the banding 
pattern observed in TEM.
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5.2.4 Circular Dichroism of Peptide Fragments 

To understand the templating effect of N20C FL on the peptide fragments, the folding of 

N20C F1 and N20C F2 was investigated via CD. Both the cysteine and thioester fragments alone 

(50 μM each) exhibited random coil behavior in phosphate buffer (20 mM, pH 7.4) with the only 

notable signal being a local minimum near 200 nm (Figure 5.5 and Figure 5.6).36 However, the 

presence of full-length template (12.5 μM) in these solutions led to an increase in α-helicity with 

stronger signals at 208 nm and 222 nm and a positive signal at 195 nm. The cysteine fragment 

(N20C F1) increased α-helicity from 9% to 29%, and the thioester fragment (N20C F2) from 13% 

to 21% (Figure 5.5 and Figure 5.6). These increases are similar to those of previously published 

systems.37 The improved folding in the presence of N20C FL reveals a moderate templating effect 

from the full length peptide to the fragments. To determine if the two fragments had any templating 

effect on each other, a CD spectrum was taken with both N20C F1 and N20C F2 (25 μM each) in 

MOPS buffer (20 mM, pH 7.4). The spectrum was taken immediately after solution preparation to 

prevent the fragments from reacting. The α-helicity of this solution was 3% (Figure 5.7). This low 

helicity may indicate no templating effect of the fragments to each other.  

 

Figure 5.5. CD spectra of N20C F1 (50 μM) without and with N20C FL template (12.5 μM) in 
phosphate buffer (20 mM, pH 7.4). 
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Figure 5.6. CD spectra of N20C F2 (50 μM) without and with N20C FL template (12.5 μM) in 
phosphate buffer (20 mM, pH 7.4). 

 

Figure 5.7. CD spectrum of N20C F1 (25 μM) and N20C F2 (25 μM) in phosphate buffer (20 
mM, pH 7.4). 

5.2.5 Native Chemical Ligation Reaction Rate 

With a moderate templating effect from the full-length peptide observed by CD, the rate of 

the native chemical ligation reaction was probed. Dilute concentrations of N20C FL (≤ 200 μM) 

do not result in a detectable higher order assembly (Figure 5.8). In this way, the reaction rate could 

be investigated without the effects of higher order assembly. N20C F1 (100 μM), N20C F2 (100 

μM), and varying amounts of N20C FL (0, 10, 25, 50 μM) were added to MOPS buffer (12.5 mM, 

pH 7.4) with (TCEP, 2 mM), and the reaction rate was monitored via RP-UPLC using a standard 
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curve (Figure 5.9). As the reaction progressed, the peaks from N20C F1 and N20C F2 diminished 

while the N20C FL peak increased (Figure 5.10A-D). Although the two peptide fragments reacted 

to form N20C FL, no enhanced product formation was observed when initial N20C FL was added 

(Figure 5.10E). Specifically, all conditions formed ~15 μM of N20C FL from the fragments at 

the same rate. The low yield from this reaction may be a result of remaining unreacted fragments 

as well as hydrolysis of the thioester fragment.4,5 The lack of autocatalytic behavior may be due to 

the peptide’s ability to self-assemble.  Otto and coworkers have found that self-assembly plays a 

significant role in the autocatalysis of their large macrocycles containing thiol appendages.15 The 

absence of auto-catalytic behavior in the N20C FL system is likely a result of N20C FL templating 

itself in addition to the fragments. While no precipitate forms in these dilute conditions, this self-

templating effect formed transient assemblies that were observed by dynamic light scattering 

(Figure 5.10F). The signal at ~3 nm corresponds to coiled-coil monomer, and the signal at ~500 

nm likely corresponds to an aggregate of N20C FL that remained in solution. The integration of 

the peak areas for the 3 nm and 500 nm signals correspond to <1% and >99%, respectively. The 

aggregates that form may prevent N20C FL from acting as an effective template and consequently 

inhibit auto-catalytic activity. 

 

Figure 5.8. SEM visualization of N20C FL (200 μM) incubated in MOPS buffer (12.5 mM, pH 
7.4) and TCEP (2 mM) after 8 hrs.
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Figure 5.9. Standard curve of N20C FL on UPLC (214 nm absorbance). 
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Figure 5.10. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C F1 
(100 μM) and N20C F2 (100 μM) at various time points without initial N20C FL added. (B) 

Zoomed in spectra of the N20C FL UPLC peak, (C) N20C F1 UPLC peak, and (D) N20C F2 
UPLC peak. (E) N20C FL production from two fragments, N20C F1 and N20C F2, at dilute 
conditions (100 μM each) with varying amounts of N20C FL template initially added to the 
solution. (F) DLS spectrum of N20C FL (50 μM) in MOPS (12.5 mM, pH 7.4) and TCEP (2 

mM).
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5.2.6 Native Chemical Ligation and Assembly 

With a successful native chemical ligation reaction established, an investigation on the 

system’s assembly following native chemical ligation was conducted. A similar reaction setup as 

above was carried out but now with higher peptide concentrations to induce higher order assembly. 

Specifically, N20C F1 and N20C F2 (1 mM each) were added to MOPS buffer (125 mM, pH 7.4) 

and TCEP (20 mM) with varying amounts of N20C FL (0, 50, 100, 200 μM) to perform native 

chemical ligation. In this design, all peptides were initially in solution. As the reaction progressed, 

the concentration of N20C FL increased and produced higher order assembly over time. The 

reaction rate was monitored by dissolving assembly aliquots in aqueous HCl (pH 2) followed by 

quantitation using RP-UPLC (Figure 5.11). In all conditions, ~300 μM of N20C FL was produced 

over the course of 8 hrs (Figure 5.11E). Similar to the dilute conditions described above, adding 

increasing amounts of initial N20C FL did not accelerate product formation. The resulting 

assembly after 8 hrs was subsequently washed and imaged via SEM (Figure 5.12). While a 1 mM 

N20C FL assembly led to small nanorods (Figure 5.4B), the slower formation of N20C FL from 

the native chemical ligation reaction produced strikingly large nanorods, ranging from 100-300 

μm in length. Some of these materials appeared to become hexagonal and contain solid interiors 

as well. This dramatic size difference may be explained through the nucleation and growth 

phenomena.38,39 A fast nucleation leads to the formation of smaller, more uniform materials 

whereas a slow nucleation creates assemblies of varying sizes.
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Figure 5.11. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C F1 (1 
mM) and N20C F2 (1 mM) at various time points without initial N20C FL added. (B) Zoomed 

in spectra of the N20C FL UPLC peak, (C) N20C F1 UPLC peak, and (D) N20C F2 UPLC 
peak. (D) N20C FL production from two fragments, N20C F1 and N20C F2 at high 

concentrations (1 mM each) with varying amounts of N20C FL template initially added to the 
solution.
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Figure 5.12. SEM visualization of peptide assembly following native chemical ligation (8 hrs) 
with (A-C) 0 μM initial N20C FL template, (D) 50 μM template, (E) 100 μM template, and (F) 

200 μM template. 

With the observed size increase in the material produced from native chemical ligation, we 

sought out a means to control the length of the resulting nanorod. As the large nanorods are likely 

a result of slow nucleation, we hypothesized that supplying the native chemical ligation system 

with preassembled nanorod seeds may control the final length of the material. As such, a similar 

experiment was designed using different amounts of N20C FL preassembled rather than in 

solution. N20C FL (1 mM) was first incubated in MOPS buffer (125 mM, pH 7.4) for 30 min and 

the supernatant of the assembly was analyzed via UPLC to quantify the extent of peptide assembly 

(~80% assembled, Figure 5.13). The desired amount of material was subsequently added to each 

native chemical ligation system. Specifically, preassembled N20C FL (0-200 μM) was added to 

MOPS buffer (125 mM, pH 7.4) with TCEP (20 mM) and both peptide fragments (1 mM each). 

Aliquots of the solution were acidified at designated time points with aqueous HCl (pH 2) and 

product formation was measured via RP-HPLC (Figure 5.14). Similar N20C FL production was 

observed (~300 μM) when compared to its solution counterparts (Figure 5.14E vs Figure 5.11E). 

However, SEM visualization revealed a dramatic difference in morphology. With low levels of 

nucleated seeds supplied to the system (0 μM and 50 μM), the nanorods remained large in length 

(>100 μm) (Figure 5.15A-B). As more preassembled seeds were added (100 μM and 200 μM), 

the nanorods appeared flatter with lengths as low as 5 μm (Figure 5.15C-D). These resulting 
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nanorods more closely resembled the original N20C FL assembly when rapid nucleation had 

occurred (Figure 5.4A). This is likely a result of the produced N20C FL from the ligation reaction 

growing the preassembled seeds rather than creating more nucleation events. This observation not 

only allowed for control over the length of the assembly but showed a promising way to control 

secondary growth of an assembly. 

 

Figure 5.13. Supernatant of N20C FL (1 mM) assembly in MOPS buffer (125 mM, pH 7.4) 
after a 30 min incubation.
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Figure 5.14. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C F1 (1 
mM) and N20C F2 (1 mM) at various time points without initial N20C FL template added.  (B) 
Zoomed in spectra of the N20C FL UPLC peak, (C) N20C F1 UPLC peak, and (D) N20C F2 

UPLC peak. (E) N20C FL production from two fragments, N20C F1 and N20C F2, using 
preassembled N20C FL as a seed template (0-200 μM).



 
 

162 

 

Figure 5.15. SEM visualization of peptide assembly after native chemical ligation (8 hrs) with 
(A) 0 μM initial N20C FL template, (B) 50 μM template, (C) 100 μM template, and (D) 200 μM 

template. 

5.3 Alternative Studies for Catalytic Materials 

Because N20C FL did not exhibit auto-catalytic self-replicating activity, other systems and 

methods were tested. The absence of this catalytic activity is likely stemmed from the self-

templating of the full-length coiled-coil. We hypothesized that by destabilizing the coiled-coil, the 

self-templating ability may be inhibited. In addition to destabilization strategies, methods to 

improve the folding of the fragments were also investigated. Table 5.1 contains all peptide 

mutations that were screened. All full-length peptides were synthesized using standard solid-phase 

peptide synthesis.
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Table 5.1. TriNL mutants for native chemical ligation with mutated residues labeled in red. 

Peptide abcdefg abcdefg abcdefg abcdefg abcdefg 

TriNL  
Ac-

MKQIEDK 
IEEILSK IYHIENE IARIKKL IGE-NH2 

H17C FL 
Ac-

MKQIEDK 
IEEILSK IYCIENE IARIKKL IGE-NH2 

N20C FL 
Ac-

MKQIEDK 
IEEILSK IYHIECE IARIKKL IGE-NH2 

H17P FL 
Ac-

MKQIEDK 
IEEILSK IYPIECE IARIKKL IGE-NH2 

N20C 
Truncated 

FL 
Ac- IEEILSK IYHIECE IARIKKL IGE-NH2 

I18N FL 
Ac-

MKQLEDK 
IEELLSK IYHNECE IARLKKL IGE-NH2 

I15N FL 
Ac-

MKQIEDK 
IEEILSK NYHIECE IARIKKL IGE-NH2 

N20C 
Ghadiri FL 

Ac-
MKQLEDK 

VEELLSK VYHLECE VARLKKL VGE-NH2 

E1K2 FL 
Ac-E-

LYALEKE 
LGALEKE LACLKEK LGALKEK 

LYALKE-
NH2 

E1K2-
Ligand FL 

NTA-G-E-
LYALEKE 

LGALEKE LACLKEK LGALKEK 
LYALKE-G-

HH 
H17C F1   H2N-CIENE IARIKKL IGE-NH2 

H17C F2 
Ac-

MKQIEDK 
IEEILSK IY-SR   

N20C 
Truncated 

F1 
  H2N-CE IARIKKL IGE-NH2 

N20C 
Truncated 

F2 
Ac- IEEILSK IYHIE-SR   

I18N F1   H2N-CE IARLKKL IGE-NH2 

I18N F2 
Ac-

MKQLEDK 
IEELLSK IYHNE-SR   

I15N F1   H2N-CE IARIKKL IGE-NH2 

I15N F2 
Ac-

MKQIEDK 
IEEILSK NYHIE-SR   

N20C 
Ghadiri F1 

  H2N-CE VARLKKL VGE-NH2 

N20C 
Ghadiri F2 

Ac-
MKQLEDK 

VEELLSK VYHLE-SR   
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5.3.1 H17C Mutation 

One of the simplest modifications to the self-replicating peptide was to change the position 

of the cysteine residue. By installing an H17C mutation rather than N20C, the fragments would be 

more equal in length, and the cysteine residue would be at the c position of the coiled-coil rather 

than the f position. Once synthesized, H17C FL (50 μM) was added to phosphate buffer (20 mM, 

pH 7.4), and a CD spectrum was taken.  The peptide still exhibited coiled-coil behavior with 

minima at 208 nm and 222 nm, although α-helicity somewhat decreased (57%, Figure 5.16A). 

This may be a result of the positional change of the cysteine residue on the coiled-coil from f to c. 

Namely, the cysteine at the c position is closer to the other α-helices within the coiled-coil and 

may disrupt the folding. The peptide was subsequently tested for self-assembly. H17C FL (1 mM) 

was added to MOPS buffer (100 mM, pH 7.4) and had significant difficulty forming higher-order 

assembly. After 6 days, a precipitate was collected and visualized via SEM (Figure 5.16B). Few 

nanorods were observed. The decrease in α-helicity may have contributed to this lack of assembly.  

 

Figure 5.16. (A) CD spectrum of H17C FL (50 μM) in phosphate buffer (20 mM, pH 7.4). (B) 
SEM visualization of H17C FL (1 mM) assembled in MOPS (125 mM, pH 7.4) and TCEP (10 

mM) after 6 days. 

While H17C FL did not readily assembly as well as N20C FL, the ligation rate was still 

investigated to determine the importance of the cysteine position on the coiled-coil. As such, the 

cysteine and thioester fragments, H17C F1 and H17C F2, respectively, were synthesized. H17C 

F1 was synthesized using similar methods to N20C F1. Because the first residue of H17C F2 was 
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not glutamate, an alternative synthetic route was required for the thioester fragment (Scheme 5.3).   

Specifically, the peptide was synthesized on hydrazine 2-chlorotrityl resin using standard solid-

phase peptide synthesis, and the N-terminus was acetylated. The peptide was cleaved from resin 

using a TFA cocktail and purified to homogeneity via RP-HPLC. The C-terminal hydrazine was 

oxidized through in situ sodium nitrite activation followed by thiolysis with Mesna. The reaction 

was purified via RP-HPLC and characterized using MALDI-ToF. 

With both peptide fragments in hand, the native chemical ligation reaction rate was 

investigation. H17C F1 and H17C F2 (250 μM each) were added to MOPS buffer (62.5 mM, pH 

7.4), TCEP (10 mM) and 4-mercaptophenylacetic acid (MPAA, 5 mM) with and without H17C 

FL template (0 or 250 μM). While the thioester and cysteine fragments still reacted to form H17C 

FL (Figure 5.17A-D), no enhanced product formation was observed when initial H17C FL was 

added (Figure 5.17E). When the reaction was tested at higher concentrations (1 mM fragments), 

similar results occurred (Figure 5.17F). Furthermore, no assembly occurred after this ligation 

reaction. These data suggest factors other than cysteine positioning affect the peptide’s 

autocatalytic properties. 

 

 

Scheme 5.3. Synthesis of the Mesna thioester fragment, H17C F2, through a C-terminal 
hydrazine strategy. 
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Figure 5.17. (A) UPLC trace (214 nm) of the native chemical ligation reaction from H17C F1 (1 
mM) and H17C F2 (1 mM) at various time points without initial H17C FL template added.  (B) 
Zoomed in spectra of the H17C FL UPLC peak, (C) H17C F1 UPLC peak, and (D) H17C F2 

UPLC peak.  (E) Native chemical ligation reaction rate at dilute conditions (250 mM fragments) 
and (F) concentrated conditions (1 mM fragments). 

5.3.2 H17P Mutation 

Using the N20C FL peptide as the backbone, a proline kink was installed at a nearby 

position (H17P). Installing a proline residue in a coiled-coil motif would cause a kink in the coiled-
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coil folding and could potentially provide more access for the fragments to react when templated 

onto the full-length peptide.12 The mutated peptide, H17P FL (50 μM), in citrate buffer (20 mM, 

pH 3.0) exhibited a 75% α-helicity and maintained its coiled-coil folding (Figure 5.18A). 

Unfortunately, this peptide did not readily assemble. After 24 hrs in 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (50 mM, pH 6.0), the peptide (1 mM) produced a 

small amount of broken nanorods (Figure 5.18B). While high α-helicity was maintained, the 

proline kink may have prevented the coiled-coils from aligning and subsequently assembling. The 

amount of assembly produced was not significant, and the peptide was not carried forward for 

native chemical ligation studies.  

 

Figure 5.18. (A) CD spectrum of H17P FL (50 μM) in citrate buffer (20 mM, pH 3.0). (B) SEM 
visualization of H17P FL (500 μM) assembly in MES buffer (50 mM, pH 6.0) after 24 hrs. 

5.3.3 N20C Truncated 

The next destabilization strategy was to design a shortened coiled-coil peptide. Peptides 

require ~3.5 heptad repeats to properly fold into a coiled-coil.40 With this in mind, N20C 

Truncated FL was designed, where the N-terminal heptad repeat was removed. Despite the 

truncated sequence, the peptide (50 μM) in citrate buffer (20 mM, pH 3.0) still retained coiled-coil 

folding (85% α-helicity, Figure 5.19A). When N20C Truncated FL was added to MES buffer 

(100 mM, pH 6.0) for 1 hr, fibril structures obtained (Figure 5.19B). The cysteine (N20C 

Truncated F1) and thioester (N20C Truncated F2) fragments were subsequently synthesized 

using standard solid-phase peptide synthesis and methods from Scheme 5.1, respectively. 

Insolubility of the thioester fragment prevented further studies with this truncated system.  
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Figure 5.19. (A) CD spectrum of N20C Truncated FL (50 μM) in citrate buffer (20 mM, pH 
3.0). (B) TEM visualization of N20C Truncated FL assembly (1 mM) in MES buffer (100 mM, 

pH 6.0) after 1 hr. 

5.3.4 I18N Mutation 

The I18N FL peptide contained more complex modifications. Rather than simply 

destabilizing a coiled-coil, this peptide focused on creating an equilibrium between a dimeric and 

trimeric coiled-coil. Perhaps this equilibrium would allow the full-length peptide in dimeric form 

to act as a template for the fragments and make a subsequent trimeric coiled-coil after the native 

chemical ligation reaction. In the I18N FL sequence, isoleucine and leucine residues were installed 

at the a and d residues to favor a dimeric coiled-coil.25 Asparagine residues have been reported to 

favor a trimeric coiled-coils when installed at the d position.40,41 Consequently, an I18N mutation 

was incorporated in the peptide to potentially create a dimeric and trimeric equilibrium. This 

peptide (50 μM) in citrate buffer (20 mM, pH 3.0) still exhibited coiled-coil behavior (86% α-

helicity, Figure 5.20A). I18N FL (1 mM) assembled into fibrils after MOPS incubation (50 mM, 

pH 7.4) for 1 hr (Figure 5.20B). With this peptide assembling, the two fragments, I18N F1 and 

I18N F2, were subsequently synthesized using standard solid-phase peptide synthesis and methods 

from Scheme 5.1, respectively. When the fragments (1 mM each) were incubated in MOPS buffer 

(125 mM, pH 7.4) and TCEP (20 mM), I18N FL was indeed produced (Figure 5.21A-B). 

However, no auto-catalytic activity was observed when the full-length peptide was initially added 

to the reaction (Figure 5.21C). Namely, the rate of the native chemical ligation was very similar 

across all initial I18N FL concentrations (0-50 μM). Like its N20C FL counterpart, the fibrils 
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produced after the ligation were much larger than the fast nucleation conditions of full-length 

peptide alone (Figure 5.21D vs Figure 5.20B). The absence of auto-catalytic activity may be due 

to the dimeric nature of the coiled-coil. It is possible that the peptide is primarily a dimer and the 

asparagine effect at the N18 position was not strong enough to create an equilibrium with a trimeric 

coiled-coil. 

 

Figure 5.20. (A) CD spectrum of I18N FL (50 μM) in citrate buffer (20 mM, pH 3.0). (B) SEM 
visualization of I18N FL assembly (500 μM) in MOPS buffer (50 mM, pH 7.4) after 24 hrs.  
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Figure 5.21. (A) UPLC trace (214 nm) of the native chemical ligation reaction from I18N F1 (1 
mM) and I18N F2 (1 mM) at various time points without initial I18N FL template added.  (B) 

Zoomed in spectra of the I18N FL peak. (C) Native chemical ligation reaction rate with 1 mM of 
each fragment and (D) its corresponding assembly upon reaction completion (0 μM template). 

5.3.5 I15N Mutation 

Similar to the I18N FL peptide, the I15N FL peptide was designed to create an equilibrium 

between oligomeric states of the coiled-coil. Specifically, the a and d positions were both 

isoleucine residues to favor a trimeric coiled-coil and an asparagine residue was installed at the a 

position of the coiled-coil (I15N) to favor a dimeric coiled-coil.25,40,41 This peptide (50 μM) still 

exhibited coiled-coil folding in citrate buffer (20 mM, pH 3.0) but had a weaker α-helical signal 

(57% α-helicity, Figure 5.22A). The assemblies of this peptide (500 μM) also exhibited dramatic 

morphological differences based on buffer identity. In MES buffer (50 mM, pH 6.0), twisted 

capsules were formed, but in MOPS buffer (50 mM, pH 7.4), nanosheets were observed (Figure 

5.22B-C). With these interesting results, I15N F1 and I15N F2 were synthesized using standard 

peptide synthesis and methods from Scheme 5.1, respectively. The native chemical ligation 

reaction rate was tested in MOPS buffer to mimic physiological pH (Figure 5.23). Unfortunately, 
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this peptide also did not exhibit auto-catalytic activity when I15N FL (0-200 μM) was initially 

added to the reaction (Figure 5.23C). Unexpectedly, the produced assembly from the ligation 

reaction was not a nanosheet morphology but rather a nanorod structure (Figure 5.23D). Just like 

the I18N FL peptide, it is possible that a true equilibrium between a dimeric and trimeric coiled-

coil was not achieved.   

 

Figure 5.22. (A) CD spectrum of I15N FL (50 μM) in citrate buffer (20 mM, pH 3.0). (B) SEM 
visualization of I15N FL assembly (500 μM) in MES buffer (50 mM, pH 6.0) after 1 hr and (C) 

in MOPS buffer (50 mM, pH 7.4) after 24 hrs. 
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Figure 5.23. (A) UPLC trace (214 nm) of the native chemical ligation reaction from I15N F1 (1 
mM) and I15N F2 (1 mM) at various time points without initial I15N FL template added.  (B) 

Zoomed in spectra of the I15N FL peak. (C) I15N FL production from two fragments, I15N F1 
and I15N F2 (1 mM each) with varying amounts of 115N FL template initially added to the 

solution. (D) SEM visualization of assembly after ligation (0 μM template). 

5.3.6 N20C Ghadiri 

The next peptide was based on the sequences of Kim25 and Ghadiri4 with known 

equilibriums between dimeric and trimeric coiled-coils. Specifically, installing valine in the a 

positions and leucine in the d positions of the GCN4 leucine zipper would create this oligomeric 

equilibrium. Once synthesized, the peptide N20C Ghadiri FL (1 mM) was tested for higher order 

assemblies. The peptide was found to assemble into nanosheets in MES buffer (100 mM, pH 6.0) 

after 1 hr but did not assemble in MOPS buffer (100 mM, pH 7.4) (Figure 5.24). The cysteine 

(N20C Ghadiri F1) and thioester fragments (N20C Ghadiri F2) were synthesized using standard 

peptide synthesis and methods from Scheme 5.1, respectively. With standard native chemical 

ligation occurring at physiological pH, the reaction rate was first tested in MOPS buffer (125 mM, 

pH 7.4) with TCEP (20 mM) and 4-mercaptophenylacetic acid (MPAA, 10 mM) using 1 mM 

fragment concentrations. In these conditions, the peptide did not assemble and no auto-catalytic 
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activity was observed (Figure 5.25). While the lack of catalytic activity is not fully understood, it 

is possible that the slight differences in the Ghadiri sequence such as the N-terminal cap or amino 

acid differences could have affected the peptide’s templating ability (Table 5.2).  

 

Figure 5.24. SEM visualization of N20C Ghadiri FL (1 mM) in (A) MES buffer (100 mM, pH 
6.0) and (B) MOPS buffer (100 mM, pH 7.4) after 1 hr. 

 

Figure 5.25. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C 
Ghadiri F1 (1 mM) and N20C Ghadiri F2 (1 mM) at various time points without initial N20C 
Ghadiri FL template added.  (B) Zoomed in spectra of the N20C Ghadiri FL UPLC peak. (C) 

N20C Ghadiri FL production from two fragments, N20C Ghadiri F1 and N20C Ghadiri F2 (1 
mM each) with varying amounts of N20C Ghadiri FL template initially added to the solution.  
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Table 5.2. Sequence comparisons between N20C Ghadiri FL and the previously published 
Ghadiri peptide T.4 

 abcdefg abcdefg abcdefg abcdefg abcdefg 
N20C 

Ghadiri FL 
Ac-MKQLEDK VEELLSK VYHLECE VARLKKL VGE-NH2 

T Ar-R-MKQLEEK VYELLSK VACLEYE VARLKKL VGE-NH2 
Ar = 4-acetamidobenzoic acid  

5.3.7 Trifluoroethanol 

Solvent effects using trifluoroethanol (TFE) were also investigated to study the N20C FL 

templating effect on the fragments. TFE has been reported to disrupt coiled-coil folding through 

destabilization of the hydrophobic cavity while strengthening α-helicity of peptides.35,42 This could 

not only potentially destabilize the coiled-coil template but also promote folding of the fragments. 

The N20C FL peptide (50 μM) in citrate buffer (20 mM, pH 3.0) decreased coiled-coil behavior 

with increasing amounts of TFE (0-50% TFE v/v) where θ222/θ208 approached 1 (Figure 5.26A). 

The fragments, on the other hand, increased α-helicity with a dramatic shift at 20% TFE (v/v) 

(Figure 5.26B-C). With this in mind, we sought out to test the native chemical ligation using a 

20% TFE solution. First, the N20C FL peptide (500 μM) was confirmed to still assemble in 20% 

TFE (v/v) in MOPS buffer (50 mM, pH 7.4) with TCEP (20 mM) and MPAA (10 mM) (Figure 

5.26D). After 1 hr, the assembly was collected and visualized via SEM. Somewhat longer nanorods 

were produced when compared to solutions without TFE (Figure 5.4B). After confirming TFE did 

not prevent assembly, the ligation rate of the cysteine and thioester fragments (1 mM each) was 

subsequently measured in MOPS (125 mM, pH 7.4) with TCEP (20 mM) and MPAA (10 mM) in 

20% TFE (v/v). Similar to other systems, the two fragments did indeed ligate and form N20C FL 

(Figure 5.27A-B). Unfortunately, no enhanced product formation was observed when N20C FL 

was initially added to the reaction. This may be caused by N20C FL forming transient assemblies 

similar to solutions without TFE (Figure 5.10F).
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Figure 5.26. CD spectra of (A) N20C FL (50 μM), (B) N20C F1 (50 μM), and (C) N20C F2 (50 
μM) at varying TFE concentrations (v/v) in citrate buffer (20 mM, pH 3.0). (D) SEM 

visualization of N20C FL (1mM) assembled in MOPS buffer (125 mM, pH 7.4), TECP (20 
mM), MPAA (10 mM), and TFE (20%) after 1 hr.
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Figure 5.27. (A) UPLC trace (214 nm) of the native chemical ligation reaction from N20C F1 (1 
mM) and N20C F2 (1 mM) at various time points without initial N20C FL template added in 

20% TFE (v/v).  (B) Zoomed in spectra of the N20C FL UPLC peak. (C) N20C FL production 
from two fragments, N20C F1 and N20C F2 (1 mM each) with varying amounts of N20C FL 

template initially added to the solution. 

5.3.8 E1K2 

So far, peptide design has been centered around taking a self-assembling peptide and 

creating a catalytic native chemical ligation system. Here, the reverse was tested. Previously 

reported E1K2 exhibited auto-catalytic activity where the introduction of initial full-length peptide 

affected the reaction rate of the ligation.2 This peptide (1 mM), however, did not assemble over 

extended periods of time (> 1 week) in MOPS (100 mM, pH 7.4), MES (100 mM, pH 6.0), and N-

cyclohexyl-2-aminoethanesulfonic acid (CHES, 100 mM, pH 9.0) buffer. 
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Figure 5.28. SEM visualization of E1K2 (1 mM) incubated in (A) MOPS (100 mM, pH 7.4), 
(B) MES (100 mM, pH 6.0) and (C) CHES buffer (100 mM, pH 9.0) 

5.3.9 E1K2-Ligand 

While E1K2 did not self-assemble, this peptide building block may potentially assemble 

with the addition of metal binding ligands nitrilotriacetic acid (NTA) and di-histidine at the N- and 

C-terminus, respectively (E1K2-Ligand). With this in mind, the peptide (1 mM) was added to 

MOPS buffer (100 mM, pH 7.4) with either ZnCl2 or CoCl2 (1 mM) for 1 hr. While a precipitate 

did occur upon addition of zinc or cobalt ions, only amorphous materials were obtained (Figure 

5.29). This morphology could potentially be the result of the antiparallel orientation of the coiled-

coil. With each face of the coiled-coil containing both NTA and di-histidine, it is possible for a 

single coiled-coil to create a complete metal-ligand complex rather than creating head-to-tail 

assembly like the parallel GCN4 sequences. Consequently, this potential interaction would disrupt 

any defined morphology from forming. 

 

Figure 5.29. SEM visualization of E1K2-Ligand (1 mM) in MOPS buffer (100 mM, pH 7.4) 
after 1 hr with (A) ZnCl2 (1 mM) and (B) CoCl2 (1 mM). 
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5.4 Conclusion 

To summarize, the peptide TriNL was strategically modified at central, solvent exposed 

position 20 from asparagine to cysteine (N20C) to create a self-replicating peptide system.  

Cysteine and thioester fragments N20C F1 and N20C F2, respectively, showed increase in α-

helicity in the presence of the full length N20C FL peptide and upon native chemical ligation, 

assembled into large nanorods. The size of the resulting nanorods were controlled through varying 

the number of nucleated seeds added to the ligation system. This discovery gave insight on 

potential multi-step peptide assemblies utilizing preformed nucleated seeds. While other cysteine 

modifications were tested, no peptide system exhibited auto-catalytic behavior for the native 

chemical ligation reaction. 

5.5 Materials and Methods 

5.5.1 Materials 

All amino acids and reagents for peptide synthesis were purchased from ChemPep or 

Chem-Impex. All solvents were purchased from Fisher Scientific. Diisopropylethylamine (DIEA) 

was purchased from Alfa Aesar. Triisopropylsilane (TIPS), phenylsilane, 

tetrakis(triphenylphosphine)palladium(0), N,N’-Diisopropylcarbodiimide (DIC),  and piperidine 

were purchased from Sigma-Aldrich. Rink Amide resin LL was purchased from CEM, and Fmoc-

Glu-(Wang resin)-OAllyl was purchased from aapptec. Tris(2-carboxyethyl)phosphine (TCEP) 

was purchased from GoldBio. Hydroxybenzotriazole (HOBT) and sodium 2-

mercaptoethanesulfonate (Mesna) were purchased from Oakwood Chemical. The chemical 3,6-

dioxa-1,8-ocatanedithiol (DODT) was purchased from TCI. 

5.5.2 Peptide Amide Synthesis and Purification 

TriNL, all full-length peptides, and all cysteine fragments (F1) were synthesized using 

standard Fmoc-based chemistry on Rink Amide ProTide Resin (low loading, 300 mg, 0.06 mmol). 

The first amino acid (4 eq, 0.24 mmol) was coupled on resin with hexafluorophosphate 

azabenzotriazole tetramethyl uronium (HATU) and diisopropylethylamine (8 eq, 0.48 mmol) in 

dimethylformamide (DMF, 10 mL) for 2.5 hrs. The resin was washed with DMF (3 x 10 mL), 



 
 

179 

dichloromethane (DCM, 3 x 10 mL), methanol (MeOH, 3 x 10 mL), DCM (3 x 10 mL), and DMF 

(3 x 10 mL). The newly added amino acid was subsequently deprotected in 25% piperidine in 

DMF (v/v, 10 mL) for 30 min. After washing like above, the next amino acid was coupled. TriNL 

and all full-length peptides were acetylated using acetic anhydride (5%) and DIEA (8.5%) (v/v) in 

DMF (10 mL) for 25 min. The resins were dried, and the peptides were cleaved from resin using 

a 92.5% trifluoroacetic acid (TFA), 2.5% TIPS, 2.5% H2O, and 2.5% DODT (v/v) cocktail (10 

mL) for 2.5 hrs. The cocktail solution was concentrated under reduced pressure, and the peptide 

was precipitated using cold diethyl ether (30 mL). The solid was centrifuged at 2000 g, decanted, 

and dissolved in a 10 mg/mL solution with water. The peptides were purified to homogeneity via 

reverse-phase high performance liquid chromatography (RP-HPLC) using a Luna C18 semi-prep 

column with an eluent consisting of solvent A (CH3CN/0.1% TFA) and solvent B (H2O/0.1% 

TFA), a 60-min gradient consisting of 20% to 70% A (Full-length peptides) or 5% to 45% A 

(cysteine fragment peptides) and a flow rate of 12 mL/min.  The peptides were characterized via 

matrix-assisted laser desorption ionization time-of-flight (MALDI-ToF) mass spectrometry. 

5.5.3 Peptide Thioester Synthesis and Exchange 

The thioester fragments (F2), with the exception of H17C F2, were all synthesized on 

Fmoc-Glu-(Wang resin)-OAllyl resin (300 mg, 0.12 mmol). After standard solid-phase peptide 

synthesis (see Section 5.5.2), the peptide underwent an allyl deprotected using Pd(PPh3)4 (0.5 eq, 

69 mg, 0.06 mmol) and PhSiH3 (40 eq, 4.8 mmol, 590 μL) in DCM (10 mL) for 30 minutes. After 

washing as described in Section 5.5.2, this process was repeated. Thioesterification was performed 

on resin with the addition of benzyl mercaptan (24 eq, 2.9 mmol, 335 μL), HOBt (30 eq, 486 mg, 

3.6 mmol), DIC (30 eq, 3.6 mmol, 560 μL) and DIEA (36 eq, 4.3 mmol, 750 μL) in DCM/DMF 

(4:1, 10 mL) for 16 hrs. The resin was dried, and the peptide was cleaved using a TFA cocktail 

(95% TFA, 2.5% TIPS, 2.5% water) for 2.5 hrs. The cocktail solution was concentrated under 

reduced pressure, and the peptide was precipitated using cold diethyl ether (30 mL). The solid was 

centrifuged at 2000 g, decanted, and dissolved in a 10 mg/mL solution with water. The peptide 

was purified to homogeneity via RP-HPLC using a Luna C18 semi-prep column with an eluent 

consisting of solvent A (CH3CN/0.1% TFA) and solvent B (H2O/0.1% TFA), a 60-min gradient 

consisting of 20-70% A and a flow rate of 12 mL/min. The peptide was characterized via MALDI-

ToF mass spectrometry. After lyophilization, the peptide (0.012 mmol) was dissolved in phosphate 
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buffer (200 mM, pH 6.5, 8 mL) with guanidine HCl (6 M), TCEP (50 mM), and Mesna (200 mM) 

and stirred for 12 hrs. The peptide was purified using the same conditions as the benzyl thioester 

and characterized via MALDI-ToF mass spectrometry. 

5.5.4 H17C F2 Thioester Synthesis 

H17C F2 was synthesized on hydrazine 2-chlorotrityl resin (300 mg, 0.15 mmol) using 

standard solid-phase peptide synthesis and acetylated after the last amino acid (see section 5.5.2). 

The resin was dried and the peptide was cleaved using a TFA cocktail (95% TFA, 2.5% TIPS, 

2.5% water) for 2.5 hrs. The cocktail solution was concentrated under reduced pressure, and the 

peptide was precipitated using cold diethyl ether (30 mL). The solid was centrifuged at 2000 g, 

decanted, and dissolved in a 10 mg/mL solution with water. The peptide was purified to 

homogeneity via RP-HPLC using a Luna C18 semi-prep column with an eluent consisting of 

solvent A (CH3CN/0.1% TFA) and solvent B (H2O/0.1% TFA), a 60-min gradient consisting of 

20-70% A and a flow rate of 12 mL/min. After lyophilization, the peptide (0.015 mmol) was 

dissolved in water (15 mL) with NaH2PO4 (200 mM, pH 3.0), guanidine hydrochloride (6 M) and 

NaNO2 (10 eq, 15 mM) on ice for 30 min. The reaction was warmed to room temperature, Mesna 

(130 eq, 200 mM) was added, and the pH was raised to 7 using sodium NaOH (10 M, 0.5 mL). 

After 10 min, the reaction was purified using the same conditions as the benzyl thioester and 

characterized via MALDI-ToF mass spectrometry. 

5.5.5 Circular Dichroism 

TriNL, N20C FL, N20C F1, N20C F2, and H17C FL solutions (50 μM) were prepared 

in phosphate buffer (20 mM, pH 7.4) in 200 μL total volume. Solutions of either N20C F1 or 

N20C F2 (50 μM) with N20C FL (12.5 μM) were also prepared in phosphate buffer (20 mM, pH 

7.4). A mixture of N20C F1 and N20C F2 (25 μM each) were also prepared in phosphate buffer 

(20 mM, pH 7.4) and a CD spectrum was immediately taken. All other peptides were prepared in 

citrate buffer (20 mM, pH 3.0). The CD spectra were taken using a JASCO J-810 CD 

spectropolarimeter at room temperature averaging three scans between 190 nm and 260 nm. The 

data pitch was 0.1 nm with a 1-nm bandwidth and a scan rate of 100 nm/min with a 1 s response 

time. 
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5.5.6 Peptide Assemblies 

TriNL and N20C FL (5 mM, 10 μL) were added to MOPS buffer (250 mM, pH 7.4, 25 

μL) and water (15 μL). Following a 30 min incubation at room temperature, the assemblies were 

centrifuged at 10,000 g for 3 min. The supernatant was removed and replaced with water (50 μL). 

This process was repeated two more times. The pelleted assemblies were resuspended and stored 

in 50 μL water. 

5.5.7 Native Chemical Ligation – Dilute Conditions 

All stock solutions were degassed for 10 minutes prior to ligation. The peptides N20C F1 

(100 μM) and N20C FL (0, 10, 25, 50 μM) were added to MOPS (12.5 mM, pH 7.4) and TCEP 

(2 mM) followed by N20C F2 (100 μM) in 300 μL total volume. At given timepoints, 10 μL 

samples were directly injected to an ultra-performance liquid chromatography (UPLC) C18 

column using an autosampler for analysis. The eluent conditions with a flow rate of 0.5 mL/minute 

were as follows. For 1 minute, the column was treated with an isocratic eluent of 15% 

acetonitrile/85% water with 0.1% TFA for 1 minute. For the next 5 minutes, the column was 

subject to an eluent gradient from 15% acetonitrile up to 35% acetonitrile. After that, the column 

was subjected to an eluent gradient from 35% acetonitrile up to 65% acetonitrile over 5 minutes. 

The area under the N20C FL peak at t = 0 was subtracted to obtain product formed from the native 

chemical ligation reaction. 

5.5.8 Native Chemical Ligation – Concentrated Conditions 

All stock solutions were degassed for 10 minutes prior to ligation. The peptides N20C F1 

(1 mM) and N20C FL (0, 50, 100, 200 mM) were added to MOPS (125 mM, pH 7.4) and TCEP 

(20 mM) followed by N20C F2 (1 mM) in 300 μL total volume, and the reaction was gently spun 

for 8 hrs. At given timepoints, an aliquot (25 μL) was removed and diluted with water (70 μL) and 

HCl (10%, 5 μL) to dissolve any assembly. Each aliquot was analyzed using UPLC using the 

gradient conditions described in Section 5.5.7. The same procedure was completed with every 

peptide mutation. The area under the full-length peptide peak at t = 0 was subtracted to obtain 

product formed from the native chemical ligation reaction. After 8 hrs, the assemblies were 

centrifuged at 10,000 g for 3 min. The supernatant was removed and replaced with water (50 μL). 
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This process was repeated two more times. The pelleted crystals were resuspended and stored in 

50 μL water. 

5.5.9 Scanning Electron Microscopy 

Aliquots of the assemblies described in Section 5.5.6 and Section 5.58 (3 μL) were placed 

on a glass coverslip attached to a metal stub with copper tape. The sample was allowed to air dry 

for 1 hr and coated with platinum for 60 seconds. Samples were imaged using an FEI Teneo 

Volumescope field emission scanning electron microscope using Everhart-Thornley detector 

(ETD) for magnifications < 10,000 or the high-resolution through the lens detector (TLD) for 

magnifications ≥ 10,000. Samples were imaged at an accelerating voltage of 5 kV and a working 

distance of 2-4 mm with a 30-µm aperture. 

5.5.10 Transmission Electron Microscopy 

Aliquots of the assemblies described in Section 5.5.6 and Section 5.58 (3 μL) were placed 

onto a glow discharged 400-mesh copper grid coated in formvar with a carbon film (Electron 

Microscopy Sciences) and allowed to absorb for 1 min. The droplet was wicked away and stained 

using 2% uranyl acetate (Electron Microscopy Sciences). The assembly was visualized using a 

FEI Tecnai T20 transmission electron microscope operated at 100 kV, with a spot size of 3, 200 

μm condenser aperture, and 70 μm objective aperture. Images were captured using a Gatan 

US1000 2Kx2K CCD camera (Scientific Instruments and Application).  
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APPENDIX: FIGURES 

 

Figure A1. TriCross cover art for the Journal of Peptide Science’s Special Issue - Peptides in 
Biomaterials Science: New Trends and Applications. 
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Figure A2. Purity trace of TriCross (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 30 min. 

 

Figure A3. Purity trace of HBN (214 nm) with a solvent gradient of 5-25% acetonitrile/water 
(0.1% TFA) for 10 min. 
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Figure A4. Purity trace of HBRDGS (214 nm) with a solvent gradient of 5-25% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A5. Purity trace of RGDS-His7 (214 nm) with a solvent gradient of 5-25% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A6. Purity trace of IKVAV-His6 (214 nm) with a solvent gradient of 5-25% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A7. Purity trace of TriNL (214 nm) with a solvent gradient of 20-70% acetonitrile/water 
(0.1% TFA) for 10 min. 
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Figure A8. Purity trace of TriNL-FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min.  

 

Figure A9. Purity trace of p2L (214 nm) with a solvent gradient of 20-70% acetonitrile/water 
(0.1% TFA) for 10 min. 
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Figure A10. Purity trace of Rh-Biotin (214 nm) with a solvent gradient of 15-40% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A11. Purity trace of Cou-His6 (214 nm) with a solvent gradient of 10-25% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A12. Purity trace of N20C FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A13. Purity trace of N20C F1 (214 nm) with a solvent gradient of 5-45% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A14. Purity trace of N20C F2 (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A15. Purity trace of H17C FL (214 nm) with a solvent gradient of 30-70% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A16. Purity trace of H17C F1 (214 nm) with a solvent gradient of 15-50% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A17. Purity trace of H17C F2 (214 nm) with a solvent gradient of 15-60% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A18. Purity trace of N20C Truncated FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A19. Purity trace of N20C Truncated F1 (214 nm) with a solvent gradient of 5-45% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A20. Purity trace of H17P FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A21. Purity trace of I15N FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A22. Purity trace of I15N F1 (214 nm) with a solvent gradient of 5-45% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A23. Purity trace of I15N F2 (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A24. Purity trace of I18N FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A25. Purity trace of I18N F1 (214 nm) with a solvent gradient of 5-45% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A26. Purity trace of I18N F2 (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A27. Purity trace of N20C Ghadiri FL (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A28. Purity trace of N20C Ghadiri F1 (214 nm) with a solvent gradient of 5-45% 
acetonitrile/water (0.1% TFA) for 10 min. 

 

Figure A29. Purity trace of N20C Ghadiri F2 (214 nm) with a solvent gradient of 20-70% 
acetonitrile/water (0.1% TFA) for 10 min. 
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Figure A30. Purity trace of E1K2 (214 nm) with a solvent gradient of 20-70% acetonitrile/water 
(0.1% TFA) for 10 min. 

 

Figure A31. Purity trace of E1K2-Ligand (214 nm) with a solvent gradient of 20-60% 
acetonitrile/water (0.1% TFA) for 10 min.
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Table A1. Mass spectrometry data for peptides. 

Peptide Expected Mass Observed ([M + H]+ or [M + Na]+) 
TriCross 4592 4591 

HBN 3151 3146 
HBRGDS 3478 3472 

RGDS-His7 1450 1476 
IKVAV-His6 1433 1452 

TriNL 3764 3764 
TriNL-FL 4080 4079 

TriNL Monotether 4086 4083 
TriNL2 7834 7828 

p2L 4355 4354 
Rh-Biotin 831 831 
Cou-His6 1082 1084 
N20C FL 3753 3752 
N20C F1 1371 1371 
N20C F2 2523 2525 
H17C FL 3730 3730 
H17C F1 1726 1728 
H17C F2 2144 2163 

N20C Truncated FL 2881 2881 
N20C Truncated F1 1371 1372 
N20C Truncated F2 1651 1656 

H17P FL 3713 3713 
I15N FL 3754 3754 
I15N F1 1371 1371 
I15N F2 2524 2525 
I18N FL 3754 3755 
I18N F1 1371 1371 
I18N F2 2524 2527 

N20C Ghadiri FL 3697 3697 
N20C Ghadiri F1 1343 1344 
N20C Ghadiri F2 2598 2594 

E1K2 4017 4018 
E1K2-Ligand 4608 4605 

 

 



 
 

204 

PUBLICATIONS 



 
 

205 

 



 
 

206 

 



 
 

207 

 



 
 

208 

 



 
 

209 

 



 
 

210 

 



 
 

211 

 



 
 

212 

 



 
 

213 

 



 
 

214 

 



 
 

215 

 



 
 

216 

 



 
 

217 

 



 
 

218 

 



 
 

219 

 



 
 

220 

 



 
 

221 

 



 
 

222 

 



 
 

223 

 



 
 

224 

 



 
 

225 

 



 
 

226 

 



 
 

227 

 



 
 

228 

 



 
 

229 

 



 
 

230 

 


